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Neuroinflammation associated with HIV-1 infection is a problem affecting �50% of HIV-infected individuals. NLR family pyrin domain
containing 3 (NLRP3) inflammasome has been implicated in HIV-induced microglial activation, but the mechanism(s) remain unclear.
Because HIV-1 Transactivator of Transcription (Tat) protein continues to be present despite antiretroviral therapy and activates NF-kB,
we hypothesized that Tat could prime the NLRP3 inflammasome. We found a dose- and time-dependent induction of NLRP3 expression
in microglia exposed to Tat compared with control. Tat exposure also time-dependently increased the mature caspase-1 and IL-1� levels
and enhanced the IL-1� secretion. These in vitro findings were validated in archival brain tissues from Simian Immunodeficiency Virus
(SIV)-infected and uninfected rhesus macaques. Further validation of NLRP3 priming in vivo involved administration of lipopolysac-
charide (LPS) to HIV transgenic (Tg) rats followed by assessment of IL-1� mRNA expression and inflammasome activation (ASC
oligomers and mature IL-1�). Intriguingly, LPS potentiated upregulation of IL-1� mRNA and inflammasome activation in HIV-Tg rats
compared with the wild-type controls. Interestingly, we found an inverse relationship in the expression of NLRP3 and its negative
regulator, miR-223, suggesting a miR-223-mediated mechanism for Tat-induced NLRP3 priming. Furthermore, blockade of NLRP3
resulted in decreased IL-1� secretion. Collectively, these findings suggest a novel role of Tat in priming and activating the NLRP3
inflammasome. Therefore, NLRP3 can be envisioned as a therapeutic target for ameliorating Tat-mediated neuroinflammation.
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Introduction
HIV-1-associated neurocognitive disorders (HAND) collectively
describes a spectrum of neurocognitive impairments that in-

cludes asymptomatic neurocognitive impairment (ANI), mild
neurocognitive disorder (MND), and HIV-1-associated demen-
tia (HAD) that is associated with functional alterations in neu-
rons (Antinori et al., 2007; Saylor et al., 2016). HAND develops in
an estimated 20 –50% of HIV-1-infected people despite the in-
creased availability of effective combined antiretroviral therapy
(cART) regimens (Maschke et al., 2000; Sacktor et al., 2002; Gray
et al., 2003; McArthur et al., 2003; Heaton et al., 2011; Nightin-
gale et al., 2014; Saylor et al., 2016). In cART-treated individuals,
HAND commonly manifests as deficits in executive function,
learning, and memory, thus significantly reducing the quality of
life (Saylor et al., 2016). Although the mechanism(s) leading to
HAND is not clearly understood, it is associated with heightened
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Significance Statement

Despite successful suppression of viremia with increased longevity in the era of combined antiretroviral therapy, chronic inflam-
mation with underlying neurocognitive impairment continues to afflict almost 50% of infected individuals. Viral, bacterial, and
cellular products have all been implicated in promoting the chronic inflammation found in these individuals. Understanding the
molecular mechanism(s) by which viral proteins such as HIV-1 Transactivator of Transcription (Tat) protein can activate micro-
glia is thus of paramount importance. Herein, we demonstrate a novel role of Tat in priming and activating NLR family pyrin
domain containing 3 (NLRP3) inflammasomes in microglial cells and in HIV-Tg rats administered lipopolysaccharide. Targeting
NLRP3 inflammasome pathway mediators could thus be developed as therapeutic interventions to alleviate or prevent neuroin-
flammation and subsequent cognitive impairment in HIV-positive patients.
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levels of cellular and oxidative stress, dis-
turbances in energy metabolism, gluta-
mate regulation, immune activation,
inflammation, and neuronal injury (Say-
lor et al., 2016). Intriguingly, it is not
clearly understood why CNS inflamma-
tion remains elevated despite suppression
of viral replication by cART. In the cur-
rent study, we hypothesize that the
HIV-1 Tat protein primes microglial in-
flammation mediated by NLR family
pyrin domain containing 3 (NLRP3)
inflammasomes.

Previous reports have demonstrated
HIV-1-mediated triggering of the NLRP3
inflammasome in the CNS and subse-
quent release of the proinflammatory cy-
tokines IL-1� and IL-18 (Walsh et al.,
2014). Furthermore, it has been well doc-
umented that IL-1� is increased in the
CNS during lentiviral infection (Zhao et
al., 2001; Xing et al., 2009; Maingat et al.,
2013) and is released into the superna-
tants of glial cultures in response to HIV-1
infection or after exposure to HIV-1 gly-
coproteins (Merrill et al., 1992; Koka et
al., 1995; Walsh et al., 2014). Therefore,
whereas the capacity of HIV-1 infection to
induce NLRP3 inflammasome activation
has been well described, the precise mo-
lecular mechanism(s) underlying HIV-1-
mediated NLRP3 activation remains poorly
understood. Apart from its role as a tran-
scriptional signal, HIV-1 Tat has been
widely suggested to underlie the ongoing
inflammation associated with HIV-1 (Nath et
al., 1999; Weiss et al., 1999; Gannon et al.,
2011; Zayyad and Spudich, 2015). More-
over, exposure of monocytes to Tat has
been reported to stimulate IL-1� release
(Nath et al., 1999; Yang et al., 2010). Furthermore, despite cART,
there is the presence of Tat and other viral proteins in the brain
and peripheral organs of HIV-1-infected people, thereby contrib-
uting to the smoldering low-level inflammation often associated
with HAND. Because the main target cells for HIV-1 infection in
the CNS are myeloid cells such as microglia, which can both
release and uptake soluble Tat, we focused on the role of Tat in
activating the NLRP3 inflammasome in microglial cells.

NLRP3 inflammasome creation is a two-step process involv-
ing signals 1 and 2; signal 1 is for priming or preparing the path-
way by enhancing levels of NLRP3 and pro-IL-1� and signal 2 is
for triggering the processing of caspase-1 and subsequent matu-
ration and release of IL-1� (Gross et al., 2011; Rathinam et al.,
2012; Sutterwala et al., 2014; Moon et al., 2015). Because Tat is
known to activate NF-kB (signal 1) (Demarchi et al., 1996; Dan-
dekar et al., 2004; Fiume et al., 2012), we hypothesized that Tat
could thus prime the NLRP3 inflammasome. In this study, we
report Tat-mediated NLRP3 upregulation, subsequent matura-
tion of caspase-1, and discharge of IL-1� from microglia. We also
demonstrate that pharmacological inhibition (by glyburide) and
genetic silencing (NLRP3 siRNA) of NLRP3 attenuated caspase-1
processing and IL-1� release. Furthermore, we confirmed these
in vitro findings in brain samples isolated from Simian Immu-

nodeficiency Virus (SIV)-positive monkeys. Herein, we demon-
strate a novel role of Tat in activating the NLRP3 inflammasome
in microglial cells and further demonstrate that the therapeutic
potential of NLRP3 inhibition could be useful in attenuating or pre-
venting the development of HAND in HIV-1-infected individuals.

Materials and Methods
Reagents. The following antibodies or reagents used in this study were
from the indicated sources: NLRP3 (AdipoGen catalog #AG-20B-0014
RRID:AB_2490202); ASC (apoptosis-associated speck-like protein con-
taining a CARD) (Santa Cruz Biotechnology catalog #sc-22514-R RRID:
AB_2174874), caspase-1 (Santa Cruz Biotechnology catalog #sc-514 RRID:
AB_2068895), goat anti-mouse-HRP (Santa Cruz Biotechnology catalog
#sc-2005 RRID:AB_631736) and goat anti-rabbit-HRP (Santa Cruz Bio-
technology catalog #sc-2004 RRID:AB_631746); IL-1 � (Abcam catalog
#ab9722 RRID:AB_308765); actin (Sigma-Aldrich catalog #A1978
RRID:AB_476692). Cryopyrin/NLRP3 siRNA (sc-45470) was from
Santa Cruz Biotechnology. Glyburide (SYN-3026-M050) was from Adi-
pogen. TaqMan microRNA assays for miR-223 (PN4427975) quantifica-
tion were from Applied Biosystems. Endotoxin-free HIV-1 TAT-101 was
from Immunodiagnostics.

Animals. All animal procedures were performed in strict accordance
with the protocols approved by the Institutional Animal Care and Use
Committee of the University of Nebraska Medical Centre and the Na-
tional Institutes of Health. Sprague Dawley rats and C57BL/6N mice

Figure 1. HIV-1 Tat upregulates microglial NLRP3 expression in a dose- and time-dependent manner. BV-2 cells and rPMs were
seeded into six-well plates and exposed to the indicated doses of Tat for 24 h. Tat at a 50 ng/ml concentration significantly induced
NLRP3 protein expression in both BV-2 and rPMs (A, B). BV-2 cells and rPM were seeded into six-well plates and exposed to TAT (50
ng/ml) for the indicated time periods. Tat significantly induced NLRP3 at 6 h after treatment in both BV-2 cells (C) and rPMs (D). All
experiments were performed at least three independent times and representative figures are shown. LPS and actin served as
positive or loading controls, respectively. Quantification of Western blots is shown under each blot. Data are shown as mean �
SEM.
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were purchased from Charles River Laboratories and housed under con-
ditions of constant temperature and humidity on a 12 h light, 12 h dark
cycle, with lights on at 0700 h. Food and water were available ad libitum.
Archival plasma and brain tissues from SIV-infected rhesus macaques
were used in this study. These groups included monkeys that were unin-
fected, acute infected (3 weeks), and chronically infected (�52 weeks)
with SIVR71/17E. Details of virus load and disease pathogenesis have
been described previously (Bokhari et al., 2011; Hu et al., 2012).

In vivo lipopolysaccharide (LPS) administration. In-house-bred HIV-1
Tg rats of mixed gender expressing a noninfectious HIV-1 provirus
transgene with a deletion of gag and pol genes (Reid et al., 2001) were
administrated either LPS (0127:B8, Sigma-Aldrich, 1 mg/kg, i.p.) or sa-
line (n � 4 per group). Either age-matched wild-type non-Tg rats admin-
istrated LPS or saline were used as controls. Rats were killed by isoflurane
anesthesia 3 h after LPS injection for brain removal. The striatal region of
the brain was separated and used for extraction of total RNA and protein.
mRNA and protein levels of proinflammatory cytokines were assessed by
qRT-PCR and Western blotting, respectively. To assess the activation
status of NLRP3 inflammasome pathway, levels of ASC oligomerization
and mature IL-1� were detected by Western blotting.

Isolation of primary rat primary microglia
(rPMs). rPMs were isolated from the brains of
newborn Sprague Dawley pups as described
previously (Guo et al., 2015; Liao et al., 2016).
Briefly, brain cortices were dissociated and
digested in Hank’s buffered salt solution (Invit-
rogen, catalog #14025076) supplemented
with 0.25% trypsin (Invitrogen, catalog
#25300-054). Mixed glial cultures were pre-
pared by resuspending cells in culture DMEM
supplemented with 10% heat-inactivated FBS with
100 U/ml penicillin and 0.1 mg/ml streptomy-
cin, as described previously (Guo et al., 2015).
Cells were transferred to T-75 cell culture flasks
(10 � 10 6 cells/flask), incubated at 37°C and
5% CO2, and half of the cell medium was re-
placed every 3–5 d. At the first medium change,
macrophage colony-stimulating factor (Invit-
rogen, catalog #PHC9504) was added (0.25 ng/
ml) to promote microglial proliferation. Confluent
mixed glial cultures (7 to 10 d) were shaken at
37°C, 220 � g for 2 h to promote microglia
detachment. Cell medium containing released
microglia cells was aspirated, centrifuged at
1000 � g for 5 min, and microglia plated on cell
culture plates for all ensuing experiments. Im-
munohistochemical staining with antibodies
specific for IBA1 was used to evaluate the pu-
rity of the isolated microglial cultures and was
routinely found to be �95% pure.

BV-2 cell culture. The BV-2 microglial cell
line was generously provided by Dr. Sanjay
Maggirwar (University of Rochester Medical
Center, Rochester, NY). Cells were grown and
routinely maintained at 37°C and 5% CO2 in
DMEM supplemented with 10% heat-inactivated
FCS, 100 IU/ml penicillin, and 100 �g/ml
streptomycin.

Western blotting. Treated cells were lysed
with RIPA buffer supplemented with protease
inhibitor mixture (Thermo Fisher Scientific,
catalog #78430), followed by ultrasonication
for 3 s at 80% amplitude and Western blotting
performed as described previously (Guo et al.,
2015; Liao et al., 2016). Briefly, lysates were
cleared by centrifugation at 12000 � g for 10
min at 4°C. Protein concentration was quanti-
fied by BCA method (Thermo Fisher Scientific,
catalog #23225). Equal amounts of protein
(10–20 �g) were electrophoresed in a SDS-

polyacrylamide gel under reducing conditions. After transfer, PVDF
membranes (Millipore, catalog #IPVH00010) were blocked with 5%
nonfat dry milk for at least 60 min at room temperature. Membranes
were then probed with primary antibodies overnight at 4°C, washed with
TBS-T, incubated with appropriate HRP-conjugated secondary antibod-
ies, and developed with SuperSignal West Dura or Femto substrate. Den-
sitometric analyses were performed using ImageJ version 1.44 software.
Protein amounts for bands of interest were normalized to �-actin.

ASC complex isolation. Freshly prepared disuccinimydyl suberate
(5 mM; Thermo Fisher Scientific, catalog #21555) was added to protein
lysates isolated from animals treated with LPS or saline and incubated at
room temperature for 30 min. Samples were centrifuged at 300 � g for 10
min at 4°C. Supernatants were removed and the cross-linked pellets were
resuspended in Laemmli sample buffer, boiled for 7 min at 99°C, and
analyzed by Western blotting.

Small interfering RNA (siRNA) transfection. siRNA transfections were
performed using Lipofectamine 2000 (Life Technologies, catalog 11668027)
according to the manufacturer’s instructions. Briefly, cells were trans-
fected with targeted siRNA or scrambled siRNA (20 pM) mixed with 6 �l

Figure 2. HIV-1 Tat-induced ASC oligomerization and pro-caspase-1 cleavage in BV-2 and rPMs. Cells were seeded in six-well
plates and exposed to Tat (50 ng/ml) for the indicated time periods. Tat induced ASC multimerization in a time- dependent manner
in both BV-2 and rPMs (A, B). Cleaved caspase-1 (p10) rapidly increased (�4-fold) and gradually declined in both BV-2 and rPMs
(C, D). All experiments were performed at least three independent times and representative figures are shown. Actin served as a
loading control. Quantification of Western blots is shown under each blot. Data are shown as mean � SEM.
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of Lipofectamine 2000 diluted in 150 �l of opti-
MEM (Life Technologies, catalog #31985062). The
resulting siRNA–lipid complexes were added
onto cells, incubated for 6 h, and the medium
changed into fresh DMEM. Cells were then
treated with 50 ng/ml TAT or control and har-
vested at 24 h after transfection as described
previously (Guo et al., 2015; Liao et al., 2016).
Knock-down efficiencies were determined by
Western blotting.

qRT-PCR. qRT-PCR was performed as de-
scribed previously (Guo et al., 2015; Liao et al.,
2016). Briefly, total RNA was extracted using
TRIzol reagent (Invitrogen, catalog #15596-
018) according to the manufacturer’s instruc-
tions and RNA yield quantified by NanoDrop
2000 (Thermo Fisher Scientific). RNA was
transcribed into complementary DNA using
Verso cDNA kit (Invitrogen, catalog #AB-1453/B)
according to the manufacturer’s instructions. qRT-
PCR was performed with SYBR Green ROX qPCR
Mastermix (Qiagen, catalog #330510). Reaction
systems were set up as follows: 10 �l of SYBR
Green Mastermix, 0.5 �l of forward primers,
0.5 �l of reverse primers, 7 �l of distilled water,
and 2 �l of cDNA. Then, 96-well plates were
placed into a 7500 Fast real-time PCR system
(Applied Biosystems) for program running.
Mouse primers for NLRP3 ID #22003870a1)
and IL-1� (ID #6680415a1) from the Prim-
erBank (Wang et al., 2012) were from Invitro-
gen. Rat primers for IL-1� (forward: GCACA
GTTCCCCAACTGGTA and reverse: ACAC
GGGTTCCATGGTGAAG), IL-6 (forward:
GGACCAAGACCATCCAACTCA and reverse:
CCACAGTGAGGAATGTCCACA) and GAPDH
(forward: TGCACCACCAACTGCTTAGC and
reverse: ATGCCAGTGAGCTTCCCGTT) were
used.

miR-223 qRT-PCR. TaqMan microRNA as-
says for miR-223 were commercially available
fromAppliedBiosystems.TheTaqManMicroRNA
Reverse Transcription Kit (PN 4366596) was used according to indicated
protocol. The reaction system (15 �l) was set as followed: 10 mM dNTPs
(with dTTP) 1.5 �l, MultiScribe Reverse Transcriptase 50 U/�l 1.0 �l, 10�
reverse transcription buffer 1.5 �l, RNase inhibitor, 20 U/�l 0.2 �l,
nuclease-free water to 7 �l, total RNA 5 �l (�50 ng), 3 �l of reverse
transcription (RT) primer (5�). Thermal cycler conditions for RT were
as follows: 16°C for 30 min, 42°C for 30 min, 85°C for 5 min. The RT
product was then diluted 1:10 for the following PCR: TaqMan PCR
primer (20�) 1 �l, RT reaction product 1.5 �l, TaqMan 2� Universal
PCR Master Mix, No AmpErase UNGa 10 �l (PN 4324018), and distilled
water up to 20 �l. The PCR conditions were as follows: hold 95°C for 10
min, 40 cycles for 95°C for 15 s, and 60°C for 1 min. All reactions were run
in triplicate. The expression level of miR-223 was calculated by normal-
izing to U6 snRNA.

Cytokine assay. Serum IL-1� and IL-18 were quantified by multiplex
assay on an MAGPIX Luminex instrument according to manufacturer’s
instructions. For ELISA assays, microglial cells (8000 cells/well) were
seeded into 96-well plates overnight and medium replaced with medium
containing Tat or controls. Supernatants were collected at 24 h after Tat
treatment and IL-1� production was quantified by ELISA using a mouse
IL-1� ELISA kit (DY401; R&D Systems) according to the manufacturer’s
instructions. Six wells per each dose treatment were analyzed.

Statistical analysis. Graphs and statistical analyses were performed
using GraphPad Prism software version 5.0. Student’s t test was used
to compare results between test and controls. One-way ANOVA was
used for multiple comparisons. p � 0.05 was considered statistically
significant.

Results
Tat primes microglial NLRP3 inflammasome by upregulating
NLRP3 expression
Tat has been well characterized to activate myeloid cells resulting
in the release of a plethora of proinflammatory factors including
IL-1�. However, the detailed mechanism(s) underlying Tat ef-
fects remains unexplored. In this current study, we investigated
whether exposure of microglial cells to Tat sets up or primes the
NLRP3 inflammasome by increasing NLRP3 expression in these
cells. BV-2 and rPMs were exposed to Tat (0, 12.5, 25, 50, and 100
ng/ml) and evaluated for NLRP3 expression. As shown in Figure
1, A and B, Tat-induced NLRP3 protein expression in a dose-
dependent manner, with significant increases observed at 50
ng/ml Tat in both BV-2 cells and rPMs. As anticipated, LPS (50
ng/ml), an eminent inflammasome priming agent, led to a signif-
icant increase in NLRP3 expression with a �3-fold increase (Fig.
1A). To explore whether NLRP3 mRNA levels were also elevated
by Tat exposure, we also analyzed NLRP3 mRNA expression lev-
els in BV-2 cells and found a dose-dependent increase in NLRP3
mRNA (data not shown). Based on these findings, the lowest dose
of Tat (50 ng/ml) that upregulated expression of NLRP3 was thus
chosen for all the ensuing experiments.

The next step was to examine the time course of Tat-mediated
expression of NLRP3 protein. As shown in Figure 1C, we ob-

Figure 3. HIV-1 Tat-induced IL-1� cleavage and release in microglia. Microglial cells were seeded into six- or 96-well plates for
Western blotting (WB) or ELISA, respectively. Exposure to Tat (50 ng/ml) induced cleavage of IL-1�, resulting in the detection of
p17 mature IL-1� in BV-2 cells in a time-dependent manner (A) and was confirmed in rat primary microglia (B). Quantification of
Western blots is shown under each blot. Data are shown as mean � SEM. IL-1� was released into supernatants in a time-
dependent manner in both BV-2 cells (C) and primary microglia (D) as quantified by ELISA. ELISA experiments were performed with
six replicates per condition.
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served significantly increased expression of NLRP3 protein at 6 h
after Tat exposure (50 ng/ml), with a sustained increase up to 48 h
(p � 0.05) in BV-2 cells. These findings were also validated in
rPMs exposed to Tat and revealed a gradual increase in NLRP3,
with a 6-fold peak at 12 h after Tat exposure, followed by a reduc-
tion at 24 h (Fig. 1D). Expectedly, heated Tat had no effect on
NLRP3 expression, suggesting a requirement for native confor-
mation of Tat for NLRP3 upregulation (data not shown). Collec-
tively, these data imply that Tat can set up or prime the NLRP3
inflammasome by enhancing NLRP3 and IL-1� expression in
microglia.

Time-dependent effects of Tat on ASC oligomerization and
caspase-1 cleavage in microglial cells
After NLRP3 priming, the inflammasome is formed by the re-
cruitment of both ASC and pro-caspase-1 protein. Because ASC
functions as a molecular platform for protein–protein interac-
tions through the formation of oligomers manifesting as large
disc-like structures (de Alba, 2009; Rathinam et al., 2012), we
next wanted to verify the formation of these ASC oligomers in
microglial cells exposed to Tat (50 ng/ml). As shown in Figure 2A,

Tat exposure resulted in a sustained in-
crease in the expression of ASC oligomers
in BV-2 cells up to the longest time point
assayed (48 h). In rPMs, Tat exposure re-
sulted in a significant increase in ASC oli-
gomers at 6 h, followed by a gradual
decline (Fig. 2B). These data demonstrate
that Tat could induce ASC oligomerization
inatime-dependentmanner,suggesting that
Tat mediates nucleation and formation of
NLRP3-ASC inflammasome complexes
in microglia.

Next, we examined the time course of
Tat-mediated caspase-1 cleavage. As shown
in Figure 2, C and D, Tat exposure resulted
in the rapid cleavage of pro-caspase-1 into
its mature form (p10) within the first 6 h,
reaching an �5-fold increase and gradually
declining. Together, these data suggest that
Tat can induce ASC oligomerization and
caspase-1 cleavage in microglia.

Tat-mediated processing and release of
IL-1� in microglial cells
Having demonstrated NLRP3 priming
and formation of inflammasome as evi-
dencedbyASColigomerizationandcaspase-1
cleavage, we next sought to confirm the
complete activation of NLRP3 by assess-
ing the processing of the end product, IL-
1�, with its subsequent release into the
culture supernatant. As revealed in Figure
3, A and B, Tat exposure led to a time-
dependent intracellular increase (�2-
fold) in the mature form of IL-1� (p17)
from 6 – 48 h, suggesting that Tat acti-
vated the processing of IL-1� into its ma-
ture form in both BV-2 cells and rPMs.
Next, we assayed Tat-mediated release of
IL-1� in the culture medium and ob-
served a significant time-dependent in-
crease in IL-1� release in both BV-2 cells

and rodent primary microglia (p � 0.001; Fig. 3C,D). At least 30
pg/ml IL-1� was released into the culture medium at 12 h after
Tat exposure. Intriguingly, these data underscore the role of Tat
as an NLRP3 inflammasome activation signal.

Pharmacological and genetic silencing of NLRP3 attenuates
caspase-1 processing and IL-1� release
Having demonstrated that Tat activated the microglial NLRP3
inflammasome, we then investigated whether inhibition of
NLRP3 would diminish Tat-mediated microglial inflammatory
response. To address this, Tat-primed BV-2 cells were exposed to
glyburide, an NLRP3 inhibitor (Lamkanfi et al., 2009), and ana-
lyzed for cleaved caspase-1 (p10) and release of IL-1�. As pre-
sented in Figure 4A, we observed a dose-dependent inhibition of
caspase-1 processing into its mature cleaved products. In the
presence of 200 �M glyburide, there was inhibition of Tat-
mediated caspase-1 processing, resulting in reduced expression
of p10 compared with cells exposed to Tat only (Fig. 4B). Simi-
larly, and as shown in Figure 4C, mature IL-1 � (p17) was atten-
uated in Tat-primed cells subsequently treated with glyburide.
To confirm its release, we next quantified IL-1� in culture

Figure 4. Pharmacological inhibition of NLRP3 by glyburide attenuated inflammasome pathway in microglia. Tat-primed BV-2
cells were treated with an NLRP3 inhibitor (glyburide), followed by the addition of calcium (2.5 mM; 1 h) and caspase-1 levels
analyzed by Western blotting. A dose-dependent inhibition of caspase-1 processing into mature p10 was observed (A) and
treatment with glyburide (200 �M) resulted in inhibition of caspase-1 p10 (B). Intracellular IL-1� p17 was also reduced (C) and,
similarly, IL-1� released into supernatants was quantified by ELISA (D).
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medium obtained from these Tat-
primed, glyburide-treated cells using
ELISA. As shown in Figure 4D, we ob-
served significantly reduced IL-1� released
into the culture supernatants of Tat-
primed, glyburide-treated cells com-
pared with controls (p � 0.05), suggesting
that pharmacological inhibition of
NLRP3 attenuated Tat-induced NLRP3
inflammasome activation.

The next step was to use a genetic
approach to validate the results obtained
by the pharmacological approach. To this
end, BV-2 cells were transfected with
NLRP3 siRNA or scrambled siRNA, fol-
lowed by exposure to Tat for 24 h. As
shown in Figure 5A, transfection of cells
with NLPR3 siRNA resulted in downregu-
lation of NLRP3 expression (Fig. 5A, lane
1 vs lane 3). As expected, Tat-primed cells
transfected with NLRP3 siRNA failed to
upregulate NLRP3 compared with con-
trol cells (Fig. 5A, lane 2 vs lane 4). In
NLRP3 knock-down cells, Tat priming
tended to reduce the formation of ASC
oligomerization (Fig. 5B), underpinning
the role of NLRP3 in Tat-mediated prim-
ing and activation of the NLRP3 inflam-
masome. Caspase-1 processing was also
attenuated, resulting in lower expression
of p10 compared with scrambled siRNA
transfected cells (Fig. 5C). Similarly, and
as shown in Figure 5D, the mature IL-1�
(p17) was reduced in Tat-primed, NLRP3
siRNA-transfected cells. In summary, we
provide evidence that underscores the
role of NLRP3 in Tat-mediated microglial
activation.

Tat modulates NLRP3 inflammasome
activation by inhibiting the expression
of its negative regulator, miR-223
Having established that Tat primes and
activates the NLRP3 inflammasome, we sought to investigate the
mechanism by which Tat upregulated NLRP3 levels. miRNAs are
small, noncoding RNA molecules of �21–25 nt well known to
regulate gene expression (Ambros, 2004; Filipowicz et al., 2008).
Previous reports showed that miR-223 inhibits NLRP3 protein
levels by binding to the 3�-untranslated region (3�-UTR) of
NLRP3 mRNA and targeting it for degradation (Bauernfeind et
al., 2012; Haneklaus et al., 2012). Whether miR-223 is involved in
Tat-mediated NLRP3 upregulation has not been explored to
date. To test this hypothesis, microglia were exposed to Tat and
monitored for the expression of miR-223 and NLRP3 mRNA
levels over a 24 h time course. Microglia are enriched for and
express high constitutive levels of miR-223 (Jovičić et al., 2013).
As shown in Figure 6, A and B, after Tat exposure, miR-223
expression was time-dependently downregulated in both BV-2
and mouse primary microglia. Correspondingly, we also sought
to assess levels of NLRP3 mRNA in microglial cells exposed to Tat
for varying times. After Tat exposure, there was an enhanced
expression of NLRP3 mRNA (�2-fold) at 6 h after treatment in
both BV-2 and primary rodent cells (Fig. 6C,D; p � 0.05). Our

results reveal an inverse relationship between expression of miR-
223 and its 3�-UTR target, NLRP3. In addition, we assessed the
time course expression of IL-1� mRNA levels and confirmed
concurrent Tat-mediated priming with NLRP3, as shown in Fig-
ure 6, E and F. These findings such suggest that Tat-mediated
downregulation of miR-223 plays a role in upregulating its target,
NLRP3, leading to increased priming.

Increased expression of NLRP3 pathway mediators in the
brains of SIV-infected macaques
Having ascertained the role of Tat in NLRP3 inflammasome
priming and activation in vitro, we next sought to confirm
whether markers of the NLRP3 inflammasome pathway were also
upregulated in SIV-infected monkeys in vivo. Monkeys (n �
3/group) were infected with SIVmacR71/17E and monitored at 2
weeks after infection (acute) and at necropsy (maximum 52
weeks) for ASC, IL-1�, and IL-18 levels in the brain and in the
plasma. Viral loads and animal characteristics are given in Table 1.
We observed significantly enhanced IL-1� levels in the basal gan-
glia of both acute and chronically infected animals compared

Figure 5. Knock-down of NLRP3 by siRNA attenuated inflammasome pathway in microglia. BV-2 cells were seeded into six-well
plates and treated with either siNLRP3 or control siRNA. Cells were subsequently exposed to Tat (50 ng/ml) or left untreated for 24 h
and expression of NLRP3 and ASC, Caspase-1, and Il-1� was analyzed by Western blotting. NLRP3 expression was reduced by
siNLRP3 knock-down (A; lane 1 vs lane 3). Tat priming failed to increase NLRP3 levels compared with siRNA-treated control cells
(A, lane 2 vs lane 4). Tat priming of siNLRP3 knock-down cells resulted in reduced formation of ASC dimers (B), caspase-1 p10 (C),
and IL-1� p 17 (D).
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with uninfected controls (Fig. 7A; p � 0.05). Expression levels of
the adaptor protein ASC were found to be significantly upregu-
lated in the basal ganglia of SIV-infected macaques during acute
infection, with a trend of upregulation during chronic SIV infec-
tion (Fig. 7B; p � 0.05). As shown in Figure 7, C and D, plasma
IL-1� and IL-18 levels also exhibited enhanced expression, sug-
gesting that, similar to HIV-1 Tat, SIV infection also activated

NLRP3 inflammasomes in vivo. Interest-
ingly, miR-223 showed a decreasing trend
in the basal ganglia of SIV-infected ma-
caques during acute infection, with a res-
toration during the chronic infection
stage (Fig. 7E).

Increased inflammation response to
LPS in the brains of HIV-1 Tg rats
Having demonstrated that exposure to
Tat primes microglia, we next sought to
explore whether a similar phenomenon
existed in vivo. We rationalized that prim-
ing by HIV-1 proteins in the HIV Tg rat
would subsequently enhance the capacity
of the CNS to mount a stronger immune
response to a secondary stimulus such as
LPS. For this, 18-month-old (to ensure
accumulation of viral proteins including
Tat) HIV-1 Tg and wild-type rats of both
the sexes were challenged with a low dose
of LPS (1 mg/kg, i.p.), followed by isola-
tion of the striatum for expression of pro-
inflammatory cytokines (IL-1� and IL-6)
mRNAs by qRT-PCR. As shown in Figure
8A, in the absence of LPS, HIV-1 Tg rats
exhibited increased expression of IL-1�
(2.3-fold increase) compared with the
wild-type controls, confirming that in vivo
priming was likely induced due to the
presence of HIV-1 proteins. Interestingly
however, after LPS challenge, HIV-1 Tg
rats exhibited a further upregulation of
IL-1� mRNA (4.2-fold increase) com-
pared with the wild-type rats (2.4-fold in-
crease). Similarly, expression of IL-6,
another early proinflammatory cytokine,
was also increased up to 3-fold in HIV-1
Tg rats compared with an �1.8-fold in-
crease in wild-type rats in the presence of
LPS (Fig. 8B). To confirm the involve-

ment of NLPR3 inflammasome in HIV and LPS-mediated acti-
vation, protein lysates containing ASC oligomers were isolated
from the striatum of HIV Tg and WT rats that were administered
LPS. As shown in Figure 8C, there was increased presence of ASC
oligomers in the striatum of HIV-1 Tg rats compared with the
controls. Furthermore, caspase 1 was also found to be activated
(Fig. 8C) and, as shown in Figure 8D, there was increased cleavage
of IL-1� into its active p17 form in the striatum of three of four
HIV-1 Tg/LPS rats compared with the WT/LPS group.

Discussion
HAND remains a major cause of morbidity in HIV-1-positive
individuals despite the use of cART (Saylor et al., 2016). How-
ever, in cART-treated persons, the milder forms of the disease
such as ANI or MND continue to increase in prevalence, ac-
counting for �70% of HAND (Saylor et al., 2016), whereas HAD
has declined drastically. As reviewed by Saylor et al. (2016), sub-
stantial evidence suggests a critical role for inflammation in
HAND. HIV-1 Tat protein has been reported to be present in the
brains of infected individuals and is implicated in the develop-
ment of HAND (Del Valle et al., 2000; Hudson et al., 2000; Li et
al., 2009; Johnson et al., 2013). In this study, we examined the

Figure 6. Tat modulates NLRP3 inflammasome activation by inhibiting expression of its negative regulator, miR-223. BV-2 cells
or rPMs were seeded into six-well plates, exposed to Tat (50 ng/ml), and monitored for expression of miR-223, NLRP3, and IL-1�
levels over a 24 h time course by qRT-PCR. miR-223 was significantly decreased (A, B) and, conversely, NLRP3 was increased (C, D)
in both BV-2 and rPMs. IL-1� was similarly increased in both BV-2 and rPMs (E, F ). U6 served as a loading control. Data are
expressed as mean � SEM.

Table 1. Viral load and CD4 cell counts of rhesus macaques

SIV
status

Animal
ID

Day of
euthanasia
(postinfection)

End point measurements

CD4 counts
(cells/ml)

Plasma viral load
(copies/million
GAPDH)

CSF viral load
(copies/million
GAPDH)

SIV	 40495 N/A 920 N/A N/A
SIV	 40965 N/A 565 N/A N/A
SIV	 41056 N/A 1273 N/A N/A
SIV
 39104 22 d SIV 933 2,218,344 69,133
SIV
 39154 22 d SIV 552 691,735 32,919
SIV
 39368 23 d SIV 1012 10,518,444 5,835,276
SIV
 C1 52 wk SIV 249 202,120 6,574
SIV
 C2 52 wk SIV 132 5,380,728 633,917
SIV
 C4 52 wk SIV 172 837,406 49,212
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mechanisms underlying Tat-mediated
microglial activation with a focus on
NLRP3 inflammasome pathway. Our data
show that Tat can prime and activate the
NLRP3 inflammasome in microglia, re-
sulting in the release of IL-1 �, a highly
potent cytokine that in turn induces other
cytokines, including IL-6 and TNF-�, to
further exacerbate inflammation. Our
findings are consistent with previous re-
ports demonstrating induction of the
NLRP3 inflammasome in microglia and
monocytes after HIV-1 infection (Guo et
al., 2014; Hernandez et al., 2014; Walsh et
al., 2014). They further suggest that Tat-
mediated priming of NLRP3 may contrib-
ute in part to sustained CNS inflammation
despite suppression of viral replication by
cART and likely in response to a second
stimulus such as LPS. In addition to in-
creased release of IL-1�, microglia primed
by Tat could become more sensitive to the
effects of other proinflammatory factors
previously described as NLRP3 activators
such as lipotoxic fatty acids, ceramides,
and free cholesterol (Duewell et al., 2010;
Vandanmagsar et al., 2011; Wen et al.,
2011). Interestingly, individuals who de-
velop ANI and MND have elevated levels
of NLRP3 activators such as ceramide and
multiple forms of cholesterol compared
with cognitively normal HIV-1-positive
individuals (Bandaru et al., 2013).

To understand whether priming first
with a stimulus such as HIV-1 protein
would subsequently increase the CNS in-
flammatory response to a secondary stim-
ulus such as LPS, we sought to use the
HIV-1 Tg rat model. HIV-1 Tg rats de-
velop neurological abnormalities analo-
gous to those observed in HIV-1-infected
humans, with an accumulation of HIV
proteins, thereby mimicking aspects of
NeuroAIDS (Reid et al., 2001; Peng et al.,
2010; Royal et al., 2012; Vigorito et al.,
2015). HIV-1 Tg rats administered with
acute, low-dose LPS demonstrated height-
ened activation of NLRP3 inflammasome pathway mediators such
as IL-1�, ASC oligomers, and Caspase-1 compared with wild-type
controls with LPS. In addition, there was also upregulation of IL-6
mRNA in HIV Tg rats exposed to LPS compared with WT con-
trols exposed to LPS, thereby underscoring a wider priming of
proinflammatory pathways.

Tat has been demonstrated to enter cells by several mecha-
nisms such as clathrin-mediated endocytosis, binding with TLR4,
or integrins (Barillari et al., 1999; Vendeville et al., 2004; Johnson
et al., 2013). After uptake, Tat is found in both the cytoplasm and
the nucleus (Johnson et al., 2013). In one study, Tat-mediated
induction of IL-17 was completely inhibited after attenuation of
clathrin-mediated endocytosis by amiloride or chlorpromazine
(Johnson et al., 2013), suggesting a major role for receptor-
mediated endocytosis in Tat entry and activation of immune
cells. Similarly, Tat was shown to bind to TLR4 and MD-2, result-

ing in the induction of the cytokines TNF-� and IL-10 (Ben Haij
et al., 2013). These studies suggest that endocytosed Tat may exert
biological effects within cells by regulating the expression of pro-
inflammatory mediators such as MCP-1, TNF-�, and IL17 (En-
soli et al., 1993; Nath et al., 1999; Weiss et al., 1999; El-Hage et al.,
2005; Ben Haij et al., 2013; Johnson et al., 2013) and including
activation of NLRP3 as reported here.

Intriguingly, our data show for the first time that Tat can both
prime and activate the NLRP3 inflammasome. Pathogen-associated
molecular patterns such as LPS prime NLRP3 and IL-1� through
activation of NF-kB transcription factor, which, in turn can bind
to the NLRP3 promoter region (Qiao et al., 2012). This is impor-
tant because basal levels of NLRP3 are inadequate for efficient
inflammasome formation (Sutterwala et al., 2014). Posttran-
scriptionally, NLRP3 is tightly regulated by miR-223, which tar-
gets conserved miR-223-binding sites in its 3�-UTR (Bauernfeind et

Figure 7. SIV infection of monkeys induced expression of NLRP3 pathway mediators in both the CNS and plasma. Rhesus
monkeys (RMs) (n � 3/group) were infected with SIV and monitored at 2 weeks (acute) or at necropsy (maximum 52 weeks) for
expression of inflammasome markers. Analysis of basal ganglia lysates by Western blotting show enhanced expression of pro-
IL-1� and ASC oligomer levels in acute and chronically infected RMs (A, B). Quantification of Western blots is shown under each
blot. Data are shown as mean � SEM. In plasma samples, IL-1� was induced 8-fold and 5-fold in acute and chronic SIV-positive
RMs, respectively (C). IL-18 showed a similar pattern, with 6-fold and 5-fold increases at the acute and chronic stages, respectively
(D). MiR-223 was reduced in the basal ganglia of SIV-infected RMs, with a restoration in chronically infected animals (E).
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al., 2012; Haneklaus et al., 2012; Hane-
klaus et al., 2013; Yang et al., 2015). Inter-
estingly, activation of CD4
 T cells has
been shown to downregulate miR-223
expression (Chiang et al., 2012). Further-
more, miR-223 targets the 3� end of
HIV-1 viral transcripts (Huang et al.,
2007), suggesting a role for miR-223 in
HIV-1-induced immune cell activation.
Herein, we demonstrated that exposure of
microglia to Tat reduced the expression
levels of miR-223, leading to upregulated
expression of its target, NLRP3. miR-223 ex-
pression has also been shown to be dys-
regulated by viral infections such as H1N1
influenza and hepatitis B, further sup-
porting a role for miR-223 in infection-
induced inflammation (Li et al., 2010; Xu
et al., 2011; Haneklaus et al., 2013).

After NLRP3 priming, endogenous
agonists such as ATP and calcium trigger
inflammasome activation. Our data show
that Tat is unique in its ability to activate
NLRP3 on its own. Because Tat can in-
crease intracellular calcium levels (Benelli
et al., 2000; Mayne et al., 2000) and cal-
cium is an NLRP3 inflammasome activa-
tor (Lee et al., 2012; Rossol et al., 2012), it
is likely that Tat-induced inflammasome
activation is dependent on its ability to
modulate ion fluxes, particularly its ca-
pacity to enhance intracellular calcium
levels. Although a definitive mechanism
for NLRP3 inflammasome activation re-
mains elusive, activators are thought to
trigger some common pathways such as
cationic fluxes that ultimately activate the
inflammasome (Sutterwala et al., 2014).
Future studies using Tat-exposed cells could
help to clarify the ionic requirements for
NLRP3 inflammasome activation.

In this study, the requirement of NLRP3
for Tat-mediated IL-1� release was con-
firmed using both pharmacological inhi-
bition (glyburide) and genetic (NLRP3
siRNA) approaches. Several small mole-
cules have been shown to inhibit NLRP3,
including glyburide, �-hydroxybutyrate,
pathernolide, bay11–7082, and MCC950
(Lamkanfi et al., 2009; Juliana et al., 2010;
Coll et al., 2015; Youm et al., 2015). In this
study, we describe glyburide-mediated
inhibition of caspase-1 processing and
IL-1� release in microglia exposed to Tat.
Correspondingly, we showed that siRNA
knock-down of NLRP3 diminished Tat-
induced NLRP3 priming and the down-
stream effectors caspase-1 and IL-1�. With
the discovery and design of safer NLRP3
inhibitory molecules, trials in animal
models of HAND will be useful to evalu-
ate the efficacy of NLRP3 inhibition in
ameliorating HIV-1-associated inflamma-

Figure 8. HIV-1 Tg rats show an enhanced response to LPS administration. Wild-type and HIV-1 Tg rats were challenged by
administration of a low dose of LPS (1 mg/kg, i.p.) and assessed for NLRP3 activation and inflammatory cytokines in the striatum.
Analyses of the striatum by qRT-PCR showed upregulation of both IL-1� and IL-6 mRNA in HIV-1 Tg rats, with demonstration of a
more robust response to LPS challenge compared with the wild-type controls (A, B). Increased presence of ASC oligomers was
observed in the striatum of HIV-1 Tg rats compared with WT controls (C). Caspase 1 and IL-1� activation was also increased in the
striatum of HIV-1 Tg rats compared with WT controls (C, D). n � 4/group.

Figure 9. Schematic description of HIV-1 Tat-mediated priming and activation of NLRP3 inflammasomes in microglia. Tat
enhances NLRP3 and IL-1� expression, thus priming the inflammasome. Efficient priming is enhanced in a mechanism involving
inhibition of miR-223, a negative regulator of NLRP3. The inflammasome is subsequently activated resulting in the processing of
Caspase 1 and the maturation and release of IL-�.
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tion. We propose that inhibition of NLRP3 with small-molecule
inhibitors could serve as an adjunctive therapeutic strategy to treat or
prevent the development of HAND.

In summary, our novel findings demonstrate that Tat-mediated re-
lease of IL-1� in microglial cells involves priming and activation
of the NLRP3 inflammasome, as illustrated in Figure 9. Tat-
mediated release of IL-1� could contribute to neuroinflamma-
tion and exacerbate HIV-1-associated neurological disease.
These findings suggest that inhibition of NLRP3 inflammasomes
could provide a platform for the development of novel approaches
to reduce neuroinflammation and subsequent neuronal impair-
ment in HIV-1-positive patients with ramifications for other neuro-
degenerative disorders involving inflammasomes.
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Jovičić A, Roshan R, Moisoi N, Pradervand S, Moser R, Pillai B, Luthi-Carter
R (2013) Comprehensive expression analyses of neural cell-type-specific
miRNAs identify new determinants of the specification and maintenance of
neuronal phenotypes. J Neurosci 33:5127–5137. CrossRef Medline

Juliana C, Fernandes-Alnemri T, Wu J, Datta P, Solorzano L, Yu JW, Meng R,
Quong AA, Latz E, Scott CP, Alnemri ES (2010) Anti-inflammatory
compounds parthenolide and Bay 11-7082 are direct inhibitors of the
inflammasome. J Biol Chem 285:9792–9802. CrossRef Medline

Koka P, He K, Zack JA, Kitchen S, Peacock W, Fried I, Tran T, Yashar SS,
Merrill JE (1995) Human immunodeficiency virus 1 envelope proteins
induce interleukin 1, tumor necrosis factor alpha, and nitric oxide in glial
cultures derived from fetal, neonatal, and adult human brain. J Exp Med
182:941–951. CrossRef Medline

Lamkanfi M, Mueller JL, Vitari AC, Misaghi S, Fedorova A, Deshayes K, Lee
WP, Hoffman HM, Dixit VM (2009) Glyburide inhibits the Cryopyrin/
Nalp3 inflammasome. J Cell Biol 187:61–70. CrossRef Medline

Lee GS, Subramanian N, Kim AI, Aksentijevich I, Goldbach-Mansky R, Sacks

3608 • J. Neurosci., March 29, 2017 • 37(13):3599 –3609 Chivero, Guo et al. • HIV-1 Tat Activates Microglial NLRP3 Inflammasome

http://dx.doi.org/10.1038/nature02871
http://www.ncbi.nlm.nih.gov/pubmed/15372042
http://dx.doi.org/10.1212/01.WNL.0000287431.88658.8b
http://www.ncbi.nlm.nih.gov/pubmed/17914061
http://dx.doi.org/10.1212/WNL.0b013e3182a9565e
http://www.ncbi.nlm.nih.gov/pubmed/24027056
http://www.ncbi.nlm.nih.gov/pubmed/10397733
http://dx.doi.org/10.4049/jimmunol.1201516
http://www.ncbi.nlm.nih.gov/pubmed/22984082
http://dx.doi.org/10.1186/1742-4690-10-123
http://www.ncbi.nlm.nih.gov/pubmed/24165011
http://dx.doi.org/10.1086/317597
http://www.ncbi.nlm.nih.gov/pubmed/11069235
http://dx.doi.org/10.1007/s11481-011-9272-9
http://www.ncbi.nlm.nih.gov/pubmed/21431470
http://dx.doi.org/10.1128/JVI.05065-11
http://www.ncbi.nlm.nih.gov/pubmed/22205749
http://www.ncbi.nlm.nih.gov/pubmed/25686105
http://dx.doi.org/10.1093/nar/gkh289
http://www.ncbi.nlm.nih.gov/pubmed/14981150
http://dx.doi.org/10.1074/jbc.M109.024273
http://www.ncbi.nlm.nih.gov/pubmed/19759015
http://dx.doi.org/10.3109/13550280009015824
http://www.ncbi.nlm.nih.gov/pubmed/10878711
http://www.ncbi.nlm.nih.gov/pubmed/8676466
http://dx.doi.org/10.1038/nature08938
http://www.ncbi.nlm.nih.gov/pubmed/20428172
http://dx.doi.org/10.1002/glia.20148
http://www.ncbi.nlm.nih.gov/pubmed/15630704
http://www.ncbi.nlm.nih.gov/pubmed/8416373
http://dx.doi.org/10.1038/nrg2290
http://www.ncbi.nlm.nih.gov/pubmed/18197166
http://dx.doi.org/10.1093/nar/gkr1224
http://www.ncbi.nlm.nih.gov/pubmed/22187158
http://dx.doi.org/10.1097/WCO.0b013e32834695fb
http://www.ncbi.nlm.nih.gov/pubmed/21467932
http://dx.doi.org/10.1093/jnen/62.5.429
http://www.ncbi.nlm.nih.gov/pubmed/12769183
http://dx.doi.org/10.1111/j.1600-065X.2011.01046.x
http://www.ncbi.nlm.nih.gov/pubmed/21884173
http://dx.doi.org/10.1074/jbc.M114.566620
http://www.ncbi.nlm.nih.gov/pubmed/24939850
http://dx.doi.org/10.1080/15548627.2015.1052205
http://www.ncbi.nlm.nih.gov/pubmed/26043790
http://dx.doi.org/10.4049/jimmunol.1200312
http://www.ncbi.nlm.nih.gov/pubmed/22984081
http://dx.doi.org/10.1111/joim.12099
http://www.ncbi.nlm.nih.gov/pubmed/23772809
http://dx.doi.org/10.1007/s13365-010-0006-1
http://www.ncbi.nlm.nih.gov/pubmed/21174240
http://dx.doi.org/10.1159/000353902
http://www.ncbi.nlm.nih.gov/pubmed/24008203
http://dx.doi.org/10.1038/cddis.2012.114
http://www.ncbi.nlm.nih.gov/pubmed/22932723
http://dx.doi.org/10.1038/nm1639
http://www.ncbi.nlm.nih.gov/pubmed/17906637
http://dx.doi.org/10.3109/13550280009013158
http://www.ncbi.nlm.nih.gov/pubmed/10822328
http://dx.doi.org/10.1073/pnas.1308673110
http://www.ncbi.nlm.nih.gov/pubmed/23898208
http://dx.doi.org/10.1523/JNEUROSCI.0600-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23516279
http://dx.doi.org/10.1074/jbc.M109.082305
http://www.ncbi.nlm.nih.gov/pubmed/20093358
http://dx.doi.org/10.1084/jem.182.4.941
http://www.ncbi.nlm.nih.gov/pubmed/7561697
http://dx.doi.org/10.1083/jcb.200903124
http://www.ncbi.nlm.nih.gov/pubmed/19805629


DB, Germain RN, Kastner DL, Chae JJ (2012) The calcium-sensing re-
ceptor regulates the NLRP3 inflammasome through Ca2
 and cAMP.
Nature 492:123–127. CrossRef Medline

Liao K, Guo M, Niu F, Yang L, Callen SE, Buch S (2016) Cocaine-mediated
induction of microglial activation involves the ER stress-TLR2 axis.
J Neuroinflammation 13:33. CrossRef Medline

Li W, Li G, Steiner J, Nath A (2009) Role of Tat protein in HIV neuropatho-
genesis. Neurotox Res 16:205–220. CrossRef Medline

Li Y, Chan EY, Li J, Ni C, Peng X, Rosenzweig E, Tumpey TM, Katze MG
(2010) MicroRNA expression and virulence in pandemic influenza
virus-infected mice. J Virol 84:3023–3032. CrossRef Medline

Maingat FG, Polyak MJ, Paul AM, Vivithanaporn P, Noorbakhsh F, Ahbou-
cha S, Baker GB, Pearson K, Power C (2013) Neurosteroid-mediated
regulation of brain innate immunity in HIV/AIDS: DHEA-S suppresses
neurovirulence. FASEB J 27:725–737. CrossRef Medline

Maschke M, Kastrup O, Esser S, Ross B, Hengge U, Hufnagel A (2000) In-
cidence and prevalence of neurological disorders associated with HIV
since the introduction of highly active antiretroviral therapy (HAART).
J Neurol Neurosurg Psychiatry 69:376 –380. CrossRef Medline

Mayne M, Holden CP, Nath A, Geiger JD (2000) Release of calcium from
inositol 1,4,5-trisphosphate receptor-regulated stores by HIV-1 Tat reg-
ulates TNF-alpha production in human macrophages. J Immunol 164:
6538 – 6542. CrossRef Medline

McArthur JC, Haughey N, Gartner S, Conant K, Pardo C, Nath A, Sacktor N
(2003) Human immunodeficiency virus-associated dementia: an evolv-
ing disease. J Neurovirol 9:205–221. CrossRef Medline

Merrill JE, Koyanagi Y, Zack J, Thomas L, Martin F, Chen IS (1992) Induc-
tion of interleukin-1 and tumor necrosis factor alpha in brain cultures by
human immunodeficiency virus type 1. J Virol 66:2217–2225. Medline

Moon JS, Lee S, Park MA, Siempos II, Haslip M, Lee PJ, Yun M, Kim CK,
Howrylak J, Ryter SW, Nakahira K, Choi AM (2015) UCP2-induced
fatty acid synthase promotes NLRP3 inflammasome activation during
sepsis. J Clin Invest 125:665– 680. CrossRef Medline

Nath A, Conant K, Chen P, Scott C, Major EO (1999) Transient exposure to
HIV-1 Tat protein results in cytokine production in macrophages and
astrocytes. A hit and run phenomenon. J Biol Chem 274:17098 –17102.
CrossRef Medline

Nightingale S, Winston A, Letendre S, Michael BD, McArthur JC, Khoo S,
Solomon T (2014) Controversies in HIV-associated neurocognitive dis-
orders. Lancet Neurol 13:1139 –1151. CrossRef Medline

Peng J, Vigorito M, Liu X, Zhou D, Wu X, Chang SL (2010) The HIV-1
transgenic rat as a model for HIV-1 infected individuals on HAART.
J Neuroimmunol 218:94 –101. CrossRef Medline

Qiao Y, Wang P, Qi J, Zhang L, Gao C (2012) TLR-induced NF-kappaB
activation regulates NLRP3 expression in murine macrophages. FEBS
Lett 586:1022–1026. CrossRef Medline

Rathinam VA, Vanaja SK, Fitzgerald KA (2012) Regulation of inflam-
masome signaling. Nat Immunol 13:333–342. CrossRef Medline

Reid W, et al. (2001) An HIV-1 transgenic rat that develops HIV-related
pathology and immunologic dysfunction. Proc Natl Acad Sci U S A 98:
9271–9276. CrossRef Medline

Rossol M, Pierer M, Raulien N, Quandt D, Meusch U, Rothe K, Schubert K,
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