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Bryostatin activates HIV-1 latent 
expression in human astrocytes 
through a PKC and NF-ĸB-
dependent mechanism
Laura Díaz1,*, Marta Martínez-Bonet1,*, Javier Sánchez1, Alejandra Fernández-
Pineda1, José Luis Jiménez1, Eduardo Muñoz2, Santiago Moreno3, Susana Álvarez1 & 
Mª Ángeles Muñoz-Fernández1

Multiple studies have shown that HIV-1 patients may develop virus reservoirs that impede 
eradication; these reservoirs include the central nervous system (CNS). Despite an undetectable viral 
load in patients treated with potent antiretrovirals, current therapy is unable to purge the virus from 
these latent reservoirs. To broaden the inhibitory range and effectiveness of current antiretrovirals, 
the potential of bryostatin was investigated as a latent HIV-1 activator. We used primary astrocytes, 
NHA cells, and astrocytoma cells U-87. Infected cells with HIV-1NL4.3 were treated with bryostatin 
alone or in combination with different inhibitors. HIV-1 production was quantified by using ELISA. 
Transcriptional activity was measured using luciferase reporter gene assays by using lipofectin. We 
performed cotransfection experiments of the LTR promoter with the active NF-κB member p65/
relA. To confirm the NF-κB role, Western blot and confocal microscopy were performed. Bryostatin 
reactivates latent viral infection in the NHA and U87 cells via activation of protein kinase C (PKC)-
alpha and -delta, because the PKC inhibitors rottlerin and GF109203X abrogated the bryostatin 
effect. No alteration in cell proliferation was found. Moreover, bryostatin strongly stimulated LTR 
transcription by activating the transcription factor NF-κB. Bryostatin could be a beneficial adjunct to 
the treatment of HIV-1 brain infection.

HIV-1 can invade cells of the central nervous system (CNS) and cause progressive combined cognitive 
and motor impairment in infected individuals. Within days of infection, HIV-1 can enter the CNS, 
where various resident cell populations serve as reservoirs for the virus1–4. Macrophage and microglial 
cells are the primary sources of HIV-1 replication in the CNS5–8, while astrocytes are the most abundant 
type of cells in the CNS and connect the cells of the brain to a complex intercellular network. Because 
astrocytes are critical for CNS function, they should be taken into consideration in the context of HIV-1 
neuropathogenesis. Therefore, low-level virus production is a consistent feature of HIV-1 infection of 
cultured human astrocytic cells. Introducing virus into cultured astrocytic cells, either by exposure to 
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infectious HIV-1 or by transfection of proviral DNA, leads to an initial transient short-term burst of virus 
replication that is followed by a persistent phase with or without virus production.

Strong evidence suggests compartmentalization of HIV-1 in the CNS and concern that the CNS is a 
pharmacologic sanctuary. CNS-specific viral variants can be demonstrated in untreated individuals and 
may be associated with dementia9,10. Highly active antiretroviral therapy (HAART) can powerfully sup-
press HIV-1 replication but does not clear the virus from infected individuals. Several attempts have been 
made to clear the latently HIV-1 reservoir, but these have not been successful in eliminating all latently 
infected cells or in preventing virus rebound upon cessation of therapy11–13. These latently-infected cells 
are a permanent source for virus reactivation and lead to a rebound of the viral load after interruption 
of HAART. Therefore, current anti-HIV-1 research efforts are increasingly focused on strategies aimed at 
reducing the size of these persistent reservoirs of latent HIV-1 by forcing viral gene expression. This type 
of strategy would allow latently infected cells to die from viral cytopathic effects or host cytolytic effector 
mechanisms following viral reactivation, while the antiretroviral therapy would prevent spreading of the 
infection by the neosynthetized virus14,15.

One of these lines of research is the identification of factors that can activate HIV-1 from latency and 
have the potential to be used in a clinical setting. Such factors have included histone deacetylase inhibi-
tors (HDACi), agonistic anti-CD3 antibodies, and cytokines such as interleukin (IL)-2 and IL-711–13,16,17. 
A promising lead in this context is the protein kinase C (PKC) activator bryostatin, which is a macro-
cyclic lactone isolated from endosymbiont γ -proteobacterial Endobugula sertul18 and has shown to have 
diverse biological activities. The PKC family is composed of nine genes encoding ten well-characterized 
full-length mammalian isozymes that play different biological roles, are regulated differently, and are clas-
sified as either conventional, novel, or atypical according to the nature of their regulatory domains19,20.

It has been described that bryostatin has anti-HIV-1 activity via various mechanisms, such as block-
ing the effect of stromal-cell-derived factor-1 (SDF-1), which is performed by down-regulating CXCR4 
receptors21 or modulating CD4 and CXCR4 receptors22,23. Bryostatin also causes dephosphorylation of 
CDK2 which inhibits RNA polymerase-II phosphorylation24, thus impairing HIV-1 Tat function25. This 
molecule is believed to induce the expression of HIV-1 by activating NF-κ B26 which is required for 
optimal transcription of viral mRNA from the HIV-1 long terminal repeat promoter (LTR). Bryostatin-1 
has been tested in clinical trials for its anti-cancer properties27–32, and it has been also investigated in 
preclinical models of Alzheimer Disease33 because it crosses the blood-brain barrier and specifically 
activates brain PKC34. However, studies using this class of compounds in clinical HIV purging strategies 
have not been published.

Because a significant number of astrocytes can be infected by HIV-1 in the CNS, and bryostatin may act 
as an activator of HIV-1 replication in other cells23, we investigated whether bryoststin-1 induces HIV-1 
reactivation in human astrocytes and identified the downstream factors that mediate this phenomenon.

Results
Profile of p24 release by infected astrocytes. Activation of HIV-1 by bryostatin. We first 
determined the optimal concentration of bryostatin in astrocytes in terms of its cellular toxicity and 
HIV-1 reactivation potential by measuring cell viability (Supplementary Fig. S1) and the induction of p24 
production in treated cells (Fig.  1). Following HIV-1 infection, NHA primary cells were characterized 
for their ability to produce new HIV-1 by monitoring p24 levels in the supernatant during infection. To 
measure the amount of virus, cell supernatants were collected 3 days post-infection (dpi) and found to 
contain approximately of 20 pg/ml p24 (Fig. 1a). After 6 dpi, the level of p24 in the supernatant declined 
with time and was typically undetectable. After 8 dpi, bryostatin was added to the culture and its effects 
were analyzed 2 days later. Although NHA showed only low levels of HIV-1 infection which was consistent 
with other studies1,2,35, the production of p24 antigen was significantly up-regulated by bryostatin, which 
supports the levels of p24 in the supernatant of the culture that is presented in Fig. 1a. These results show 
direct evidence that bryostatin reactivates HIV-1 infection in NHA cells. Figure 1b represents the ratio 
between the p24 values at 10 dpi and 8 dpi by considering the value of infected cells without treatment 
as 1. Because the highest increase in replication without an effect on cell viability was observed at a dose 
of 100 ng/ml, this concentration was used in the subsequent experiments. Furthermore, bryostatin was 
able to reactivate latent HIV-1 in the U-87 cell line (Fig. 1c), and as expected, this reaction was stronger 
than in primary cells. We found that the effect produced by the bryostatin at 10 dpi, disappeared 5 days 
later (13 dpi). The d10/d8 dpi ratio is shown in Fig. 1d. It is important to note that following time-course 
treatment with bryostatin, reactivated HIV-1 replication was found to be transient because the levels of 
p24 dropped in treated cells within 5 days (13 dpi).

To confirm that the observed effect of HIV-1 production was not due to changes in cell proliferation, 
proliferation assays were performed in parallel with the viral activity assays in both cell types. The results 
consistently demonstrated minimal proliferation associated with bryostatin treatment of astrocytes up to 
72 h (Supplementary Fig. S2).

Bryostatin modulates HIV-1 latency via PKC signaling. We sought to investigate whether bry-
ostatin could reactivate latent HIV-1 infection in human astrocytes via modulating PKCs and identify 
which specific PKC isozyme was involved in the activation loop.



www.nature.com/scientificreports/

3Scientific RepoRts | 5:12442 | DOi: 10.1038/srep12442

To ascertain the role of PKC isoforms, various pharmacological inhibitors were used in combination 
with bryostatin. The non-selective PKC inhibitor GF109203X (10 μ M) significantly inhibited the increase 
in viral reactivation that was induced by bryostatin, in NHA (Fig. 2a) and U-87 cells (Fig. 2c). Rottlerin 
(5 μ M), a specific inhibitor of PKC-δ , also reduced the viral reactivation induced by bryostatin, espe-
cially in primary cells. These data reveal that bryostatin induced viral reactivation is mediated, at least in 
part, by conventional and novel PKC isoforms. Figure 2b,d represent the ratios between the p24 values 
at 10 dpi and 8 dpi in NHA and U-87 cells, respectively, considering the value of infected cells without 
treatment as 1.

Figure 1. Enhancement of HIV-1 infection of latent astrocytes by bryostatin stimulation. (a) NHA and 
(c) U-87 cells were infected with HIV-1NL4.3 (100 ng p24/106), and supernatants were collected at 3, 6, and 
8 dpi. After collection, the cells were treated with bryostatin (100 ng/ml), and supernatants were collected 
2 and 5 days later. The release of viral p24 into culture supernatants was monitored by ELISA. The fold 
induction of treated over infected cells 2 days after treatment is shown. The mean values (mean ±  S.D.) of 
three independent experiments are shown. (b) The d10/d8 dpi ratio of NHA cells. (d) The d10/d8 dpi ratio 
of U-87 cells. The results of three independent experiments expressed as the fold increase relative to infected 
cells.
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Bryostatin mediated-HIV-1-reactivation involves activation of NF-κB. PKCs have also been 
shown to activate HIV-1 transcription via NF-κ B36. To dissect the possible involvement of this transcrip-
tion factor in viral reactivation mediated by bryostatin, the effect of the agent PDTC, shown in previous 
work to selectively inhibit NF-κ B activation37,38, when used prior to bryostatin treatment was determined. 
The reactivation of HIV-1 was affected by the presence of PDTC and this treatment reduced p24 levels in 
the cell supernatants at 10 dpi with similar efficiency as PKC inhibitors in NHA cultures (Fig. 3a). The 
effects of PDTC and BAY11-7082, an irreversible inhibitor of IKKα  on bryostatin-mediated reactivation 
in U-87 cells are shown in Supplementary Fig. S3.

The activation of NF-κ B usually involves degradation of the Iκ Bα  subunit bound to the NF-κ B dimer, 
which allows its translocation to the nucleus, where it binds and activates NF-κ B-dependent genes. Due 
to this ability of NF-κ B to translocate from the cytoplasm to the nucleus upon activation, nuclear levels 
of NF-κ B following bryostatin treatment (100 ng/ml) of NHA cells were measured using Western blotting 

Figure 2. Bryostatin reactivates latent HIV-1 infection via activation of classical and novel PKCs.  
(a) NHA and (c) U-87 cells were pretreated with bryostatin either alone or in combination with a classical 
PKC inhibitor GF109203X (10 μ M) or the novel PKC inhibitor rottlerin (5 μ M) as indicated and monitored 
using ELISA. The mean values (mean ±  S.D.) of three independent experiments are shown. (b) The d10/d8 
dpi ratio of NHA cells. (d) The d10/d8 dpi ratio of U-87 cells. The results of three independent experiments 
expressed as the fold increase relative to that of infected cells.
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Figure 3. Bryostatin induces viral reactivation in a NF-κB-dependent manner . (a) The p24 levels were 
monitored 2 and 5 dpi after treatment with bryostatin alone or in combination with PDTC (10 μ M) in NHA 
supernatants. The mean values (mean ±  S.D.) of three independent experiments are shown. (b) NHA cells were 
treated with 100 ng/ml bryostatin for the indicated times. Nuclear translocation of NF-κ B upon treatment was 
measured using Western blotting. Antibodies directed against β -actin and NuMA were used as protein loading 
controls for the cytoplasmic and nuclear fractions, respectively. (c) Confocal immunofluorescent analysis of 
NHA and U-87 treated with or without bryostatin (left) using Phospho-NF-κ B p65 (Ser536) Rabbit mAb 
(green). Nuclei were labeled with TOPRO. The nuclear:cytoplasmic ratios of immunostaining were measured at 
the single-cell level by quantifying the NF-κ B intensities inside and outside of the nucleus (blue TROPO). Data 
for 500 single-cell measurements are shown for cells treated with or without NHA and bryostatin (100 ng/ml) 
for the indicated times (100 ng/ml) (right panel). Scale bar, 10 μ m. (d) Bryostatin induces Iκ Bα  degradation. 
U-87 cells were cultured with bryostatin for the indicated time points (0–60 min). The cell lysates were blotted 
with antibodies specific for Iκ Bα . Western blot data are representative of 3 independent experiments.
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and confocal microscopy. Increased nuclear levels of p65 could be detected after treatment of the cells 
with bryostatin for 10 min (Fig. 3b).

Moreover, confocal immunofluorescence microscopy was used to quantify the nuclear translo-
cation of NF-κ B p65 after bryostatin treatment at the indicated times (Fig.  3c, left). After single-cell 
measurements, an increase in p65 translocation was observed and quantified confirming the previous 
data (Fig. 3c, right). IKK-mediated phosphorylation of cytoplasmic Iκ B family members results in the 
proteasome-mediated degradation of IkB. We next examined Iκ Bα  protein levels in U-87 cells stimulated 
with bryostatin (Fig.  3d). We observed an increased rate of Iκ B degradation upon 5 min of bryostatin 
treatment.

Summing up, these data indicated that NF-κ B was involved in activation of bryostatin-mediated viral 
reactivation in human astrocytes and primary cells.

Activation of transcription of the HIV-1 LTR. Since the majority of transfection methods cause 
significant toxicity in primary cell cultures, all the experiments about the transcriptional activity of the 
LTR have been performed only in astrocytoma U-87 cells. Thus, to further study whether latent HIV-1 
reactivation by bryostatin was a direct effect of LTR-transactivation, U-87 cells were transfected with a 
pLTR-Luc construct containing a 3′  LTR fragment of the HIV-1 genome that drives luciferase expres-
sion upon the transactivation of HIV-1 Tat39. Stimulation of U-87 cells with bryostatin induced a 3-fold 
increase in HIV-1 LTR-dependent luciferase activity in a dose-dependent manner (Fig. 4a). As expected, 
prostratin, which served as a positive control for NF-κ B activation40 significantly increased LTR tran-
scriptional activity.

To examine the impact of the different inhibitors that were used in our study on the effect of bryosta-
tin, transfected LTRs were assayed for their responsiveness to bryostatin alone or in combination with 
PKC and NF-κ B inhibitors. As expected, PKC inhibitors decreased the promoter activity to the control 
levels, and the addition of GF109203X reduced the effect of bryostatin by approximately 50%. Similarly, 
rottlerin inhibited LTR transcription by approximately 30% (Fig.  4b) and the use of the antioxidant 
PDTC reduced bryostatin induced LTR activation. Moreover, BAY 11–7082 inhibits NF-κ B activation 
in around 20% compared with the treatment of bryostatin alone. As before, these results indicate that 
classic and novel PKCs, as well as the NF-κ B transcription factor, are important for HIV-1 reactivation 
in human astrocytes.

To assess the functional role of NF-κ B in bryostatin induced HIV-1 LTR activation, U-87 cells were 
transiently transfected with a pNF-κ B-dependent luciferase reporter plasmid followed by bryostatin 
treatment alone or in combination with PDTC or BAY 11-7082 to verify the specificity of the signal. 
Bryostatin caused a marked, approximately 5-fold average increase in NF-κ B-activity compared with the 
control, and as expected, this effect was abrogated by the two inhibitors tested, PDTC and BAY11-7082 
(80% and 50%, respectively), thus confirming the specificity of the signal (Fig. 4c).

To dissect the precise involvement of NF-κ B in the effects of bryostatin on HIV-1 LTR induction, 
U-87 cells were transiently co-transfected with the prototypical Iκ B member, Iκ Bα , which was previously 
described to mediate NF-κ B inhibition41 and the pLTR-Luc construct. As evidenced by the difference 
in luciferase activity, the only overexpression of Iκ Bα  was able to dramatically decrease the activity of 
the LTR promoter (Fig. 4d) and treatment with bryostatin did not modify this activation. These data are 
consistent with the cellular role of Iκ Bα  and further suggest that bryostatin-mediated induction of HIV-1 
LTR in U-87 cells occurs through NF-κ B activation.

TNF-α could be a mediator of HIV-1 reactivation by bryostatin in human astrocytes. It has 
been described that NF-κ B activation by SDF-1α  is indirectly mediated by TNF-α , such that TNF-α  
protein synthesis and secretion are up-regulated as a result of SDF-1α  activation of MAPK in primary 
astrocytes42. Therefore, we verified in our system the possibility that bryostatin treatment induces the 
production of TNF-α , and that the newly synthesized and secreted TNF-α  activates NF-κ B signaling in 
an autocrine-dependent manner, initiating a second sequence of intracellular signaling events that could 
activate the LTR. To validate whether astrocytes induced HIV-1 reactivation occurred through TNF-α , 
U-87 cells were transiently transfected with a TNF-α  promoter reporter plasmid, and then stimulated 
with bryostatin. Bryostatin was able to increase the transcriptional activity of the TNF-α  promoter at 
similar levels as prostratin (Fig. 5a).

Moreover, we evaluated the effect of the supernatants of bryostatin treated cells on the activation of 
the LTR. We found strong LTR-luc activation in response to the supernatants of treated cells support-
ing the idea that bryostatin treatment induces the production of some mediators responsible for LTR 
induction and the subsequent HIV-1 activation (Fig. 5b). We do not discard that TNF-α  is one of these 
mediators.

To confirm the involvement of TNF-α  on effects mediated by bryostatin, U-87 cells were incubated 
with bryostatin for 24 h and supernatants examined by ELISA. The results show that production of 
TNF-α  is upregulated in stimulated cells over controls (Fig. 5c).

Discussion
Key research priorities for HIV-1 eradication include identifying anatomical and cellular reservoirs to 
develop targeted strategies that eliminate the virus from these sites43. In the brain, HIV-1 establishes 
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latent or active infection primarily in astrocytes and microglia cells, where viral proteins are produced 
and shed6. Although the percentage of infected astrocytes in vivo is relatively low (approximately 2.6%), 
they are the most abundant cell type in the brain (approximately 0.4–2.0 ×  1012 cells); hence, numerically, 
they may represent a significant source of viral persistence1. When stimulated with proinflammatory 
cytokines or when co-cultured with CD4+  cells, infected astrocytes release infectious HIV-144,45, sug-
gesting that when given the appropriate stimuli in vivo, astrocytes may serve as an on-going supply of 
HIV-1 in the brain.

Figure 4. Induction of HIV-1 LTR activation by bryostatin. (a) U-87 cells (2.5 ×  106) were transiently 
transfected with pLTR-Luc (0.5 μ g/106 cells), and stimulated with different doses of bryostatin and prostratin 
(10 μ g/ml). The luciferase activity in the cell lysates was measured 24 h later. Data represent the fold induction 
relative to non-treated cells (mean ±  S.D. of four experiments performed in triplicate; **p <  0.01). (b) U-87 
cells (2.5 ×  106) were transiently transfected with pLTR-Luc, treated with or without bryostatin alone or in 
combination with PKC and NF-κ B inhibitors, and assayed for luciferase activity. Data represent the fold 
induction relative to bryostatin treated cells (mean ±  S.D. of five experiments; *p ≤  0.05, and **p <  0.01). 
(c) U-87 cells were transfected with the reporter κ B plasmid, stimulated with bryostatin (100 ng/ml) alone 
or with NF-κ B inhibitors, and assayed for luciferase activity. Data represent the fold induction relative to 
bryostatin-treated cells (mean ±  S.D. of four experiments performed in triplicate; *p ≤  0.05). (d) U-87 cells 
were co-transfected with the empty vector control, or Iκ Bα , along with the pLTR-Luc reporter construct. 
Data represent the fold induction relative to bryostatin-treated cells transfected with the pcDNA (mean ±  S.D. 
of three experiments performed in triplicate; *p ≤  0.05).
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The combination of HAART with new therapeutic agents that can reactivate latent reservoirs leads 
to HIV-1 eradication. In this regard, a non-tumor-promoting PKC inducer, bryostatin, has been shown 
to activate the MAPKs and NF-κ B pathways and to synergize with HDACi to reactivate HIV-1 gene 
expression in latently infected J-Lat cell lines46. Interestingly, a recent study47 has shown that nanoparti-
cles loaded with bryostatin target and activate primary human CD4+  T cells and stimulate latent virus 
production in vitro from latently infected J-Lat 8.4 and 10.6 cell line, and from latently infected cells in 
a humanized mouse model, SCID-hu ex vivo.

Figure 5. TNF-α could be a mediator of bryostatin mediated HIV-1 reactivation in human astrocytes. 
(a) U-87 cells (2.5 ×  106) were transiently transfected with pTNF-Luc, cultured in the presence of bryostatin 
(100 ng/ml) or prostratin (10 μ g/ml) for 16 h, and assayed for luciferase activity (mean ±  S.D. of three 
experiments performed in triplicate; *p ≤  0.05). (b) U-87 cells (2.5 ×  106) transiently transfected with pLTR-
Luc were treated with TNF-α  and with supernatants from U-87 cells pretreated with bryostatin (100 ng/ml) 
during 16 h and assayed for luciferase activity (mean ±  S.D. of three experiments performed in triplicate; 
(mean ±  S.D. of three experiments performed in triplicate; *p ≤  0.05, **p <  0.01). (c) Levels of TNF-α  in the 
supernatants of U-87 cells treated during 24 h with bryostatin were measured by ELISA. The mean values 
(mean ±  S.D.) of three independent experiments are shown (**p <  0.01).
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Astrocyte cultures exposed to HIV-1 show initial transient virus production in a subpopulation of 
cells and virus production peaks at approximately day 2-7 post infection7. After the initial acute infection 
period, HIV-1 production decreases to very low or undetectable levels and persistent HIV-1 infection 
is established. We demonstrated for the first time that bryostatin is potently active in the reactivation of 
HIV-1-infected astrocytes, as previously described for TNF-α  and IL-1β 45,48.

It is also known that bryostatin-1 induces the proliferation and activation of B and T cells49. Importantly, 
we ruled out that the effects on HIV-1 reactivation are due to changes in proliferation activity because 
no changes in Ki-67-positive cells were found after bryostatin treatment. Moreover, when the levels of 
GFAP protein, marker for astrogliosis, were analyzed after treatment, we did not find any modification 
of basal expression of GFAP (unpublished results).

PKCs are classified into three subfamilies: conventional or classical (α , β I, β II, and γ ), novel (δ , ε , 
η , and θ ), and atypical (λ , and ξ ), depending on their subcellular localization, biochemical properties, 
and substrate specificity23. We attempted to decipher which of the isoenzymes are involved in the latent 
HIV-1 reactivation process by using specific inhibitors of classical and novel isoenzymes. After pre-
treatment with GF109203X and rottlerin, we found that both were able to ablate the bryostatin induced 
HIV-1-reactivation in U-87 cells, and more importantly, in primary cells.

Bryostatin induces PKC, which is responsible for a wide range of activities such as cellular prolifera-
tion and NF-κ B activation. The main effect of NF-κ B on the bryostatin effects was confirmed by using 
PDTC in viral reactivation experiments, which showed that bryostatin-mediated HIV-1 reactivation 
was abrogated. Under these conditions, bryostatin also induced NF-κ B nuclear translocation, resulting 
in transcription. The HIV-1 LTR is regulated, in large part, by cellular transcription factors, including 
NF-κ B, AP-1, SP-1, and NFAT50. Consequently, stimuli that activate these transcription factors cause 
HIV-1 LTR-driven viral replication51. Here, we report a dose-dependent activation of the HIV-1 LTR 
by bryostatin in U-87 cells transfected with an LTR-containing vector. The involvement of classical and 
novel PKCs was confirmed in transfection assays by using GF109203X and rottlerin. As expected, both 
drugs prevented the HIV-1 reactivation process due to bryostatin. In addition to NF-κ B, PKC induces 
HIV-1 LTR transcription via activation of the AP-1 transcription factor; however, its action is largely 
dependent upon cooperation with NF-κ B52,53. We are presently researching the roles of AP-1 and NFAT 
at the HIV-1 promoter that lead to virus reactivation after bryostatin treatment in human astrocytes.

It has been previously described that PKC agonists down-regulate the expression of the HIV-1 CD4 
receptor and the CXCR4 and CCR5 coreceptors on the host cell surface54–56. Although human astrocytes 
are CD4-negative, we ruled out any effect of bryostatin on HIV-1 coreceptors in these cells. Preincubation 
of primary astrocytes with bryostatin had no significant effect on the expression of CXCR4 or CCR5 
(data not shown). Moreover, in accordance with this result, when NHA cells were pretreated with var-
iable concentrations of bryostatin, we did not observe any effect on HIV-1 replication when compared 
with non-treated infected cells (unpublished results).

It has been previously reported that co-administration of paclitaxel and bryostatin 1 results in potenti-
ation of TNF-α  mRNA levels and prolonged protein accumulation in U937 cells57. Because the main role 
of this cytokine is clearly as a potent inductor of HIV-1 replication, we investigated its role as a mediator 
of bryostatin effects. Although preliminary, our results show increased the transcriptional activity of the 
TNF-α  promoter in U-87 cells after bryostatin stimulation. Future experiments will be conducted to 
confirm this hypothesis.

In conclusion, we show that bryostatin can directly increase HIV-1 LTR activity in human astrocytes 
(primary and astrocytoma cells) in vitro via the PKC pathway and an NF-κ B-dependent mechanism. 
Therefore, it is plausible that HIV-1-infected astrocytes exposed to bryostatin may contribute to HIV-1 
latency activation and will provide a foundation for future novel HIV-1-purging strategies from tissue 
reservoirs such as the CNS.

Methods
Cell culture and treatments. Normal human astrocytes (NHA) isolated from the cerebrums of 
5-month-old human fetuses were purchased from Cambrex (CC-2565, Walkersville, MD, USA), and 
cultured according to the manufacturer’s protocol. The astrocytoma human cell line U-87 was routinely 
grown in cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Rockville, MD, USA) con-
taining 10% heat-inactivated fetal calf serum, 1% penicillin/streptomycin, and 2 mM L-glutamine (ICN 
Pharmaceuticals, CA, USA) at 37 °C in a humidified atmosphere of 5% CO2.

Bryostatin-1, prostratin, GF109203X, and rottlerin were purchased from Sigma (St. Louis, MO, USA). 
Pyrrolidine dithiocarbamate (PDTC), and BAY11-7082 were obtained from Santa Cruz Biotechnology 
(Santa Cruz CA, USA).

HIV-1 viral isolates. Virus stocks were prepared by amplifying of X4 HIV-1NL4.3 virus in MT-2 cells 
(ATCC). HIV-1 viral stocks were evaluated by quantifying HIV p24gag using an enzyme-linked immu-
nosorbent assay (ELISA) (Innotest HIV-1 antigen mAb; Innogenetic, Ghent, Belgium).

HIV-1 viral reactivation. NHA cells were infected for 2 h at a concentration of 100 ng p24/106 of cells. 
After washing, infected cells were kept in culture, and the p24 concentration was measured in the culture 
supernatants using an ELISA (Innotest HIV-1 antigen mAb; Innogenetic, Ghent, Belgium).
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Plasmid Constructs. The reporter pNF-κ B-Luc expression vector contains 3 tandem copies of the 
NF-κ B site of the conalbumin promoter driving the luciferase reporter gene. The Iκ Bα  expression plas-
mid was also generously provided by Dr. G. Crabtree and the reporter plasmid pLTR-Luc was a gift from 
Dr J. L. Virelizier (Institute Pasteur, Paris, France). The pcDNA3 plasmid (Invitrogen, Carlsbad, CA, 
USA) which is a cloning vector containing the CMV promoter was used in our experiments as a control 
for the transfection in expression plasmids or to adjust the quantities of transfected DNA. The human 
TNF-α  promoter was provided by Dr. J. Economou (UCLA School of Medicine, Los Angeles, CA)58.

Transfection and Luciferase Assays. U-87 cells were transiently transfected by using Lipofectamine 
Plus Reagent (Invitrogen Life Technologies) following the manufacturer’s instructions. The protein 
content was measured using the bicinchoninic acid method (Pierce) according to the manufacturer’s 
instructions and luciferase activity was determined as the ratio of firefly to Renilla luciferase using the 
Luminometer 1450 Microbeta Luminiscence Counter.

Western blotting. NHA and U-87 cells were exposed to bryostatin, washed with phosphate buff-
ered saline (PBS) and lysed with lysis buffer. Protein contents were measured using bicinchoninic acid 
protein assay. For western blotting, 30 μ g of protein from each sample was subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis on a 7.5% gel and transferred to a polyvinylidene flu-
oride membrane (Millipore, Bedford, MA, USA) by semidry transference blotting. Membranes were 
blocked in 5% milk for 1 h, washed with Tris-buffered saline with 0.05% Tween 20, and incubated with 
the primary antibody for 2 h. Immunoblotting was conducted by using either anti-p65 active subunit 
MAB3026 (Millipore, Bedford, MA, USA.), a mouse anti-Iκ Bα  subunit (Santa Cruz Biotechnology, Inc), 
anti-tubulin or anti-NuMA (Sigma, St. Louis, MO) antibodies at a 1:1000 dilution. Immunoreactive 
bands were detected by incubating the blot with secondary antibodies conjugated to peroxidase for 1 h 
(Amersham-Pharmacia Biotech; 1:5000). Proteins were detected using the enhanced chemiluminescence 
system (Amersham-Pharmacia Biotech). To detect NF-κ B nuclear translocation, nuclear and cytosolic 
protein extracts were obtained using a Nuclear/Cytosolic fractionation kit (MBL International).

TNF-α detection in cultured supernatants by ELISA. U-87 cells (24-well plate, 5 105 cells/well) 
were incubated with Bryostatin (100 ng/ml) for 24 h at 37 °C in humidified 5% CO2. Culture supernatants 
were harvested and centrifuged to remove cellular debris, and aliquots are stored at –80 °C until assayed. 
Specific immunoreactivity to TNF-α  (Thermo Scientific, Pierce) was measured by ELISA according to 
the manufacturers’ instructions. The sensitivity of the assay was 2 pg/mL.

Confocal analysis. Cells were fixed in PBS (pH 7.4) with 3.7% paraformaldehyde and 0.025% glu-
taraldehyde for 10 min. Fixed cells were permeabilized in PBS with 0.1% Triton for 10 min. After two 
washes, the cells were incubated with 1% PBS-BSA (pH 7.4) for 20 min, and immunofluorescence stain-
ing was performed using a rabbit anti-human p65/relA antibody (AB 1604a) (dilution 1/500-1/1000) 
(Millipore, Bedford, MA, USA), followed by incubation with a secondary antibody conjugated to FITC. 
TO-PRO® -3 iodide (642/661) (Life Technologies) was applied to label the nuclei and confocal laser scan-
ning microscopy was performed using a LEICA AOBS-TCS-SP2 system. Separate images were taken in 
the corresponding channels, and merged images were composed. Image acquisition and data processing 
for all samples were performed under the same conditions.

Cell proliferation. Cell proliferation was measured using intracellular staining with Ki-67 (BD 
Pharmingen), as indicated by the manufacturer. DMEM 10% was used as positive control of U-87 
proliferation.

MTT assay. MTT assay measures the reduction of a tetrazolium component (MTT) into an insoluble 
formazan product by the mitochondria of viable cells. Briefly, cells were treated with bryostatin and after 
24, 48, and 72 h 20 μ l MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide) substrate 
solution (5 mg/ml) was added to the cells to measure mitochondrial activity. After 4 h, the supernatant 
was removed, and formazan crystals were dissolved in 200 μ l dimethyl sulfoxide (DMSO) (Sigma, St. 
Louis, MO, USA). All points were performed in triplicate. DMSO 20% was used as positive control of 
toxicity.

Statistical analysis. The data are expressed as the mean ±  S.D. of three to five independent experi-
ments. Differences were analyzed using non-parametric tests (Mann–Whitney “U”) and were considered 
significant when *p ≤  0.05 and **p <  0.01.
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