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a b s t r a c t

Membrane fusion between host cells and HIV-1 is the initial step in HIV-1 infection, and plasma
membrane fluidity strongly influences infectivity. In the present study, we demonstrated that GUT-70, a
natural product derived from Calophyllum brasiliense, stabilized plasma membrane fluidity, inhibited
HIV-1 entry, and down-regulated the expression of CD4, CCR5, and CXCR4. Since GUT-70 also had an
inhibitory effect on viral replication through the inhibition of NF-kB, it is expected to be used as a dual
functional and viral mutation resistant reagent. Thus, these unique properties of GUT-70 enable the
development of novel therapeutic agents against HIV-1 infection.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Membrane fusion between host T cells and human immuno-
deficiency virus type 1 (HIV-1) is one of the essential steps in HIV-1
infection. HIV-1 enters cells by binding of the HIV-1 envelope
protein, gp120 and CD4 on CD4þ Tcells or macrophages as a trigger
of infection, and gp120 then interacts with the chemokine re-
ceptors CXCR4 and CCR5, leading to infection by HIV-1 [1]. HIV-1
destroys CD4þ T cells post-infection through a stage of a rela-
tively long latent period [2e4]. Combination antiretroviral therapy
(cART), which combines two reverse transcriptase inhibitors and
protease inhibitors or integrase inhibitors, targets the virus life
cycle and has successfully reduced the morbidity and mortality
caused by HIV-1 infection [5,6]. Although HIV-1 infection can be
controlled for prolonged periods, there is currently no fundamental
treatment to eradicate the virus from the body. Moreover, the
emergence of drug-resistant viruses is also one of the main diffi-
culties associated with the treatment of HIV-1 infection. Novel
therapeutic approaches that are distinct from those of currently
virus-1; cART, combination
iene.

da).
available anti-retroviral drugs are essential for the continual con-
trol of HIV-1 infection.

The genus Calophyllum comprises ca. 180 tree species with a
pantropical distribution, and dipyrano-tetracyclic coumarins that
are active against HIV-1 have been isolated from several Calo-
phyllum species. Previous studies on Calophyllum species including
Calophyllum brasiliense demonstrated their inhibiting effects on
HIV-1 reverse transcriptase and viral replication [7e9]. The newly
discovered anti-tumor agent GUT-70, a natural product derived
from the stem bark of C. brasiliense, has been characterized as a
tricyclic coumarinwith the formula 5-methoxy-2, 2-dimethyl-6-(2-
methyl-1-oxo-2-butenyl)-10-propyl-2H,8H-benzo[1,2-b;3,4-b0]
dipyran-8-one(C23H26O5). GUT-70 exhibits cytotoxic effects against
human leukemia [10] and lymphoma [11]. We also reported that
GUT-70 inhibited HIV-1 replication in chronically infected cells via
suppression of the NF-kB pathway [12]. Thus, the multiple func-
tions of GUT-70 may be applied to the treatment of both infectious
diseases and malignancies.

Viral entry is known to be influenced by cell membrane fluidity
[13] and previous studies reported that glycyrrhizin and cepha-
ranthine, derived from natural products, affected HIV-1 infectivity
by modifying membrane fluidity [13e15]. Since GUT-70 decreased
cell membrane fluidity, we herein focused on the effects of GUT-70
against the HIV-1 entry process. The results obtained clearly
demonstrated that GUT-70 inhibited HIV-1 viral entry by reducing
cell membrane fluidity.

mailto:okadas@kumamoto-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.12.102&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2014.12.102
http://dx.doi.org/10.1016/j.bbrc.2014.12.102
http://dx.doi.org/10.1016/j.bbrc.2014.12.102


K. Matsuda et al. / Biochemical and Biophysical Research Communications 457 (2015) 288e294 289
2. Materials and methods

2.1. Preparation of GUT-70

GUT-70 used in the present study was synthesized by Nippon
Shinyaku Co. (Kyoto, Japan), its structure was confirmed with NMR
and an elemental analyzer, and its purity was confirmed with HPLC
(purity 97.72%) [10,12].

2.2. Cell lines and culture

The human T cell lines, MOLT-4, JurkatHXBc2 (4), and Jurkat522F/Y
were obtained through the NIH AIDS Research and Reference Re-
agent Program (Germantown, MD). PM1-CCR5 cells stably
expressing human CCR5 were a gift from Dr. Y. Maeda (Kumamoto
Univ., Kumamoto, Japan) [16]. MOLT-4 and PM1-CCR5 cells were
maintained in RPMI-1640 medium (Gibco, Gaithersburg, MD)
supplemented with penicillin 100 U/ml, streptomycin 100 mg/ml,
and 10% fetal bovine serum (HyClone Laboratories, Logan, UT).
These cells were cultured in a 5% CO2 humidified incubator at 37 �C.
JurkatHXBc2 (4) and Jurkat522F/Y were stably transfected with the Env
gene from the HIV-1HXBc2 strain. JurkatHXBc2 (4) expresses a func-
tional gp120/gp41 glycoprotein(Env), while Jurkat522F/Y contains an
F/Y substitution at position 522 in gp41 that prevents fusion [17].
These cell lines were cultured in RPMI-1640 supplemented with
10% FBS (Gibco BRL), 100 U/ml penicillin, 100 mg/ml streptomycin,
1 mg/ml tetracycline, 200 mg/ml G418, and 200 mg/ml hygromycin.
The expression of Env was induced by the removal of tetracycline
by washing cells with PBS, and culturing for 3 days in medium
without tetracycline before the fusion experiments.

2.3. Measurement of cell membrane fluidity

Cell membrane fluidity was measured using a spectrophoto-
fluorometer (F4500, HITACHI, Japan) on the basis of the fluorescent
depolarization method [18,19]. Briefly, MOLT-4 and PM1-CCR5 T
cell lines (2.5 � 106 cells) were labeled with DPH (1,6-diphenyl-
1,3,5-hexatriene, Wako, Japan) at a final concentration of
2 � 10�6 M and were incubated at 37 �C under light-shielded
conditions for 30 min. After labeling with DPH, cells were washed
with PBS and 2.5 � 105 cells/ml was prepared using PBS. GUT-70
was added to cells at final concentrations of 0, 10, 50, and
100 mM. The fluorescence polarization degree (P value) was
measured for 5 min following the addition of GUT-70.

2.4. Cellecell fusion inhibition assay

Env-expressing cell lines (JurkatHXBc2 (4) and Jurkat522F/Y) and
the MOLT-4 T cell line were labeled with the PKH67 Green Fluo-
rescent Cell Linker Kit (Sigma, St. Louis, MO) and PKH26 Red
Fluorescent Cell Linker Kit (Sigma), respectively. MOLT4 cells were
treated with GUT-70 at final concentrations of 0e10 mM for 1 h. The
two cell populations were then co-cultured at a ratio of 1:1 for 24 h.
Cells were analyzed using an LSR II flow cytometer (BD Bioscience,
San Jose, CA). PKH67 and PKH26 double positive cells were defined
as fused cells. Data were analyzed with FlowJo (Tree Star, San
Carlos, CA) software. Cells were also observed using fluorescent
microscopy (Biozero, KEYENCE, Japan) after 48 h.

2.5. Virus infection and flow cytometric detection of HIV-1 infected
cells

293T cells were maintained in DMEM containing 10% FCS. The
virus was produced from 293T cells by transfection with the pro-
viral plasmid HIV-1NL4-3 (NIH AIDS Research and Reference Reagent
Program) or JR-FL (kindly provided by Prof. Y. Koyanagi, Kyoto Univ.,
Kyoto Japan) using Hily Max (Dojin Chemical, Kumamoto, Japan).
The culture supernatant was collected, the p24 value was measured
using the p24 antigen ELISA kit (ZeptoMetrix Corp., Buffalo, NY),
and it was then stored at �80 �C until use.

2.6. Virus infection and flow cytometric detection of HIV-1 infected
cells

The PM1-CCR5 T cell line (5 � 105 cells/ml) was treated with
GUT-70 at final concentrations of 0e100 mM and was then incu-
bated for 10 min at 37 �C. Cells were infected with HIV-1NL4-3 (X4
tropic) (p24 concentration; 25 ng/ml) or HIV-1JR-FL (R5 tropic) (p24
concentration; 50 ng/ml) for 1 h, washed twice with PBS, and then
cultured for 48 h. HIV-1 infected cells (intracellular p24 positive)
were detected by flow cytometry [20]. Briefly, cells were stained
with anti-human CD4-APC mAb (clone: RPA-T4) (BioLegend, San
Diego, CA). After 30 min of being incubated on ice, cells were
washed twice with washing medium, fixed with 1% para-
formaldehyde/PBS for 20 min in the dark, and permeabilized with
0.1% saponin/PBS. After 10 min of being incubated on ice, cells
were stained with anti-HIV-1 Gag p24-FITC mAb (Beckman
Coulter, Fullerton, CA) for 30 min on ice. Cells were then analyzed
on an LSR II flow cytometer. Data were analyzed with FlowJo
software.

2.7. Quantification of HIV-1 p24 in cell culture supernatants

The amount of the p24 antigen in cell culture supernatants was
determined using an HIV-1 p24 antigen ELISA kit [20].

2.8. Quantitative viral DNA analysis

Total DNA was extracted to detect HIV-1 proviral DNA by
quantitative-PCR [21,22]. Quantitative PCR analyses for HIV-1 Gag
and internal controls human GAPDH were performed using the
SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA) and
StepOne real-time PCR system (Applied Biosystems). Primer
sequences were as follows: HIV Gag: 50-AGTGGGGGGA-
CATCAAGCAGCCATGCAAAT, 50-TACTAGTAGTTCCTGCTATGT-
CACTTCC; hGAPDH: 50-CGGGAAGCTTGTGATCAATGG,
50-GGCAGTGATGGCATGGACTG.

2.9. Entry assay

The entry process of virions into cells was quantitatively
analyzed by Gag p24 ELISA, as previously described [23,24]. Briefly,
PM-1 CCR5 T cell lines (5 � 105 cells/ml) were treated with GUT-70
for 10 min, infected with HIV-1NL-43 and HIV-1JR-FL for 1 h at 37 �C,
trypsinized for 5 min, washed extensively, lysed with NP-40, and
the internalized virion HIV-1 Gag p24 protein was then measured
using a HIV-1 p24 antigen ELISA kit (ZeptoMetrix Corp., Buffalo,
NY).

2.10. Flow cytometric analysis of receptor expression

PM1-CCR5 T cell lines (5 � 105 cells/ml) were treated with GUT-
70 at final concentrations of 0, 50, and 100 mM and were incubated
for 1 h at 37 �C. Cells were washed twice with washing medium for
extracellular or intracellular staining. The extracellular antigens
were stained with anti-human CD4-Pacific Blue mAb (clone: RPA-
T4), anti-human CXCR4-APC mAb (clone: 12G5) (BioLegend), and
anti-human CCR5-PE mAb (clone: HEK/1/85a) (BioLegend) for
30 min on ice. Cells were fixed with 1% paraformaldehyde/PBS for
20 min in the dark, and permeabilized with 0.1% saponin/PBS. After
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10 min of being incubated on ice, intracellular antigens were
stained with the above mAbs for 30 min on ice. Cells were analyzed
on an LSR II flow cytometer. Data were analyzed with FlowJo
software.

2.11. RT-PCR analysis

Total RNA was extracted from cells using RNAiso Plus (Takara,
Japan). First-strand cDNAwas synthesized from RNAwith Oligo-dT
prier and AMV Reverse Transcriptase XL and then amplified with
Ex-Taq (Takara Bio, Otsu, Japan). The PCR products were analyzed
with 2.0% agarose gel electrophoresis and ethidium bromide
staining. Primer sequences were as follows: CD4: 50-GCAGTGGC-
GAGCTGTGGT [25], 50-GAGGAGGCGAACAGGA-GG; CCR5: 50-
CGTCTCTCCCAGGAATCATCTTTAC, 50-TTGAGTCCGTGT-CACAAGCCC
[26]; CXCR4: 50-TGACTCCATGAAGGAACCCTG, 50-CTTGGCC-
TCTGACTGTTGGTG [27]; G3PDH: 50-TGAAGGTCGGAGTCAACG-
GATTTGG-T, 50-CATGTGGGCCATGAGGTCCACCAC.

2.12. Statistical analysis

Parametric statistical analyses were performed using the Stu-
dent's t-test. P values less than 0.05 were defined as significant.
Fig. 1. Membrane fluidity of MOLT-4 cells and PM1-CCR5 cells treated with GUT-70. (A) The
GUT-70 (0e100 mM) was continuously measured using a fluorescence spectrophotometer. R
4e5 min.
3. Results

3.1. GUT-70 decreased cell membrane fluidity

Viral entry is influenced by cell membrane fluidity [13]; there-
fore, we assessed the effects of GUT-70 on cell membrane fluidity
using the fluorescent depolarization method [18,19]. Fluorescence
depolarization (P) measurements of DPH as a fluorescence probe
can be used to examine lipid interactions or the fusion of other
membrane systems with different lipid fluidities. When treated
with GUT-70, the cell membrane fluidities of the MOLT-4 and PM1-
CCR5 T cell lines decreased in a dose-dependent manner (Fig. 1).

3.2. GUT-70 inhibited HIV-1 envelope-dependent cell fusion

The fusion of cell membranes between a virus-infected cell and
target cell is an essential step in HIV-1 infection. Therefore, we
evaluated the effects of GUT-70 on HIV-1 envelope-dependent cell
fusion using a fusion model system [15,17]. As shown in Fig. 3A,
PKH67 green fluorescence and PKH26 red fluorescence double
positive cells (fused cells) were decreased in a dose-dependent
manner with the GUT-70 treatment (Fig. 2A). GUT-70 also signifi-
cantly inhibited cell fusion (p < 0.001) (Fig. 2B). We subsequently
fluorescence polarization of DPH-labeled MOLT-4 cells and PM1-CCR5 cells treated with
esults are representative of three independent experiments. (B) Mean P values during
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observed fused cells with a fluorescent microscope. The number of
yellow colored cells (fused cells) was decreased by the GUT-70
treatment (Fig. 2C). These results indicated that GUT-70 inhibited
HIV-1 envelope dependent cellecell fusion and suggested that
GUT-70 inhibited cell-virus fusion.

3.3. GUT-70 inhibited HIV-1 infection

We infected the PM1-CCR5 Tcell line with HIV-1 in the presence
or absence of GUT-70. PM1-CCR5 cells are a human CD4-and hu-
man CXCR4/CCR5-positive T cell line that can be infected by X4
tropic and R5 tropic HIV-1 strains [16]. PM1-CCR5 cells were
exposed to X4 tropic NL4-3 HIV-1 with or without GUT-70. Cells
and supernatants were harvested at 48 h post-infection. The
intracellular expression of p24 and HIV-1 production as measured
with p24 ELISA was decreased by the GUT-70 treatment in a dose-
dependent manner (Fig. 3AeC). Furthermore, we confirmed the
amount of viral DNA that was integrated into the host cell genome
using quantitative-PCR. The amount of integrated viral DNA was
Fig. 2. Inhibition of Env-dependent cell-to-cell fusion by GUT-70. (A) The inhibition of cell
under fluorescent microscopy (�800). Data represents the mean ± SD. One representative
also reduced by the treatment with GUT-70 (Fig. 3D). We next
performed a viral entry assay to confirm that GUT-70 inhibited the
entry step of HIV-1 [23,24]. As shown in Fig. 3E, viral entry was
significantly inhibited in NL4-3 HIV-1 strain by the treatment with
GUT-70 in a dose-dependent manner. When PM1-CCR5 cells were
exposed to R5 tropic JRFL HIV-1, GUT-70 also inhibited HIV-1 viral
entry (Supplemental Fig. 1). These results indicated that GUT-70
inhibited HIV-1 infection by X4 tropic and R5 tropic viruses
through the inhibition of viral entry.

3.4. GUT-70 down-regulated the expression of CD4, CXCR4, and
CCR5

We measured the expression levels of the HIV-1 receptor (CD4)
and co-receptors (CXCR4 and CCR5) on the cell surface in order to
elucidate the mechanism underlying the inhibition of entry by HIV-
1. The expression levels of CD4, CXCR4, and CCR5 on the cell surface
were significantly down-regulated by the GUT-70 treatment in a
dose-dependent manner (Fig. 4A and B). Semi-quantitative RT-PCR
fusion was analyzed by flow cytometry. (B) Summary of (A). (C) Images of cell fusion
result from 3 independent experiments is shown.



Fig. 3. Inhibition of HIV-1 infection by GUT-70 at the viral entry step. (A, B) HIV-1NL-43-infected PM1-CCR5 cells were analyzed with flow cytometry at 48 h post-infection. The
intracellular p24 (HIV-1 Gag) value of GUT-70-treated PM1-CCR5 cells. (C) Viral production by GUT-70-treated PM1-CCR5 cells was detected by ELISA. (D) The quantity of integrated
HIV DNA was determined by Quantitative-PCR analysis relative to the positive control (non-treated cells). (E) The PM-1 CCR5 T cell line (5 � 105 cells/ml) was treated with GUT-70
for 10 min and infected with HIV-1NL-43 for 1 h. Cells were trypsinized, lysed with NP-40, and the internalized virion HIV-1 Gag p24 protein was measured with ELISA. Data
represents the mean ± SD. One representative result from 3 independent experiments is shown.
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revealed that the mRNA levels of CD4, CXCR4, and CCR5 did not
changewith the GUT-70 treatment (Fig. 4C). These results indicated
that the down-regulated expression of the cell surface HIV-1 re-
ceptor and co-receptors modified HIV-1 entry.

4. Discussion

The plasma membrane is the first barrier to HIV-1 infection and
membrane fluidity is known to strongly influence the viral entry
step of HIV-1 [13,28]. During screening processes, we found that
GUT-70 stabilized membrane fluidity. Further analyses revealed
that GUT-70 inhibited the HIV-1 entry step in part by down-
regulating the expression of the HIV-1 receptor and co-receptors.
As productive HIV-1 infection depends on the initial interaction
of the virus with the host plasma membrane, modifications to the
host plasma membrane such as that by the GUT-70 treatment may
lead to the development of novel therapeutic approaches.
Fusion between the HIV-1 envelope and host cell plasma
membrane is a key step in viral entry [29] and the modulation of
plasma membrane fluidity alters the lipid raft, plasma membrane
lipid microdomains [28]. Since the HIV entry receptors are prefer-
entially localized in lipid rafts and lipid rafts drive gp120-gp41, CD4,
and chemokine receptors into a membrane fusion process [30], the
modulation of lipid rafts may contribute to the inhibition of viral
entry. We demonstrated that the GUT-70 treatment suppressed the
surface expression of CD4, CXCR4, and CCR5 (Fig. 4). However, these
levels of suppression may not be sufficient to explain the phe-
nomenon. Other mechanisms to inhibit HIV-1 entry may exist
through the modulation of plasma membrane fluidity and lipid
rafts. The elucidation of this mechanism in more detail will lead to
the development of novel membrane targeting therapies for HIV-1
and other viral infections.

Coumarins are plant-derived natural products that have multi-
ple pharmacological properties including anti-viral effects [31].



Fig. 4. Down-regulation of CD4, CXCR4, and CCR5 with GUT-70. PM1-CCR5 cells were treated with GUT-70 for 1 h. Cells were stained with mAbs against CD4, CXCR4, and CCR5. (A)
Expression levels were analyzed by flow cytometry. (B) Bar graph represent the mean fluorescence intensity of each surface molecule. Data represents the mean ± SD. (C) The mRNA
levels of CD4, CXCR4, and CCR5 were analyzed by semi-quantitative RT-PCR.
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Previous studies reported that coumarin compounds inhibited viral
reverse transcriptase and viral replication in HIV-1 infection [7e9].
We also showed that GUT-70 inhibited viral replication in acutely
and chronically infected cells via the suppression of NF-kB [12]. In
the present study, we demonstrated that GUT-70 strongly sup-
pressed the viral entry step. Thus, GUT-70 has dual effects on HIV-1
infection, indicating that GUT-70 has the unique property of being
an anti-HIV-1 reagent with the weak potential to induce drug-
resistant clones. Furthermore, since the anti-viral mechanisms of
GUT-70 are distinct from those of currently available anti-retroviral
drugs, it can be used in combination therapy with these reagents.

The introduction of combined antiretroviral therapy has
reduced mortality in HIV-1-infected patients [32]. However, ma-
lignant lymphoma is still a severe and frequent complication in
HIV-1-infected patients [33,34]. AIDS-related lymphoma has an
extremely aggressive clinical course [35,36] and most anti-tumor
reagents have drugedrug interactions with anti-HIV-1 reagents
[37], leading to difficulties in the treatment of AIDS-related lym-
phoma. Since GUT-70 has anti-lymphoma and leukemia activities
[10,11] in addition to its anti-HIV-1 effects, it is expected to be
applied as a key drug in the prevention and treatment of related
malignancies.

5. Conclusion

We confirmed that GUT-70 inhibited the HIV-1 entry process by
reducing cell membrane fluidity. The down-regulated expression of
the HIV-1 receptor CD4 and co-receptors CXCR4 and CCR5 may
contribute to this inhibition. Since GUT-70 is known to have anti-
HIV-1 replication and anti-lymphoma effects, it can be used as a
dual effect anti-HIV-1 reagent in the treatment of AIDS-related
lymphoma. The results of the present study suggest that host cell
membrane-targeting therapies have potentially beneficial effects
against HIV-1 early infection, and provide a platform for novel
therapeutic approaches to prevent HIV-1 infection.
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