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1 | INTRODUCTION
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Abstract

Outbreaks of infections with viruses like Sars-CoV-2, Ebola virus and Zika virus lead
to major global health and economic problems because of limited treatment options.
Therefore, new antiviral drug candidates are urgently needed. The promising new
antiviral drug candidate silvestrol effectively inhibited replication of Corona-, Ebola-,
Zika-, Picorna-, Hepatis E and Chikungunya viruses. Besides a direct impact on patho-
gens, modulation of the host immune system provides an additional facet to antiviral
drug development because suitable immune modulation can boost innate defence
mechanisms against the pathogens. In the present study, silvestrol down-regulated
several pro- and anti-inflammatory cytokines (IL-6, IL-8, IL.-10, CCL2, CCL18) and in-
creased TNF-a during differentiation and activation of M1-macrophages, suggesting
that the effects of silvestrol might cancel each other out. However, silvestrol ampli-
fied the anti-inflammatory potential of M2-macrophages by increasing expression
of anti-inflammatory surface markers CD206, TREM2 and reducing release of pro-
inflammatory IL-8 and CCL2. The differentiation of dendritic cells in the presence
of silvestrol is characterized by down-regulation of several surface markers and cy-
tokines indicating that differentiation is impaired by silvestrol. In conclusion, silves-
trol influences the inflammatory status of immune cells depending on the cell type
and activation status.
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compound silvestrol is a promising new broad-spectrum approach

for the treatment of viral infections. Silvestrol can be isolated from

Over the last few years, we have had to face several severe vi-
rus-mediated disease outbreaks like the current worldwide Sars-
CoV-2 pandemic, the Ebola virus outbreak in West Africa and the
Zika virus outbreak in South America. The treatment options for
virus-mediated diseases are limited, so well-tolerated as well as effi-

cient antiviral therapies are urgently needed.! The use of the natural

the plants of the genus Aglaia2 and was initially described in the field
of cancer research where it showed potent anti-tumour activity in
vivo and in vitro.> The effects of silvestrol are based on the highly
specific inhibition of the ATP-dependent DEAD-box RNA helicase
elF4A.%7 Several viruses rely on this host factor for the translation
of their mRNAs. The targeting of host factors has advantages, like a
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decreased risk of escape mutations by the virus,® but also presents
difficulties compared to viral targets, such as possible pleiotropic
side effects.” However, the inhibition of elF4A by silvestrol appears
to be highly specific which should minimize the risk of side effects.
Silvestrol showed, moreover, a broad range of potent antiviral ef-
fects on different RNA viruses. For instance, silvestrol inhibits the
replication of Coronaviruses,'® Ebola virus,'! Zika virus'? as well as
subtypes of Picornaviruses,'® Chikungunya virus®® and reduces the
release of hepatitis E virus infectious particles.**

Some intracellular bacterial pathogens have developed sophis-
ticated strategies to prevent M1-like polarization of macrophages,
thereby altering microbicidal mechanisms or driving the polarization
towards an M2 phenotype to reduce the defensive host inflamma-
tory response.’® In this respect, it is noteworthy that several anti-
biotics are able to activate the host immune system and thereby
increase immune defence mechanisms independently of the direct
drugimpact on the microorganism.*® Such modulation of the immune
system can broaden the drug efficacy profile boosting innate host
defence mechanisms and thereby increasing pathogen clearance
while reducing unwanted tissue damage by extenuated inflamma-
tion. Because silvestrol regulates the translation of the mRNA en-
coding the signal transducer and activator of transcription 1 (STAT1)
transcription factor' that promotes innate and adaptive immune re-
sponses,18 we speculated that silvestrol possibly interacts with the
host immune system and thereby bolsters its antipathogenic effect
and/or promotes resolution of inflammation and tissue damage.

Most infectious diseases are accompanied by local inflammation
and accumulation of various immune cells, such as monocytes, macro-
phages and dendritic cells, at the site of infection, where they release
a broad range of cytokines, chemokines and lipid mediators, which
facilitate pathogen clearance. To minimize the tissue damage result-
ing from exaggerated inflammation, well-timed resolution is essential.
Macrophages play a major role in initiation and resolution of inflam-
mation. They initiate the local inflammation through release of cyto-
kines such as interleukin (IL)-1p, interferon (IFN)-vy, IL-23 and tumour
necrosis factor (TNF)-a and recruit further pro-inflammatory immune
cells by the release of chemokines (eg CC-chemokine ligand (CCL)2,
C-X-C motif chemokine (CXCL)10, IL-8). Macrophages and dendritic
cells recognize microbial carbohydrates and mediate phagocytosis via
pattern recognition receptors such as CD206 or CD209.2%2! Thereby,
macrophages ingest invading pathogens and present pathogenic pep-
tides via HLA-DR to T cells for the activation of the acquired immune
system. M2 macrophages also release cytokines such as IL-10 to sup-
port the process of tissue healing and remodelling22 and chemokines
such as CCL18 or CCL17 to recruit anti-inflammatory T,,2 and Treg
cells.*?2324 Dendritic cells are mainly responsible for the presenta-
tion of antigens, the control of the antigen-specific response of T cells
and the intensity of the inflammatory process. Activation of dendritic
cells induces their expression of co-stimulation molecules (eg CD80,
CD86) and HLA-DR.

In the present study, we investigated the immunomodulatory
effects of the natural compound silvestrol on human monocyte-de-
rived macrophages (MdMs) and dendritic cells (MdDCs). For this
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purpose, we isolated CD14" cells from fresh human blood samples
and examined the impact of silvestrol on cell viability, cell-type-spe-
cific surface markers, released cytokines and energy metabolism

during differentiation and polarization.

2 | MATERIALS AND METHODS
2.1 | Cells and reagents

Human monocytes, macrophages and dendritic cells were cultured in
RPMI1640-Glutamax medium supplemented with 1% penicillin/strep-
tomycin 10% FCS at 37°C in 5% CO, atmosphere. Buffy coats from
healthy donors were obtained freshly from DRK-Blutspendedienst.
Orangu assay was purchased from Cell guidance systems. Human
FcR Blocking Reagent, human CD14 MicroBeads, human granulocyte
macrophage colony-stimulating factor (GM-CSF), macrophage colony-
stimulating factor (M-CSF), bovine serum albumin (BSA), IL-4 and all
antibodies for surface staining were purchased from Miltenyi Biotec.
Cytometric bead array was purchased from BD Biosciences. ELISA
for CCL18 and CCL17 was purchased from BosterBio and BioLegend,
respectively. Accutase® solution and Biocoll were purchased from
Merck. EDTA was purchased from Sigma-Aldrich. Silvestrol (pur-
chased from the Sarawak Biodiversity Centre, Kuching, Borneo at a
purity of >99%) was dissolved in DMSO and further diluted in medium
(Cqtock = 6 Mmol/L, maximal DMSO concentration during experiments
0.000083% v/v).

2.2 | Isolation of human CD14" cells

Human peripheral blood mononuclear cells (PBMC) were isolated from
fresh buffy coats by density gradient. Therefore, 25 mL of blood from
healthy donors was mixed 1:1 with Hank's balanced salt solution (HBSS,
Thermo Fisher Scientific) and layered over 15 mL of Biocoll (Merck) in Sep-
Mate™-50 Tubes (Stemcell Technologies). After centrifugation (1200 g,
10 minutes, RT), PBMCs from the interphase were isolated and washed
four times with 2 mmol/L EDTA/PBS. Cell count was determined using
MACSQuant® Analyzer 10 flow cytometer (Miltenyi Biotec). CD14" cells
were isolated with human CD14 MicroBeads from Miltenyi Biotec ac-
cording to the protocol. Briefly, defined amounts of cells were dissolved
in 0.5% BSA/2 mmol/L EDTA/PBS and incubated with 25% (v/v) human
CD14 MicroBeads for 15 minutes at 4°C. After incubation, the magnetic
labelled cells were separated from unlabelled cells via magnetic cell sepa-
ration (MACS) with LS columns and cell counts were determined using
MACSQuant® Analyzer 10.

2.3 | Cell viability assay

For determination of the cell viability, Orangu assay was used accord-
ing to the manufactory guidelines. Briefly, 1 x 10° monocytes were

seeded in 96-well plates and incubated with various concentrations of
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silvestrol, with vehicle (DMSO) or were left untreated. After 30 min-
utes incubation (37°C, 5% CO,), 10 ng/mL GM-CSF and 10 ng/mL IL-4
were added to differentiate MdDCs or 10 ng/mL GM-CSF to differen-
tiate MdMs. For MdMs, the medium was completely refreshed after
3 days of incubation. After 48 hours (monocytes), 5 days (MdDCs) or
7 days (MdMs) 10 uL of Orangu™ cell counting solution was added to
the wells and incubated for 120 minutes (37°C, 5% CO,). Absorbance
was measured at 450 nm with 650 nm as reference using EnSpire Plate
Reader (PerkinElmer). Sample values were corrected with the back-
ground wells containing only medium without cells. Absorbance from

treated cells was set in correlation to untreated cells.

2.4 | Differentiation of human macrophages and
dendritic cells

For differentiation of MdMs or MdDCs, 0.5 x 10° or 0.9 x 10° CD14*
cells/well, respectively, were cultivated in the presence of different
concentrations of silvestrol or vehicle (DMSO) in 48-well plates. After
pre-incubation with silvestrol or DMSO for 30 minutes, stimulants
for differentiation were added: 10 ng/mL GM-CSF for MdMs and
10 ng/mL GM-CSF and 10 ng/mL IL-4 for MdDCs. MdDCs were in-
cubated for 5, MdMs for 7 days (37°C, 5% CO,). MdM medium with
growth factors and silvestrol was completely refreshed after 3 days.
After differentiation, cells were centrifuged (300 g, 5 minutes, RT)
and supernatant was stored for cytokine and chemokine detection at
-80°C. Cells were washed with PBS, harvested with Accutase® solu-
tion (15 minutes, 37°C, 5% COZ) and cell count was determined using
MACSQuant® Analyzer 10.

2.5 | Polarization of human macrophages

For polarization of MdMs, 7.5 x 10 CD14" cells were seeded in
T-75 flasks (Thermo Fisher Scientific) and stimulated with 10 ng/
mL human GM-CSF (M1-polarization) or 50 ng/mL human M-CSF
(M2-polarization). After 7 days of incubation (37°C, 5% CO,), cells
were washed with PBS and incubated with 5 mL Accutase® solu-
tion (15 minutes, 37°C, 5% CO,). Afterwards, 15 mL medium was
added, cells were scraped off and cell count was determined using
MACSQuant® Analyzer 10. In 48-well plates, 5 x 10° cells/well
were seeded and after 30 minutes of pre-incubation (37°C, 5%
CO,) with silvestrol or vehicle (DMSO), 20 ng/mL human IFN-y (M1-
polarization) or 10 ng/mL human IL-4 (M2-polarization) was added.
After 24 hours (M2-polarization) or 48 hours (M1-polarization), cells
were harvested with Accutase® solution (15 minutes, 37°C, 5% COZ)

and cell count was determined using MACSQuant® Analyzer 10.

2.6 | Activation of human dendritic cells

For differentiating monocytes to dendritic cells, 1.5 x 107 isolated
CD14" cells were seeded in T-75 flasks with 50 ng/mL of human

GM-CSF and 50 ng/mL of human IL-4. After 5 days of differentia-
tion without silvestrol, cells were harvested and seeded in triplicate,
with 0.9 x 10 cells/well in 48-well plates. Silvestrol (0.5-5 nmol/L) or
vehicle (DMSO) was added, and after 30 minutes of pre-incubation
(37°C, 5% CO,), 5 ng/mL human TNF-a, 5 ng/mL human IL-6, 5 ng/
mL human IL-1p, and 500 ng/mL PGE, were added. Cells were in-
cubated for 24 hours (37°C, 5% CO,) and harvested for analysis via
flow cytometry. Supernatants were stored at -80°C for cytokine

analysis.

2.7 | Flow cytometry

For analysis of the surface markers, 1.5-2 x 10° cells of each sample
were blocked with human FcR Blocking Reagent (15 minutes, 4°C). To
discriminate living and dead cells, Zombie Aqua™ Fixable Viability Kit
(1:500 dilution, BioLegend) was used according to the manufactory
protocol. Afterwards, samples were stained with up to 7 pL of a mix
of different surface marker antibodies (15 minutes, 4°C) and 250 pL
of 10% FCS/PBS was added. After centrifugation (300 g, 5 minutes,
4°C), samples were resuspended in 100 uL PBS and measured with
MACSQuant® Analyzer 10 flow cytometer. Geometric mean of the flu-
orescent intensity was calculated using FlowJo software v10 (Treestar).
Fold induction of surface marker expression was calculated using the
DMSO-treated cells as control.

2.8 | Cytometric bead array/ELISA

For determination of cytokine/chemokine concentrations in the super-
natant of differentiated/polarized humane immune cells, cytometric
bead array (BD Biosciences) for IL-10, IL-8, IL-6, IL-1B, TNF-a and CCL2
or ELISA for CCL18, CCL17 and IL-23 was performed. The cytometric
bead array and the ELISA were performed according to the manufac-

tory protocol.

2.9 | Determination of energy metabolism

For the analysis of the extracellular acidification rate (ECAR) and
the oxygen consumption rate (OCR) for human monocytes, mac-
rophages and dendritic cells, the Seahorse XFe96 FluxPak (Agilent)
was used as recommended by the manufacturer. CD14" cells were
isolated and human monocytes were cultivated for 48 hours without
further differentiation factors while macrophages and dendritic cells
were differentiated as described before. All cells were cultivated in
the presence of 5 nmol/L silvestrol during the experiment. After dif-
ferentiation, cells were washed with Seahorse XF RPMI medium pH
7.4 (Agilent), incubated for 60 minutes at 37°C, and OCR and ECAR
were measured for a total period of 160 minutes in the absence of
silvestrol. Cells were stimulated after 30 minutes. Monocytes were
stimulated with 100 ng/mL lipopolysaccharides (LPS) and 20 ng/
mL IFN-y, macrophages were stimulated with 20 ng/mL IFN-y while
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dendritic cells were stimulated with a Stimulation-Mix containing
5ng/mL of human TNF-q, IL-6, IL-18 and 500 ng/mL PGE,,. Cells were
measured as octuplicates (3 x 10 cells per well) using the Seahorse
XFe96 Analyzer (Agilent) and analysed by Wave Software (Agilent).

2.10 | Statistics

Results are presented as means * standard errors (SEM). For all cal-
culations and creation of graphs, GraphPad Prism 8 was used and

P < .05 was considered as the threshold for significance. Applied

statistical analysis is denoted in the figure legends. In every test, sil-
vestrol treatment was compared to vehicle.

3 | RESULTS

3.1 | Silvestrol and cell viability
Since viable cells are a prerequisite for further experiments, the influ-

ence of silvestrol on cell viability was examined first. Using the Orangu

assay, the percentage of viable cells after silvestrol or vehicle (DMSO)

A
150 1507 1507
@
< 9]
>
E s E 4
g 100 Z 100 e g 100
<} E *kk =
£ 2 2
< ©
= =S *%k _s
T 501 < 501 o 507 .
N
0- 0- 0-
Vehicle 0.5 2.5 5 10 25 Vehicle 0.5 2.5 5 10 25 Vehicle 0.5 25 5 10 25
Silvestrol [nmol/L] Silvestrol [nmol/L] Silvestrol [nmol/L]
D
2.5 1.5 1.5
2.0 Fkk T
5 15 S 1.0 —= E 1.0 o
= 1.5 5 NG
83 - g3 Ss — - *
=3 N 5 w o
Q< Q< ¥ £
O 5 1.0 © g o
o © 0.5 S 0.57
0.5 ok sk
0.0 T T T 0.0 T T T i 0.0 T T T
Vehicle 0.5 25 5 Vehicle 0.5 25 5 Vehicle 0.5 25 5
Silvestrol [nmol/L] Silvestrol [nmol/L] Silvestrol [nmol/L]
E 154 1004 800 4000
—
804
_ - 600 - 3000
g 101 = E £
> E 604 > > ko
<Y = i 2
& 2 = 400 - ~ 2000
o - =
< € 40+ = =
= 57 Hokx - *k 8 8
Fkok kg 200 1000
204 *kk KKk
kKK KKk ok ok
*kkk
0- 0- 0- 0 T
Vehicle 0.5 25 5 Vehicle 0.5 25 5 Vehicle 0.5 25 5 Vehicle 0.5 25 5

Silvestrol [nmol/L]

Silvestrol [nmol/L]

Silvestrol [nmol/L]

Silvestrol [nmol/L]

FIGURE 1 Effects of silvestrol on immune cell viability and macrophage differentiation. A-C, Percentage of viable human monocytes (A),
MdMs (B) and MdDCs (C) in the presence or absence of different concentrations of silvestrol as indicated or vehicle (DMSO) was determined
by Orangu assay in triplicates. Human monocytes were isolated from buffy coats, stimulated and incubated for 48 h (monocytes), 5d
(MdDCs) or 7 d (MdMs). MdM medium was completely renewed after 3 d. Monocytes were incubated without further stimulation while
MdMs and MdDCs were stimulated with GM-CSF (10 ng/mL) or GM-CSF (10 ng/mL) and IL-4 (10 ng/mL), respectively. Percentage values
were calculated with cells cultivated only in medium as reference (n = 4). D and E, Human macrophages were differentiated as described
above in the presence of different concentrations of silvestrol as indicated or vehicle (DMSO) for 7 d. D, Surface marker expression of MdMs
was measured by MACSQuant® Analyzer 10 in triplicates. Fold induction of the geometric mean of the fluorescence intensity was calculated
by referring treated cells to vehicle controls (n = 10). E, Released cytokines in the supernatant of MdMs after differentiation in the presence
of different concentrations of silvestrol or vehicle (DMSQO) for 7 d. Cytokine concentrations were measured by cytometric bead array or
ELISA in triplicates (n = 6). For statistical analysis, one-way ANOVA with Dunnett's multiple comparisons test (A-E) was used. *P < .05,

**P < .,01, ***P < .001 indicate significant difference between silvestrol- and vehicle-treated samples
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treatment was determined in comparison to cells cultivated in pure me-
dium. A concentration of 5 nmol/L silvestrol reduced, by about 20%,
cell viability of monocytes, MdDCs and MdMs (Figure 1A-C). Silvestrol
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concentrations of 10 and 25 nmol/L significantly reduced the viability
of MdMs and MdDCs (Figure 1B,C). Therefore, for further investiga-
tions, silvestrol was used at a maximum concentration of 5 nmol/L.
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FIGURE 2 Influence of silvestrol on M1 and M2 polarized macrophage surface marker and cytokines. Human monocytes were

isolated from buffy coats and differentiated to M1 or M2 MdMs for 7 d using GM-CSF (10 ng/mL) or M-CSF (50 ng/mL), respectively.
After differentiation, cells were polarized with 20 ng/mL IFN-y (M1 MdMs) or 10 ng/mL IL-4 (M2 MdMs) in the presence of different

concentrations of silvestrol as indicated or vehicle (DMSQO) for 48 h or 24 h, respectively. A and C, Surface marker expression of M1 (A) or
M2 (C) MdMs was measured by MACSQuant® Analyzer 10 in triplicates. Fold induction of the geometric mean of the fluorescence intensity
was calculated by referring treated cells to vehicle controls (n = 10). B and D, Released cytokines in the supernatant of M1 (B) or M2 (D)
MdMs with 0.5, 2.5 or 5 nmol/L silvestrol or vehicle (DMSO) treatment. Cytokine concentrations were measured by cytometric bead array
or ELISA in triplicates (n = 6). For statistical analysis, one-way ANOVA with Dunnett's multiple comparisons test (A-D) was used. *P < .05,
**P < .01, ***P < .001 indicate significant difference between silvestrol- and vehicle-treated samples
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3.2 | Silvestrol modifies differentiation of MdM even at concentrations of 0.5 nmol/L (Figure 1E). These data in-

dicate that silvestrol alters the release of cytokines/chemokines
To investigate whether silvestrol influences the differentiation and the expression of surface markers in differentiating mac-
of monocytes to macrophages, monocytes were differentiated rophages, without generation of a recognized macrophage
to MdMs by addition of GM-CSF. To characterize the inflamma- phenotype.

tory status of the cells, surface markers that are up-regulated

during differentiation (CD80, CD86, CD163, CD206, TREM2,

HLA-DR) and cytokines that are released during differentia- 3.3 | Silvestrol reduces release of chemotaxins but
tion (IL-10, I1L-6, CCL18, CCL17)%° were determined. CD163, an promotes inflammatory markers in M1 MdMs

immune sensor for bacteria, was significantly increased at

5 nmol/L silvestrol, whereas the pattern recognition receptor Next, we investigated whether silvestrol influences the polariza-
CD206 and TREM2 were significantly reduced (Figure 1D). Pro- tion of MdMs. For this, MdMs were polarized with IFN-y to M1
inflammatory surface markers CD80, CD86 and HLA-DR were MdMs. Surface markers (CD80, CD86, CD163, CD206, TREM2,

not significantly altered at the silvestrol concentrations used HLA-DR) that are up-regulated and cytokines/chemokines (IL-
(Figure S1A). Interestingly, silvestrol significantly reduced the 23, 1L-10, IL-8, TNF-a, CCL18, CXCL10, CCL2) released during
release of the anti-inflammatory cytokine IL-10, the pro-inflam- M1-polarization®® were determined. In M1 MdMs, silvestrol only

matory cytokine IL-6 and the chemokines CCL17 and CCL18 slightly reduced the expression of the surface marker TREM2
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FIGURE 3 Effects of silvestrol on surface markers and cytokine release of MdDCs. Human monocytes were differentiated to MdDCs for
5 d with GM-CSF (10 ng/mL) and IL-4 (10 ng/mL) in the presence or absence of different concentrations of silvestrol as indicated or vehicle
(DMSO). A, Surface marker expression was measured by MACSQuant® Analyzer 10 in triplicates. Fold induction of the geometric mean of
the fluorescence intensity was calculated by referring treated cells to vehicle controls (n = 6). B, Released cytokines in the supernatant were
measured by cytometric bead array in triplicates (n = 6). For statistical analysis, one-way ANOVA with Dunnett's multiple comparisons test
(A-B) was used. *P < .05, **P < .01, ***P < .001 indicate significant difference between silvestrol- and vehicle-treated samples
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(Figure 2A). The surface markers CD80, CD86, CD163, CD206
and HLA-DR were not significantly changed at 5 nmol/L silvestrol
(Figure S2A). However, silvestrol significantly reduced the release
of IL-10, and the chemotactic chemokines IL-8 and CCL2, whereas
TNF-a was significantly increased in M1 MdMs (Figure 2B). The
release of CXCL10 and IL-23 was not influenced by silvestrol
(Figure 2B). These data indicate that silvestrol could potentially
impair the recruitment of further immune cells as a result of the
reduction of IL-8 and CCL2 release, whereas it might promote a
pro-inflammatory environment by increasing TNF-a and decreas-

ing IL-10 release.

3.4 | Silvestrol promotes anti-inflammatory markers
in M2 MdM

MdMs were polarized by IL-4 to M2 MdMs and surface markers
(CD80,CD86,CD163,CD206, TREM2, HLA-DR) that are up-regu-
lated and cytokines/chemokines (IL-23, IL-10, IL-8, TNF-a, CCL18,
CXCL10, CCL2) released during M2-polarization?> were deter-
mined. In M2 MdMs, expression of the M2-specific surface mark-
ers CD206 and TREM2 was significantly increased by 5 nmol/L
silvestrol (Figure 2C), whereas the release of chemotaxins IL-8 and
CCL2 was significantly reduced by silvestrol (Figure 2D). Surface
markers CD80, CD86, CD163 and HLA-DR (Figure S3A) and the
release of I1L-23, IL-10, TNF-a and CXCL10 were not significantly
influenced by silvestrol (Figure S3B). These data indicate that
silvestrol promotes the anti-inflammatory potential of M2 mac-
rophages, reducing the release of chemokines that may recruit
other immune cells and promoting the expression of M2 pheno-
type surface markers, thus suggesting the potential to facilitate
inflammation resolution.

3.5 | Silvestrol influences the differentiation of
monocytes to MdDCs

Because not only macrophages but also dendritic cells are important
players in the immune response to pathogens, the effects of silvestrol
on dendritic cell differentiation were analysed. For this purpose, mono-
cytes were differentiated to MdDCs by the addition of GM-CSF and
IL-4 over 5 days. Surface markers (CD1a, CD1c, CD40, CD54, CD8O0,
CD83, CD86, CD141, CD197, CD206, CD209, HLA-DR) that are up-
regulated and cytokines/chemokines (IL-23, I1L.-12, IL-10, IL-8, IL-6, IL-
1p) released during dendritic cell differentiation®® were determined.
Several surface markers of MdDCs were down-regulated after differ-
entiation in the presence of silvestrol. CD54, CD1a, CD1c, HLA-DR,
CD83, CD206, CD209 and CD86 were all significantly reduced at 2.5
and 5 nmol/L silvestrol. Only the expression of CD141 and CD40 was
significantly increased at 5 nmol/L silvestrol (Figure 3A). The surface
markers CD80 and CD197 were not modified (Figure S4A).

Silvestrol led to a concentration-dependent reduction of IL-10,

IL-8 and IL-6 release. IL-1p release was significantly increased after

differentiation of MdDCs by silvestrol (Figure 3B). IL-12 was not detect-
able either in vehicle or in silvestrol-treated MdDCs, and IL-23 release
was not affected (Figure S4B). These data indicate that silvestrol has a
predominantly inhibitory effect on markers of the differentiation sta-
tus of dendritic cells, but enhances IL-1R release as well as CD141 and
CD40 expression, at least partially reflecting potential promotion of

cytotoxic T-cell responses, for instance to combat viral infections.?”28

3.6 | Silvestrol influences the activation of
dendritic cells

Next, we investigated whether silvestrol influences the activation
of dendritic cells. Therefore, MdDCs were activated by IL-18, TNF-
«, IL-6 and PGE,. Interestingly, the expression of CD54 was mod-
erately up-regulated while CD209 and CD86 were significantly
down-regulated by 5 nmol/L silvestrol (Figure 4A). The expression
of antigen-presenting markers (CD1a, CD1c, HLA-DR), co-stimu-
lation markers (CD40, CD80), activation markers (CD197, C83), a
phagocytosis marker (CD206) and CD141 was not altered (Figure
S5). Furthermore, silvestrol reduced concentration dependent the
release of IL-23 and IL-8 and increased concentration dependent the
release of IL-10 and IL-6 (Figure 4B) which could lead to a modified T
helper cell phenotype in vivo.

3.7 | Silvestrol reduces energy metabolism

Because silvestrol had considerable impact on macrophages and
dendritic cells, we investigated whether this might be a result of
modified energy metabolism. Therefore, ECAR, a marker for gly-
colysis, and OCR, a marker for mitochondrial respiration, were de-
termined (Figure 4C-E). In monocytes, 5 nmol/L silvestrol failed to
show significant effects on OCR while ECAR in silvestrol-treated
cells could not be induced by stimulation with LPS and IFN-y. In
MdMs, OCR and ECAR were both significantly reduced by silves-
trol treatment. Stimulation with IFN-y did not influence the energy
metabolism. OCR in MdDCs was significantly reduced by silves-
trol and could not be stimulated with a Stimulation-Mix. However,
ECAR in vehicle-treated cell was susceptible to stimulation, while
silvestrol-treated cells were not influenced by stimulation. These
data indicate that silvestrol suppresses the energy metabolism of
immune cells by impairing glycolysis and mitochondrial respiration.

4 | DISCUSSION

We have analysed the effects of the antiviral compound and specific
elF4A inhibitor silvestrol on immune cell differentiation and activa-
tion. Silvestrol exerted a pronounced influence on the inflammatory
status of immune cells in vitro in a variety of ways (summarized in
Figure 5). The effects observed depended on the immune cell types

and their stages of activation. This raises the question as to how
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FIGURE 4 Effects of silvestrol on activated MdDCs and energy metabolism. A and B, MdDCs were initially differentiated without
silvestrol and further activated with a mixture of 5 ng/mL IL-1p, 5 ng/mL IL-6, 5 ng/mL TNF-a, 500 ng/mL PGE, for 1 d in the presence of
different concentrations of silvestrol as indicated or vehicle (DMSO). A, Surface marker expression was measured by MACSQuant® Analyzer
10 in triplicates. Fold induction of the geometric mean of the fluorescence intensity was calculated by referring treated cells to vehicle
controls (n = 6). B, Released cytokines in the supernatant were measured by cytometric bead array or ELISA (n = 6). C-E, Human monocytes
were isolated from buffy coats and incubated for 48 h (monocytes, C), 7 d (MdMs, D) or 5 d (MDDCs, E). MdM medium was completely
renewed after 3 d. Monocytes were incubated without further stimulation while MdMs and MdDCs were stimulated with GM-CSF (10 ng/
mL) or GM-CSF (10 ng/mL) and IL-4 (10 ng/mL), respectively. During differentiation, cells were cultivated in the presence of 5 nmol/L
silvestrol. After differentiation, oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured with the Seahorse
XFe96 analyzer (Agilent) over a total time period of 160 min in the absence of silvestrol. Stimulation with LPS + IFN-y (C, ¢ [LPS] = 100 ng/
mL, ¢ [IFN-y] = 20 ng/mL), IFN-y [D, c (IFN-y] = 20 ng/mL) or a Stimulation-Mix containing PGE2, IL-1p, IL-6 and TNF-a (E, ¢ [PGE2] = 500 ng/
mL, ¢ [IL-1B, IL-6, TNF-a] = 5 ng/ml) started after 30 min (n = 3). For statistical analysis, one-way ANOVA with Dunnett's multiple
comparisons test (A-B) or two-way ANOVA with Bonferroni's multiple comparisons test (C-E) were used. *P < .05, **P < .01, ***P < .001 show
significant difference between silvestrol and vehicle treatment
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FIGURE 5 Overview of silvestrol-mediated effects on MdMs and MdDCs. Effects of 5 nmol/L silvestrol during the differentiation of
monocytes to MdMs and MdDCs, during the polarization of MdMs to M1 or M2 MdMs and during the activation of MdDCs are shown.

Only changes of at least 20% are included in this overview. Predominantly pro-inflammatory cytokines/chemokines are labelled in bright
red, predominantly anti-inflammatory cytokines/chemokines are shown in bright-green and cytokines/chemokines with pro- and anti-
inflammatory potential are shown in bright blue. The direction of the arrows indicates a decrease ({) or an increase (7). For greater clarity,
because the regulation of the surface marker was not as pronounced as the cytokine/chemokine alterations, the changes in the surface
markers are shown as tendencies. Thus, a pink arrow indicates that the majority of the surface marker reflect a pro-inflammatory phenotype,
a green arrow demonstrates that the majority of the surface marker reflect anti-inflammatory characteristics and both arrows indicate that

the regulation tended towards equilibrium

silvestrol mediates these different effects. Silvestrol is known to
inhibit elF4A, a crucial component of the eukaryotic translation
initiation complex 4F (elF4F). This complex binds to the 5" methyl
guanosine cap structure of mMRNA and recruits the small ribosomal
subunit (40S) to mRNAs to initiate cap-dependent translation. EIF4A
is an RNA helicase which prepares the mRNA for translation. Wolfe
et al demonstrated that the inhibition of elF4A by silvestrol reduces
the translation of only a minor set of selected mRNAs in cancer cell
lines.?? However, the effect of elF4A inhibition by silvestrol in im-
mune cells has not been extensively investigated until now and our
data indicate a complex pattern of effects.

During differentiation of macrophages, silvestrol may impair
this process, suppressing the appearance of an anti-inflammatory
phenotype, with reduced pathogen recognition, and modify the re-
cruitment of regulatory immune cells. CD206, which is down-regu-
lated by silvestrol, is a pattern recognition receptor that recognizes
microbial carbohydrates on pathogens such as bacteria and viruses
and mediates their phagocytosis.3® This could potentially impair the
recognition and the phagocytosis of pathogens by macrophages.
However, CD163, an immune sensor for bacteria,! is up-regulated
by silvestrol treatment. IL-6 promotes differentiation of M2 macro-
phages.32 Therefore, the silvestrol-induced reduction of IL-6 would
facilitate pro-inflammatory effects. Silvestrol may also reduce the
recruitment of regulatory T cells by reducing release of CCL17 and
CCL18. The reduced CCL18 could be a consequence of the reduced

IL-10 expression, because IL-10 induces the release of CCL18 in anti-
gen-presenting cells.®® Taken together, silvestrol seems to impair the
differentiation of macrophages to a phenotype that recruits anti-in-
flammatory immune cells and recognizes pathogens.

The pro-inflammatory potential of M1 MdMs appears to be en-
hanced by the increased release of the pro-inflammatory cytokine
TNF-a, but the attraction of further immune cells by these cells is
impaired by reduced release of chemokines (IL-8, CCL2). During M1-
polarization, silvestrol increases TNF-a and decreases IL-8 as well as
CCL2 release. The attenuated release of IL-8 and CCL2 could result
in reduced recruitment of neutrophils and monocytes and finally to
attenuation of the immune response. On the other hand, increased
TNF-a release could strengthen the inflammatory response because
TNF-a further activates macrophages. IFN-y, which is used to gen-
erate M1 macrophages in vitro, mediates its effect among others
via STAT-1 and nuclear factor 'kappa-light-chain-enhancer' of ac-
tivated B cells (NFxB) signalling. In osteoblasts, it has been shown
that down-regulation of STAT-1 or STAT-3 reduces the expression
of CCL-2%* and in a lung cancer cell line, STAT-1 was linked to IL-8
expression,®® whereas TNF-a synthesis is regulated via NFxB signal-
ling. Bearing in mind that silvestrol reduces STAT-1 and STAT-3 ex-
pression via elF4A inhibition,”*¢ it seems possible that its inhibition
of IL-8 and CCL2 release is a result of reduced STAT-1/3 expression.

Silvestrol potentially amplifies the anti-inflammatory poten-

tial of M2 MdMs, diminishing release of chemokines which recruit
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neutrophils and monocytes. In contrast to macrophage differentia-
tion, silvestrol induces the expression of CD206. Because CD206 in-
duces phagocytosis, silvestrol could lead to a more effective removal
of bacterial and viral particles. Furthermore, silvestrol led to a reduc-
tion of IL-8 and CCL2, which would tend to reduce recruitment of
neutrophils and monocytes. Consequently, silvestrol might promote
the initiation of inflammatory resolution by M2 macrophages, an
effect likely to be strengthened by the reduction of pro-inflamma-
tory markers during macrophage differentiation. The lack of effect
of silvestrol on release of the anti-inflammatory IL-10 under these
conditions is unexpected. However, we have shown in previous in-
vestigations of drug effects on macrophage polarization that phar-
macological agents can mediate macrophage phenotype changes
without modifying all the expected markers in the same way.?>%’
This is not surprising on the basis of their different mechanisms of
action.

In dendritic cells, silvestrol seems to suppress maturation be-
cause most of the differentiation markers and several cytokines were
down-regulated. The differentiation markers such as CD83, HLA-DR
and CD86 were reduced, and fewer amounts of cytokines such as
IL-6, IL-8 and IL-10 were released. Inhibition of DC differentiation
might also be a result of effects on STAT-3 signalling. Numerous re-
ports indicate that STAT-3 suppresses DC maturation and activation
by down-regulating the expression of MHC class Il and co-stimulatory
molecules on DCs and STAT-3-mediated inhibition of toll-like recep-
tor (TLR)-induced pro-inflammatory mediators.>® Repression of DC
maturation/function can also be achieved via IL-6-STAT-3- or IL-10-
STAT-3-mediated signalling directly or indirectly through inhibitory
molecules that induce 1L-6.3%° |L-6 and IL-10 were both up-regu-
lated by silvestrol during dendritic cell activation, which might explain
the suppressive effects of silvestrol. However, the fact remains that
during dendritic cell differentiation, IL-6 and IL-10 release were both
reduced by silvestrol. Additionally, it has been shown that silvestrol
also inhibits phosphorylation of STAT-3, which would lead to opposite
effects.®® Therefore, another signalling pathway might be involved. In
tumour models, silvestrol reduced STAT-1 mRNA 2% Because STAT-1
is essential for DC differentiation, inhibition by silvestrol might explain
the observed effects on reduced dendritic cell differentiation and
activation.*142

Silvestrol may also modify immune cell infiltration by reduc-
ing release of chemokines and by down-regulation of adhesion
molecules. CD54, a surface protein of the integrin family, was re-
duced by silvestrol during dendritic cell differentiation. This is in
line with other antipathogenic drugs such as macrolides that also
decrease the expression of CD54%*** and inhibit neutrophil mi-
gration.45 Moreover, silvestrol reduced the release of chemotactic
CCL18 and CCL17 during macrophage differentiation, of CXCL8
and CCL2 in M1 and M2 macrophages and of CXCL8 during den-
dritic cell differentiation and activation. Similarly, tetracyclines
down-regulate the production of LPS-induced chemokines, such
as CXCL8, CCL3 and CCL4 in THP-1 cells via NFkB signalling path-
ways.*® The antiviral drug acyclovir inhibits the migratory poten-

tial of breast cancer cells.*’ These data indicate that silvestrol
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possibly attenuates inflammation by a reduction of immune cell
attraction to the lesion site.

Our data further reveal that silvestrol impairs energy metabolism in
myeloid cells. In this respect, it is noteworthy that silvestrol inhibits the
proviral integration site for moloney murine leukaemia virus (PIM)1 and
PIM2—two kinases involved among others in mechanisms of energy
metabolism.*® PIM inhibition via the mechanistic target of rapamycin
complex 1 (MTORC1) pathway leads to reduced glycolysis in mouse em-
bryonic fibroblasts.*>° Therefore, silvestrol possibly inhibits glycolysis
via the inhibition of PIM kinases in MdMs and MdDCs. Furthermore,
the effect of silvestrol on energy metabolism and on the immune func-
tion of myeloid cells raises the question as to whether these are in-
dependent or interdependent effects. Anti-inflammatory immune cells
such as M2 macrophages use predominantly oxidative phosphoryla-
tion, whereas pro-inflammatory cells such as M1 macrophages select
glycolysis as their main energy source.’? Silvestrol amplifies the anti-in-
flammatory phenotype of M2 macrophages, but it did not amplify their
oxidative phosphorylation. Consequently, the effects of silvestrol on
the inflammatory status of myeloid cells are probably independent of
its effect on energy metabolism.

Our findings indicate that depending on the immune cell type
and on the differentiation/activation status of the cells, silves-
trol mediates differing effects. At the beginning of an infection
(differentiation of monocytes to macrophages or dendritic cells),
silvestrol could potentially suppress the generation of anti-inflam-
matory phenotypes of macrophages and dendritic cells and sup-
port host defence against pathogens. On the other hand, during
pathogen-induced inflammation, silvestrol seems to accelerate
the transition from pro- to anti-inflammatory status, reducing by-
stander tissue injury and promoting inflammation resolution. In
view of the various pro- and anti-inflammatory effects of silvestrol
on immune cells, further studies are needed to assess whether sil-
vestrol is able to assist immune defence against pathogens at the
beginning of an infection and promote the resolution of inflamma-

tion as infection declines.
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