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a  b  s  t  r  a  c  t

Type  I Interferons  (IFNs-I)  are  species-specific  glycoproteins  which  play  an  important  role  as  primary
defence  against  viral  infections  and  that  can  also  modulate  the  adaptive  immune  system.  In  some  autoim-
mune  diseases,  interferons  (IFNs)  are  over-produced.  IFNs  are widely  used  as  biopharmaceuticals  for  a
variety of  cancer  indications,  chronic  viral  diseases,  and  for their immuno-modulatory  action  in  patients
with  multiple  sclerosis;  therefore,  increasing  their  therapeutic  efficiency  and  decreasing  their  side  effects
is  of  high  clinical  value.  In  this  sense,  it is  interesting  to find  molecules  that can  modulate  the activity
of  IFNs.  In  order  to  achieve  that,  it  was  necessary  to establish  a simple,  fast and  robust  assay  to  ana-
lyze numerous  compounds  simultaneously.  We  developed  four  reporter  gene  assays  (RGAs)  to identify
IFN  activity  modulator  compounds  by  using  WISH-Mx2/EGFP,  HeLa-Mx2/EGFP,  A549-Mx2/EGFP,  and
HEp2-Mx2/EGFP  reporter  cell  lines  (RCLs).  All  of  them  present  a Z′ factor  higher  than  0.7.  By  using these
x2/EGFP RGAs,  natural  and  synthetic  compounds  were  analyzed  simultaneously.  A  total  of  442  compounds  were
studied  by  the  Low  Throughput  Screening  (LTS)  assay  using  the four  RCLs  to  discriminate  between  their
inhibitory  or  enhancing  effects  on  IFN  activity.  Some  of  them  were  characterized  and  15  leads  were  iden-
tified.  Finally,  one  promising  candidate  with  enhancing  effect  on IFN-�/-�  activity  and  five compounds

with  inhibitory  effect  were described.

©  2016  Elsevier  B.V.  All  rights  reserved.

. Introduction

Interferons are species-specific glycoprotein family that play an
mportant role against viral infections as a first line defence system

ing cells to the presence of pathogens. IFNs bind to their specific
receptors on the cell surface and initiate a signaling pathway
which concludes with the activation of more than 300 interferon-
stimulated genes (ISG) in the target cells (Lopez and Hermesh,
Billiau, 2006). They protect the organism from diverse pathogens,
nd also participate in the adaptive immune response and act in
oth an autocrine and paracrine fashion alerting the surround-

Abbreviations: APA, antiproliferative assay; AVA, antiviral assay; C+, positive control;
imethyl sulfoxide; EGFP, enhanced green fluorescent protein; EnE, enhancer effect; FCS, f

 interferons; HTS, high throughput screening; IFNs, interferons; IFNs-I, type I interferons
timulated genes; ISRE, IFN-stimulated response elements; LC–MS, liquid chromatography
f  compound giving the highest modulator response of IFN activity; NSE, not significant ef
eporter  cell lines; RGAs, reporter gene assays; rhIFN, recombinant human interferons;
ubulysin I; VioB, Vioprolide B; VSV, vesicular stomatitis virus; �pos, standard deviation f
or  positive control; �neg, mean signal for negative control.
∗ Corresponding author.

E-mail address: mbollati@pasteur.edu.uy (M.  Bollati-Fogolín).

ttp://dx.doi.org/10.1016/j.jbiotec.2016.06.021
168-1656/© 2016 Elsevier B.V. All rights reserved.
 C-, negative control; CC, compound control; CWT, cells without treatment; DMSO,
etal calf serum; FSC, foward scatter; GepA, Gephryronic acid A; hIFNs-I, human type
; IFN + C, co-incubation control; IRF7, interferon response factor 7; ISG, interferon-
–mass spectrometry; LTS, low throughput screening; mCHR, minimal concentration
fect; PBS, phosphate-buffered saline; Pella, Pellasorem; PI, propidium iodide; RCLs,

 RsE, residual effect; RvE, reversal effect; SCC, side scatter; Sula, Sulasorem; TubI,
or positive control; �neg, standard deviation for negative control; �pos, mean signal

2011; Richards and Macdonald, 2011) to develop the anti-viral,
anti-proliferative and immune-modulator responses. Due to their
properties, these cytokines are used as biopharmaceuticals to treat

dx.doi.org/10.1016/j.jbiotec.2016.06.021
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiotec.2016.06.021&domain=pdf
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iral and tumor pathologies. In order to fulfill their role as bio-
herapeutics, the final product should undergo quality controls to
nsure its biological activity, and correspondingly assure the cor-
ect relation between IFN dose and therapeutic efficacy (Billiau,
006; Larocque et al., 2011).

Currently, IFN potency is determined through the antiviral assay
AVA), as recommended by the European Pharmacopeia (2009).
owever, AVAs are subject to high intra- and inter-test variations
nd require virus manipulation under biosafety level 2 conditions.
esides, AVAs specifically reflect an IFN’s ability to protect cells

rom virus attacks, a property that must not be related to antitumor
ctivity and immune-modulation. With the purpose of replacing
his assay, we previously developed four human RCLs to mea-
ure IFN potency, where the enhanced Green Fluorescent Protein
EGFP) is driven by the Mx2  promoter. The Mx  genes are known
o react consistently to type I-IFN in a variety of cells and are
sed as hallmarks for ISG activation (Asano et al., 2003; Pulverer
t al., 2010). WISH-Mx2/EGFP, HeLa-Mx2/EGFP, A549-Mx2/EGFP,
nd HEp2-Mx2/EGFP RCLs express the specific receptor for IFN on
heir cell surface. After IFN incubation, the Mx2  promoter is acti-
ated and consequently EGFP is expressed. Hence, the percentage
f EGFP-expressing cells, quantified by flow cytometry, is directly
orrelated with IFN potency (Bürgi et al., 2011; Bürgi et al., 2012;
ugel et al., 2011).

However, there are some disadvantages to the use of IFNs as
iopharmaceuticals. These molecules have a rapid clearance, so

n order for them to achieve their therapeutic effect it is neces-
ary to use high doses repeatedly. Furthermore, significant side
ffects were registered as a consequence of these dosing appli-
ations, often causing the interruption of the treatment without
eaching the therapeutic objective.

IFN-�s, as members of the type I IFN family, are excessively
roduced in some autoimmune diseases (Banchereau and Pascual,
006; Meyer, 2009) and this overproduction, contributes to the
athogenesis and symptoms of the disease. Thus, while human
ype I interferons (hIFNs-I) have beneficial clinical effects, their side
ffects reduce their use as biopharmaceuticals. Therefore, increas-
ng their therapeutic efficacy and decreasing their side effects

ould be of significant clinical value. In this sense, it is of interest to
nd molecules to modulate IFN activity. In order to create a simple,

ast and robust assay to analyze many compounds simultaneously,
our RCL have been developed to be used in a LTS or high through-
ut screening (HTS) assay format (Szymański et al., 2012; Martis
t al., 2011; Mishra et al., 2008). HTS typically refers to a process
n which a large number of chemicals are tested with high effi-
iency to identify biologically active small molecules as candidates
or further validation in additional biological or pharmacological
xperiments (An and Tolliday, 2010). The four cell lines were engi-
eered to express EGFP under the Mx2  promoter regulation and
TS assays were established. Assays for LTS require adequate sensi-
ivity, reproducibility, and accuracy to discriminate among a large
umber of compounds that include the entire range of IFN activity.
he Z′ factor was calculated as a characteristic parameter to define
he performance of the assay (Zhang et al., 1999). Libraries com-
osed of natural and synthetic compounds were screened through
TS assays. Fifteen hit compounds were identified and their specific
roperties were characterized. Cytotoxicity, mCHRs, antiviral and
ntiproliferative activities, residual and reversal effects, as well as
heir influence on cell cycle were studied.

. Materials and methods
.1. Cell lines

WISH-Mx2/EGFP, HeLa-Mx2/EGFP, A549-Mx2/EGFP and HEp2-
x2/EGFP RCLs were previously described (Bürgi et al., 2011;
hnology 233 (2016) 6–16 7

Bürgi et al., 2012). Specifically, the best clone from each RCL
was employed: WISH-Mx2/EGFP (L1G3), HeLa-Mx2/EGFP (C6C3),
A549-Mx2/EGFP (L2G9), HEp2-Mx2/EGFP (L1G5). Cell clones were
grown and maintained in Minimal Essential Medium (MEM)
−WISH-Mx2/EGFP and HEp2-Mx2/EGFP- or Dulbeccoı́s  Modified
Eagle Medium (DMEM) −HeLa-Mx2/EGFP and A549-Mx2/EGFP-
supplemented with 10% (v/v) fetal calf serum (FCS) and 2 mM glu-
tamine.

2.2. Interferons

Recombinant human IFN-�2a (rhIFN-�2a) was obtained from
Zelltek S.A. (Santa Fe, Argentina), and rhIFN-�1a (Avonex) was  pur-
chased from Biogen (USA).

2.3. Libraries of compounds

Natural compounds were obtained from the Department of
Chemical Biology (CBIO), Helmholtz Centre for Infection Research,
Germany. The collection of natural products used for screening con-
sists of 154 compounds that had been isolated at the Helmholtz
Centre for Infection Research from cultures of myxobacteria during
the past 30 years (Reichenbach and Höfle, 1999).

Compounds were checked for integrity and purity ( > 95%) by
LC–MS and were seeded into a 96-well plate at a concentration of
0.5 mg/ml  in DMSO. Among the 154 natural compounds studied, 5
of them proved to be highly effective in cell culture systems. They
are VioprolideB (VioB), Tubulysin I (TubI), Sulasoren (Sula), Gephy-
ronic acid A (GepA) and Pellasoren (Pella). Structures are ilustrated
in Fig. 1, with the exception of Sula, since its structure has not been
published yet.

Synthetic compounds were obtained from the Institute of
Organic Chemistry, Clausthal University of Technology, Germany. A
total of 288 compounds were assayed. Compounds were available
into a 96-well format at a concentration of 18 mM in DMSO.  Ten of
the 288 synthetic compounds studied were found to be highly effec-
tive in our cell culture systems. These were P5D7, P5H10, P6C11,
P6H1, P28E1, P28E9, P28F7, P28G6, P28H3 and P28H7 and their
structures are depicted in Fig. 1. Their synthesis and characteriza-
tion were previously described (Nechai et al., 1997; Potkin et al.,
1991; Zapol’skii et al., 2012, 2004, 2015).

2.4. Validation of cell line-based RGAs

The most widely accepted measurement of an assaysı́quality
and readiness is the Z′ factor (Zhang et al., 1999; Entzeroth et al.,
2009; An and Tolliday, 2010). The Z′ factor is an indicator of the
quality of any given assay, and it measures the separation of a posi-
tive signal of the sample and the background control in the absence
of a test compound. The Z′ factor was estimated according to Eq. (1):

Z′ = 1 − [(3�pos + 3�neg)/(|�pos−�neg|)](1) (1)

where �pos is the mean signal for the positive control, �neg is the
mean signal for the negative control, �pos is the standard devia-
tion for the positive control, and �neg is the standard deviation for
the negative control. Negative controls were performed by adding
MEM  or DMEM culture medium supplemented with 2% (v/v) FCS
whichever was applicable. Positive controls were performed by
incubating cells with rhIFN-�2a or rhIFN-�1a at a specific con-
centration which produced 50% of EGFP response for each RGA:
40 IU/ml and 12 IU/ml for WISH-Mx2/EGFP, 2.5 IU/ml (of both

IFNs) for A549-Mx2/EGFP; 2.5 and 1.5 IU/ml for HeLa-Mx2/EGFP
and, 250 and 50 IU/ml for HEp2-Mx2/EGFP, respectively. Z′ ≥ 0.5
indicates an excellent assay while an assay with 0 < Z′ < 0.5 is con-
sidered marginal and may  be suitable for further screening but
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ig. 1. Chemical structures of the most active natural and synthetic compounds.
he  natural compounds (Vio B, Tub I, Pella A, Gep A) are shown on the left and the
28H7) on the right.

equires optimization. Assays with Z′ < 0 are not suitable for screen-
ng (Entzeroth et al., 2009; An and Tolliday 2010).

.5. Cell-based LTS from libraries of compounds

Two libraries composed of 154 natural compounds and 288
ynthetic compounds each were analyzed employing the four pre-
iously developed RGAs (Bürgi et al., 2011; Bürgi et al., 2012).
ssays on 96-well plates were automated. Cells were seeded into
6-well plates at 2.5 x 104 cell/well in 0.1 ml  of the appropriate
edium and incubated at 37 ◦C and 5% CO2 for 24 h. Supernatants
ere removed and rhIFN-�2a or rhIFN-�1a were added, as appro-
riate, at a potency which produces 50% of the EGFP response. For
549-Mx2/EGFP cells, 2.5 IU/ml were used for both rhIFNs, while
.5 and 1.5 IU/ml were used for HeLa-Mx2/EGFP cells, for WISH-
X2/EGFP cells 40 and 12 IU/ml, and for HEp2-Mx2/EGFP cells

50 and 50 IU/ml of rhIFN-�2a and rhIFN-�1a were added, respec-
ively. Immediately after IFN addition, compounds were added at

 �M final concentration using a liquid handling robot Biomek®

XP Laboratory Automation Workstation (Beckman Coulter, USA).
lates were incubated at 37 ◦C, 5% CO2 during 24 h. Supernatants
ere discarded, and cells were trypsinized and properly suspended

n 0.2 ml  PBS to homogeneity. The percentage of EGFP positive cells
as measured using a BDTM LSR II flow cytometer (Beckton Dickin-

on, USA) with BDTM HTS option (Beckton Dickinson, USA) coupled
or high throughput sample acquisition. BD FACSDivaTM software
as used for data acquisition and FlowJo version 7.6.5 software

as used for data analyses. For each sample 1,000 events were

ollected gating on the FSC vs SCC dot plot, and a fluorescence his-
ogram plot was used to estimate the percentage of EGFP. On each
late, 4 negative and 4 positive controls were included and they
etic compounds (P5D7, P5H10, P6C11, P28H3, P28G6, P28F7, P6H1, P28E9, P28E1,

were located in column 12 considering the robot provision sys-
tem. Negative controls were performed by treating cells with assay
medium and positive controls were performed as described above
by incubating cells with the rhIFN concentration that provides a sig-
nal of 50% of EGFP response. Additionally, the sensitivity to DMSO
(the solvent used to preserve the compounds in the libraries) was
previously determined for each RGA. Taking this into account, the
final concentration of DMSO used during the screening was sig-
nificantly lower than the toxic levels determined (supplementary
material).To minimize errors (false positive or negative hits) two
independent screenings were performed for each combination of
the RCL and the corresponding rhIFNs (rhIFN-�2a or rhIFN-�1a).

2.6. Compound toxicity assay using crystal violet dye

The toxicity of each compound was  determined using crystal
violet staining. This method is useful for the rapid detection of
highly toxic compounds at 24 h. Since the dye stains viable cells, the
less intensively colored cells indicate compound toxicity. Cells were
seeded at 2.5 x 104 cell/well in 0.1 ml  growing medium and incu-
bated at 37 ◦C and 5% CO2 during 24 h. Supernatants were discarded
and two-fold serial dilutions of each compound were evaluated
in triplicate. The range of concentrations of the compounds were
the following VioB 930 − 14.5 �M,  TubI 100 − 1.6 �M,  GepA 883
− 13.8 �M,  Pella and Sula 1,000 − 15.6 �M and all the synthetic
compounds 14 − 0.2 �M.  Cells were incubated for 24 h at 37 ◦C
and 5% CO2. The supernatants from each well were discarded and

50 �l/well of crystal violet dye was  added and incubated at 37 ◦C
and 5% CO2 for 30 min. The dye was removed and plates were
washed generously with water. The plates were left to dry and the
color intensity was  measured using a digital camera. Untreated cells
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ere considered as negative control. The non-toxic limit concen-
ration was calculated as the highest concentration of compound
hich produced the same color intensity than that of the negative

ontrol. These concentrations were then used for further charac-
erization of compounds.

.7. mCHR

The minimal concentration of each compound that provides the
ighest response to modulate IFN activity is defined as the low-
st concentration that provides the highest modulation of EGFP
ead-out. This concentration was evaluated by RGA following the
rotocol described above. Two-fold serial dilutions from each com-
ound were tested in triplicate in the presence of the described
hIFN potency. The following controls were also included in trip-
icate: positive control (C+, IFN-treated cells), negative control (C-,
ntreated cells) and compound control (CC, cells treated only with
he corresponding compound at its mCHR). The EGFP percent-
ge from each sample was measured according to the procedure
escribed above.

.8. Analysis of temporal action using the WISH cell-derived RGA

An assay was used to analyze if a compound’s effect persists even
fter the compound is removed from the system. Therefore, IFN was
dded at different times after compound incubation and removal,
nd the residual effect of the compounds was characterized. To
ccomplish the temporal action of compounds, WISH-Mx2/EGFP
eporter cells were seeded in 96-well plates (2.5 × 104 cells/well)
nd incubated during 24 h at 37 ◦C with 5% CO2. Supernatants
ere discarded and the compounds were added at their previously
efined mCHR (prepared in MEM  medium supplemented with 2%
v/v) FCS). After 1 h of incubation, compounds were removed, and
ach well was washed twice with culture medium. rhIFN-�1a (12
U/ml) was added at 0, 1, 2 or 3 h after washing. IFN-treated cells

ere further incubated for 24 h. Finally, cells were detached by
sing trypsine and correctly resuspended in 0.2 ml  of PBS. Then,
GFP expression was determined. In this assay, controls were also
ncluded in triplicate as follows: IFN + C: co-incubation control
cells treated with IFN plus compound during the same time);
+: positive control (IFN-treated cells); C−: negative control (cells
ithout treatment) and CC: compound control (cells treated with

he corresponding compound at its mCHR). For statistic validation
he ANOVA test followed by Tukey’s multiple comparison test was
mployed.

.9. Analysis of compound effect after IFN activation using the
ISH cell-derived RGA

IFNs bind their specific receptor to start the activation pathway
hrough which they develop their biological activity. That path-
ay concludes in the cell nucleus with the induction of a set of

mmediate-early response genes.
After triggering the IFN pathway, the effect of different com-

ounds was evaluated by adding them at different times post
ytokine incubation using WISH cell based-RGA. For that, WISH-
x2/EGFP reporter cells were seeded in 96-well plates (2.5 × 104

ells/well) and incubated during 24 h at 37 ◦C with 5% CO2.
upernatants were discarded and rhIFN-�1a was  added, at a con-
entration of 12 IU/ml in MEM  medium supplemented with 2% FCS.
hIFN-�1a was incubated during 1, 2 or 3 h in different wells at 37 ◦C
ith 5% CO2. After IFN incubations, compounds were added at their

CHRs without removing the rhIFN-�1a. Cells were incubated dur-

ng 24 h at 37 ◦C with 5% CO2. Cells were trypsinized, carefully
uspended in 0.2 ml  PBS and then EGFP expression was mea-
ured. In addition, the following controls were included: IFN + C:
hnology 233 (2016) 6–16 9

co-incubation control (cells treated with IFN plus compound at
the same time); C+: positive control (IFN-treated cells); C-: neg-
ative control (cells without treatment) and CC: compound control
(cells treated with the corresponding compound at its mCHR). For
statistic validation the ANOVA test followed by Tukey’s multiple
comparison test was employed.

2.10. Antiviral activity assay (AVA)

The antiviral activity of IFNs-I in the presence of different com-
pounds was  estimated by the protective effect on WISH cells
infected with vesicular stomatitis virus (VSV) following the recom-
mendation of the European Pharmacopeia (2009) and compared
to antiviral activity of IFN standards without the addition of com-
pounds. WISH cells were seeded at 2.5 × 104 cells/well in 96-well
plates and incubated 24 h at 37 ◦C with 5% CO2. After removing
supernatants, references and samples were added. As references,
rhIFN-�1a and rhIFN-�2a were used in a range from 5 to 0.16 IU/ml
and from 25 to 0.78 IU/ml, respectively, performing six two-fold
serial dilutions. Samples were prepared employing the respective
concentrations of rhIFN used in the standard curve plus the com-
pound at a concentration corresponding to its mCHR. After 6 h of
incubation, VSV was  added. Virus replication was  allowed to pro-
ceed until the cytopathic effect was clearly observable in control
wells with no IFN added (cytopathic effect control). An incuba-
tion time of 18–20 h at 37 ◦C with 5% CO2 was needed to reach
this effect. The medium was  discarded and cells were fixed and
stained simultaneously with a solution of 0.75% (w/v) crystal vio-
let in 40% (v/v) methanol. After 10 min, plates were washed with
water and the remaining dye was solubilized in 20% (v/v) acetic
acid. Plates were read at 540 nm with a microtiter plate reader and
the signal intensity of each dilution was  reported as the mean of
the absorbance measured in triplicate. Controls were carried out
assaying cells without IFN (cytopathic effect control) or without
IFN and virus (cellular control).

2.11. Antiproliferative activity assay (APA)

WISH-Mx2/EGFP cells were seeded (6.25 × 102 cells/well) and
simultaneously incubated with rhIFN-�1a or rhIFN-�2a plus the
selected compounds in MEM  medium supplemented with 10% (v/v)
FCS during 96 h at 37 ◦C, 5% CO2. IFN standard curves were per-
formed using six two-fold serial dilutions, from 1,200 to 37.5 IU/ml
for rhIFN-�1a and from 12,000 to 375 IU/ml for rhIFN-�2a. Each
compound was  evaluated at its mCHR defined in the previous
assays. Cell proliferation was  determined using a Cell Titer 96 Aque-
ous Non-Radioactive Cell Proliferation Assay (Promega, USA). The
colorimetric reaction proceeded during 3 h at 37 ◦C, 5% CO2 and the
plate was read at 492 nm with a microplate reader using 600 nm as
reference absorbance. The assay was  reproduced in triplicate. The
following controls were included: proliferation control (untreated
cells) and compound control (cells treated only with compound).

2.12. Analysis of compound effect using a validated murine RCL
(NIH3T3 IRF7-mCherry)

In order to analyze the selectivity and specificity of the new
RCL to detect compounds that function as inhibitors or enhancers
of the IFN-I activity, compounds were studied using a murine RCL
(NIH3T3 IRF7-mCherry). The assay was  carried out essentially fol-
lowing the procedure summarized by Rand et al. (2012). Thus, cells
were seeded (5 × 105 cell/well) in 12-well plates in DMEM medium

supplemented with 10% (v/v) FCS and incubated during 24 h at
37 ◦C, 5% CO2. Supernatants were removed and samples were added
in DMEM medium supplemented with 2% (v/v) FCS. Each compound
was evaluated using its mCHR and incubated in the presence of



1 Biotechnology 233 (2016) 6–16

m
fl
m
c
p
t
m

2

f
1
w
S
m
a
i
I
e
t
p
c
3
t
c
g
w
A
1
c
U
w
w
c
f
o
a
a
c
a

2

v
b
G
i

3

3

W
b
c
P
a
S
c
t
d
d
o

Table 1
Z′ factor calculated for each RGA.

RGA Z′ Factor

rhIFN-�2a rhIFN-�1a

WISH-MX2/EGFP (L1G3) 0.87 ± 0.08 0.85 ± 0.08
HeLa-Mx2/EGFP (C6C3) 0.85 ± 0.07 0.82 ± 0.09
A549-Mx2/EGFP (L2G9) 0.87 ± 0.07 0.86 ± 0.06
HEp2-Mx2/EGFP (L1G5) 0.73 ± 0.11 0.86 ± 0.11

Z′ factor was  estimated for each RCL in triplicate as:
Z′ = 1 − [(3�pos + 3�neg)/(|�pos − �neg|)] where �pos is the mean signal for the posi-
0 M. Bürgi et al. / Journal of 

IFN (1,000 U/ml). Some pictures were captured using a confocal
uorescence microscope at different time’s “post-incubation” with
IFN and the compound (40, 160 and 1360 min). The following

ontrols were assayed: negative control (cells without treatment),
ositive controls (cells only treated with mIFN) and compound con-
rol (cells only treated with the corresponding compound at its

CHR).

.13. Cell cycle analysis

In addition to the AVA and APA, cell cycle analysis was per-
ormed only with WISH-Mx2/EGFP cells. The cells were seeded in
2-well plates (5 × 105 cell/well) in MEM  medium supplemented
ith 10% (v/v) FCS and incubated during 24 h at 37 ◦C, 5% CO2.

upernatants were removed and samples were added in MEM
edium supplemented with 2% (v/v) FCS and incubated during 24 h

t 37 ◦C, 5% CO2. Each compound was evaluated using its mCHR and
ncubated in the presence of rhIFN-�2a (60 IU/ml) or rhIFN-�1a (20
U/ml). The following controls were included: cells incubated with
ach compound (CC), cells without any treatment (CWT), and cells
reated only with each cytokine (rhIFN-�2a and rhIFN-�1a). Sam-
les and controls were run in triplicate. For cell cycle distribution,
ells were fixed by dripping in 70% (v/v) ethanol and incubating for
0 min  at 4 ◦C. Fixed cells were centrifuged, counted and diluted
o 1 × 106 cell/ml final cell density in PBS-EDTA 2 mM.  After that,
ells were filtered using a 0.45 �m filters to remove cell aggre-
ates. Propidium iodide (PI) was used as an intercalating dye. Cells
ere stained with a solution containing 50 �g/ml RNAseA (Sigma-
ldrich, USA) and 50 �g/ml PI (Invitrogen, USA) in PBS for at least

 h in the dark at 37 ◦C. The DNA content was analyzed by flow
ytometry employing a CyAnTM ADP Analyzer (Beckman Coulter,
SA) equipped with 488 nm emitting laser. The acquisition rate
as adjusted to 80–120 events per second. Summit v3.4. software
as used for data collection. For each sample at least 20,000 total

ells were recorded. Doublets and cellular debris were discarded
rom analyses. Cell cycle phase distribution (G1, G2-M and S) was
btained employing FlowjoTM v7.6.5 software with the cell cycle
nalyses package. Data were exported and statistic treatment were
pplied by using Prism 5.0 software (GraphPad software) between
ell cycle phases obtained from compound plus IFN-treated cells
nd the control situation (cells treated only with IFN).

.14. Statistical analysis

All experiments were performed in triplicates and the mean
alues with standard errors were calculated. ANOVA test followed
y the corresponding post-hoc test were applied for all data using
raph Pad Prism version 5.0. The proper post-hoc test is indicated

n each section where it was used.

. Results and discussion

.1. Validation of cell line-based RGAs

For cell based assays previously optimized RGAs were used.
ISH-Mx2/EGFP was the first RCL developed to measure rhIFNs-I

iological activity. This system requires the use of a standardized
ell line (WISH cells) − suggested by Pharmacopoeia (European
harmacopeia, 2009) to be used for human IFN-� potency analysis-
nd the simultaneous use of the sensitive reporter gene eGFP.
ince several advantages were demonstrated by this RGA when
ompared to the antiviral activity assay and other reporter sys-

ems (Bürgi et al., 2012), a set of new human reporter cell lines
erived from different tissues were developed. These RGAs were
esigned aiming to evaluate how IFNs induce their actions through-
ut the human body and, in addition, to analyze and identify several
tive  control, �neg is the mean signal for the negative control, �pos is the standard
deviation for positive control, and �neg is the standard deviation for the negative
control.

compounds that potentially modulate IFN activity. Therefore, the
following cell lines were also used to develop new RGAs (Bürgi
et al., 2011): A549 (lung cancer cells), HEp-2 (epidermoid larynx
carcinoma cells) and HeLa (cervical adenocarcinoma cells).

In an attempt to validate the RCLs in LTS approaches, several
replicates of positive and negative controls were run. The negative
control represents the background of the assay whilst the positive
control reflects the IFNs-induced response. Controls were assayed
in quadruplicates and four independent experiments were carried
out in order to assess the reproducibility parameter and the sig-
nal variation at the two  extremes of the activity range. The data
obtained from these controls was  used to determine the limits
of the assay, aiming to detect compounds that exert a positive or
negative effect on the cytokine response.

IFNs-derived RGAs showed Z′ values higher than 0.7 (Table 1). A
general consideration establishes that the Z′ factor should be higher
than 0.5 in order to accept an assay as appropriate to employ in
LTS format. Our data demonstrates the validity for LTS analysis and
reflect the high degree of readiness and aptitude of the assay to
identify active compounds. This also ensures that the assay format
has been properly implemented and that the assay shows sufficient
dynamic range and acceptable signal variability to provide useful
data (Zhang et al., 1999).

3.2. Cell-based LTS from libraries of compounds using the
validated RGAs

In general, the purpose of screening compounds is to search for
“hits” or primary active compounds that exhibit non-promiscuous
behavior and exceed a threshold value in a given assay. Each com-
pound was tested in order to determine its effects on IFN response
using the four cell line-derived RGAs. The EGFP fluorescence val-
ues obtained from each one were compared to a cut-off value
or threshold (Brideau et al., 2003). Upper and lower threshold
values were calculated as means of the positive control plus or
minus three times their standard deviation with a confidence limit
of 99.73%. Fig. 2A, shows an example of the screening of nat-
ural compounds using the 4 RCL by activating the system with
rhIFN-�1a. Hits were identified by calculating threshold values of
positive controls and applying hit selection criteria; e.g., a com-
pound was  registered as a hit when it showed a compound signal
>�pos + 3�pos or <�pos − 3�pos, where �pos and �pos stand for the
mean of positive controls and the corresponding standard devi-
ation, respectively. Since replicates reduce the number of false
negatives without increasing the number of false positives, com-
pounds were re-evaluated in a second screening. A compound was
confirmed as a hit if both replicates showed the previously defined
criteria.
Taking the previous information into account, a subset of 442
compounds was analyzed (from libraries of natural and synthetic
origin). The natural library was  completely analyzed because its
size admitted a thorough study (154 compounds). For the synthetic
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Fig. 2. Library screening using different RGAs induced by rhIFN.
A: The library of natural compound was screened through the 4 RGAs and induced with rhIFN �1a at potency that produce 50% EGFP response. The continuous black line
represents the mean signal of positive controls, the dot lines represent the upper and lower threshold values (mean signal of positive controls plus or minus standard
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eviation, respectively) and the dash lines represent the mean signal of the negativ
:  Percentage of responding compounds (hits) from the natural or the synthetic lib
epresents the percentages of hits that showed the same behavior when rhIFN-�2a

ibrary, with 10,000 compounds, a pre-screening was carried out
sing a HeLa-MxLuciferase RGA performed by the owner of the

ibrary. This pre-screening allowed the selection of a lower num-
er of compounds to be tested by the RGA developed. To determine
heir effects, data was compared to a cut-off value defined as previ-
usly explained. All the RGAs allowed the successful identification
f compounds showing a positive or a negative effect to modu-
ate IFN activity. Compounds that exceeded the upper threshold

ere considered potential enhancers of IFN activity. They showed
GFP values higher than that of the positive control in accordance
o a higher activation of the specific Mx2  promoter. On the con-
rary, compounds exhibiting EGFP values lower than that of the
nferior cut-off were designated as putative inhibitors of IFN activ-
ty. These compounds showed less activation of EGFP expression.
ig. 2B summarizes the percentage of hit rate from each library,
hich was calculated for every reporter cell line in the presence

f rhIFN-�2a or rhIFN-�1a. In addition, for both types of IFNs, the
ISH cell-based RGA identified the highest number of responding

ompounds: 54 from the natural library and 115 from the syn-
hetic library. HeLa, Hep2 and A549 cell-based RGA identified 37,
9 and 28 compounds from the natural library and 63, 86 and 63
rom the synthetic library, respectively (data not shown). Differ-
nces between RGA performances are probably due to particular
haracteristics of each cell line and they may  be related to their
usceptibility to the compounds. Furthermore, 21 compounds from
he natural library and 40 compounds from the synthetic library
howed to equally modulate both rhIFN activities through the four
GAs assayed.

Furthermore, it is important to highlight that the extremely
igh hit rates achieved with our RGAs could be explained by the

act that the compounds herein screened are a subset from larger
ibraries that were previously screened by another reporter sys-
ems (Bollati-Fogolín and Müller, 2005; Seo et al., 2009). In addition,
he information about the families of compounds provided by the
ibrary’s holders was taken into account for the selection of the

ubset of compounds that were further screened (data not shown).

Considering those compounds that showed reproducible higher
esponses along the screening by employing the four RCL and both
rols.
 that were analyzed by RCL after their induction with rhIFN-�2a or rhIFN-�1a. (*)
IFN-�1b were individually used to induce each RCLs or all of them.

rhIFNs, five natural and ten synthetic compounds were selected and
further characterized for biological properties regarding their effect
on IFNs potency. Fourteen from those fifteen selected compounds
were inhibitors (VioB, Sula, GepA and Pella from the natural library
and P5D7, P5H10, P6C11, P6H1, P28E1, P28E9, P28F7, P28G6, P28H3
and P28H7 from the synthetic library); the remaining one was  an
enhancer (TubI from the natural library). TubI has been reported to
be a strong inhibitor of tubulin polymerization (Khalil et al., 2006)
and GepA was  described as a potent inhibitor of eukaryotic protein
synthesis (Sasse et al., 1995), while the actions of the remaining
natural products are not known. On the other hand, the biologi-
cal activities of the compounds selected from the synthetic library
were herein described for the first time and, for that reason, their
action modes were not known yet.

To confirm the selectivity and specificity of the new RCL to detect
compounds that function as inhibitors or enhancers of IFN-I activ-
ity, the effect of the 15 selected compounds was studied using a
murine RCL (NIH3T3 IRF7-mCherry). In these cells, the IRF7 pro-
moter is activated after murine IFNs-I incubation and consequently,
mCherry expression is induced (Rand et al., 2012). By means of this
system, Tub I plus IFN-I-treated cells showed a higher percentage
of mCherry expression than cells treated only with IFN-I while the
inhibitor compounds did not evidence mCherry expression (data
not shown). Because NIH3T3 IRF7-mCherry is a murine model and
the promoter IRF7 is an ISG different to Mx2, the effects of the
compounds on the new human RCL were validated, allowing to con-
firm their modulator action on IFN-I activity. In addition, the ability
of these compounds to modulate IFNs-I activity was evaluated by
using another reporter system which employs a different reporter
protein: luciferase instead of EGFP (Seo et al., 2009). Consequently,
the same results were obtained through this RGA. A table provid-
ing this information was  added as supplementary data. Finally,
the effect of the selected compounds was  assayed on a cell line
that constitutively expresses the reporter protein EGFP with the
purpose of evidencing fluorescent artifacts. None of them showed

any differences in the EGFP expression levels. Therefore, different
assays contributed with evidence that supported the concept of
compound specificity.
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Fig. 3. Analysis of temporal action of compounds and its effect after IFN activation using the WISH cell-based RGA.
IFN  + C: co-incubation control; C+: positive control; C-: negative control; CC-: compound control. RsE (residual effect): compounds were incubated for 1 h and then rhIFN-�1a
(12  IU/ml) was  added at 0, 1, 2 or 3 h after washing the plates. RvE (reversal effect) and EnE (enhanced effect): after rhIFN-�1a (12 IU/ml) incubation during 1, 2 or 3 h,
compounds were added at their mCHRs without removing the cytokine. After treatments, the%EGFP was determined and plotted as a function of the conditions tested
(horizontal axis).
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, **,***: statistics indicate the degree of significance in relation to the positive cont
est  followed by Tukeyı́s post-hoc test was applied.

.3. Compound cytotoxicity and mCHR evaluation

The cytotoxicity and mCHR of the “active” compounds, the 15
rimarily identified as hits, were evaluated. Toxicity is the inher-
nt capacity of each chemical to produce negative effects in cell
ultures and consequently in living organisms. The toxicity of each
ompound should be determined early and particularly for each
ell line, given that cell susceptibly could be different according
o the cell line characteristics. In order to determine the non toxic
imit concentration, each RCL was incubated with serial dilutions
f compounds and compared with non-treated cell cultures (nega-
ive control). Thus, the non-toxic limit concentration was  calculated
s the maximum concentration of compound which produced the
ame color intensity as the negative control. Only TubI showed a
oxic effect at concentrations higher than 10 �M,  while the remain-
ng compounds did not show toxic effects for the studied dilutions.

Additionally, the mCHR of each selected compound was studied

valuating seven two-fold serial dilutions of each compound for the
our RGAs. The mCHR was calculated as the minimal concentration
f each compound that produces the highest response, that is to
ay, corresponding to p < 0.1; p < 0.01 and p < 0.001, respectively. ANOVA statistical

say, the enhancement effect (above �pos + 3�) or inhibition effect
(beyond �pos − 3�) produced on IFN activity.

All the synthetic compounds demonstrated the highest mod-
ulator effect at the same concentration of 12.5 �M.  Meanwhile
the mCHRs from the natural compounds were different (VioB:
900 �M;  TubI: 10 �M;  SuLa and Pella: 1,000 �M;  GepA: 400 �M),
with TubI exhibiting a rather low concentration to obtain the opti-
mal  response.

Taking into consideration the complete set of selected com-
pounds, only TubI was able to increase the rhIFNs activity while
the others decreased or inhibited it.

3.4. Characterization of the hits

3.4.1. Analysis of their temporal action using the WISH
cell-derived RGA

The temporal action of compounds was  analyzed taking into

account their residual effects after removing them from the cell cul-
ture medium. To accomplish that, IFN was  added at different times
after 1 h compound incubation and removal, and the residual effect
duration was  investigated. This study allows hypothesizing about
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Fig. 4. Effect of natural and synthetic selected compounds on cell cycle phase distribution.
Left  panel:  The behavior from Tub I, P6C11, P28F7 and P28H7 was  analyzed over the cell cycle phases by flow cytometry with FlowJo cell cycle analysis software application.
The  percentage of cells in each cell cycle phase (Sub G1, G0/G1, S, G2/M) was  calculated from every assayed condition and compared. CWT: cells without treatment, CC:
compound control, rhIFN-�2a or rhIFN-�1a: only rhIFN treatments, rhIFN-�2a/rhIFN-�1a plus TubI, P6C11, P28F7 or P28H7; compound plus rhIFN treatment.
Right  panel:  The effect of P6C11 (synthetic compound) and TubI (natural compound) on the cell cycle of WISH-Mx2/EGFP cells was analyzed in combination with rhIFN-�2a
and  rhIFN-�1a, and compared to the corresponding controls.
Histogram plot represents the frequencies (%) of each cell cycle phase (sub G1 peak, G1, S, G2/M) at the studied conditions. A1: Control without treatment; B1: rhIFN-�2a
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ontrol; C1: rhIFN-�1a control; A2 and A3: compound controls; B2 and B3: compou
tatistical analysis was  performed by ANOVA test followed by Tukeyı́s test to det
lowJo software, making adjustments to Watson’s model (Pragmatic).

he mode of action of the compound and its behavior in further
n vivo analysis.

All selected natural compounds, with exception of VioB, main-
ained their effects on IFN activity after their removal from the
ncubation media. However, they showed different residual activ-
ty, e.g., Tubl, Sula and Pella exhibited the highest residual response,
rolonging their effect even when the rhIFN was  added 3 h after
emoving the compound (see Fig. 3, at 3 h). This result sug-
ests that these compounds would preserve their effects on IFNs
ctivity over time. From the synthetic compounds, different activ-
ties could be found. P28E1 and P28G6 showed a long-lasting
nhibitory effect on IFN activity like Sula and Pella. P28H3 and
28H7 did not present residual effects, just like VioB. The rest of
he synthetic compounds exhibited residual effect only for some
onditions and not as strong as the one exerted by P28E1 or
28G6.

In summary, most of the compounds had the property to pre-
erve their modulating action on IFN activity despite removal from
he culture media. Also, natural compounds exhibited stronger
ctions than synthetic compounds (Fig. 3). These results confirm
he persistence and stability of the compounds enhancing and

nhibitory effects in order to determine the best conditions to be
sed in future applications.
hIFN-�2a; C2 and C3: compound + rhIFN-�1a.
e significant differences between samples and controls. Data was  analyzed using

Additionally, it is worth noting that a 1 h incubation period is
enough to achieve the modulator effect of the compounds on IFN
activity.

3.4.2. Analysis of compound effect after IFN activation using the
WISH cell-derived RGA

Specific binding between IFN and its receptor in the cell surface
results in activation of STAT proteins through their phophoryla-
tion which is necessary to constitute a complex of proteins able
to penetrate the nucleus and associate with regions of genes
that initiate or enhance gene transcription: ISRE (IFN-sensitive
response elements) (Billiau, 2006). Through the induction of a
set of immediate-early response genes, like the Mx2  promoter,
IFNs mediate their biological response (Mowen  and David, 2000).
Considering that information, the ability of inhibitor/enhancer
compounds to reverse/augment the biological activity of the
cytokine was  evaluated using WISH-Mx2/EGFP RGA after triggering
the cytokine action for 1, 2, or 3 h.

Natural compounds: VioB, Sula, GepA and Pella, as well as syn-
thetic compounds: P5D7, P6C11, P28E1, P28E9, P28F7, P28G6, and
P28H7 showed the capacity to revert the IFN activation pathway.

Providing that all these compounds are inhibitors of IFN activity,
the effect of reversal was observed as a reduced EGFP expression.

Furthermore, the reverse action was truly significant consider-
ing that IFN was  not removed from the cultures, and that the effect
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as observed even when the compounds were added 3 h after IFN
ncubation (Fig. 3–RvE action).

Particularly, TubI demonstrated a higher enhancement action
hen it was added 1 and 2 h later than the cytokine (Fig. 3–EnE

ction).
The remaining synthetic compounds (P6H1 and P28H3) also

howed the capacity to revert the activated IFN pathway; however,
ffect was weaker than that of the above mentioned compounds.
herefore, this analysis allowed us to demonstrate that all inhibitor
ompounds were able to block IFN signaling in a cellular system that
ad adjusted to the harsh effects of IFN induction, and provided
vidence of the ability of these molecules to reverse IFN-induced
ffects. Also, in the case of the enhancer molecule, the action of IFN
as notably increased.

.4.3. Compound effects on hIFN-I antiviral and antiproliferative
ctivity

IFNs-I (mainly IFNs �/�) are essential anti-viral cytokines pro-
uced in response to the detection of viral components by host
attern recognition receptors (Lopez and Hermesh, 2011). This is
hy the biological activity of IFNs is often quantified by an AVA

ased on its capability of inducing an antiviral state in target cells
Kugel et al., 2011; Meager, 2003).

IFNs-I are also important cytokines because of their antiprolif-
rative activity, they inhibit the proliferation of both diploid and
ransformed human cells in vitro (Borden et al., 1982).

To further validate the effects of compounds selected by RGA
n hIFN-I biological activity, each of the 15 primary hits was sub-
ected to AVA and APA procedures using the WISH-Mx2/EGFP and
he parental WISH cell lines. As no differences were observed
uring quantitation of IFN activity by AVA or APA procedures
sing the parental or reporter cell lines (Bürgi et al., 2012), the
ollowing results are shown considering the experiments using

ISH-Mx2/EGFP. Thus, dose-response activities of hIFNs-I (� and
) were measured in the presence of the mCHRs of all 15 com-
ounds (Table 2).

The biological action of compounds on IFN antiviral activity was

valuated in AVA experiments. The N* value was calculated for each
ompound. N* represents the ratio between the antiviral activity of
hIFNs plus a given compound and the antiviral activity of rhIFNs
ontrol. Those compounds showing an N* value higher than 1 rep-

able 2
odulator effect from natural and synthetic compounds on IFN activity measured by RGA

N*

Name RGA 

rhIFN-�2a rhIFN-�1a 

Natural compounds VioB 0.1 0.1 

TubI 1.5 1.4 

Sula 0.6 0.5 

GepA 0.1 0.1 

Pella 0.5 0.4 

Synthetic compounds P5D7 0.7 0.7 

P5H10 0.9 0.9 

P6H1 0.9 0.9 

P6C11 0.6 0.5 

P28E1 0.8 0.7 

P28E9 0.9 0.7 

P28F7 0.7 0.5 

P28G6 0.7 0.6 

P28H3 0.8 0.8 

P28H7 0.9 0.9 

he responses obtained from the compounds plus IFN and the response from the IFN con
*:  activity (RGA/AVA/APA) ratio of a given compound plus rhIFN-�2a or rhIFN-�1a and 

alues  higher than 1 represent an increase of the IFN biological activity and values lower
D: not determined.
he effect of TubI on IFN activity measured by AVA could not be determined through this
hnology 233 (2016) 6–16

resent an antiviral increasing response while those exhibiting an N*
value lower than 1 have an antiviral decreasing response. The com-
pounds VioB, GepA, P5D7, P6C11, P28E1, P28F7 and P28G6 showed
the same behavior demonstrated by RGA, decreasing the antiviral
activity of both rhIFNs. The remaining compounds did not show
any effect on AVA.

TubI showed a particular response. Although it was  classified
by RGA as an enhancer of IFN activity, it showed an inhibitory
action during AVA. This was  evidenced when TubI-treated cells
were analyzed by microscopy. Detached cells that preserved a good
viability were observed. TubI obviously affected structures involved
in the surface adhesion and, as a consequence, cells detached from
the substrate showing similar morphology to suspension cells.
This might be connected to the well-known disrupting effect of
tubulysin on the microtubular cytoskeleton (Sasse et al., 2000).

The biological action of compounds on IFN antiproliferative
activity was evaluated in APA experiments. Table 2 shows the effect
of each compound on APA expressed as an increase, a decrease,
or having a non-significant effect (NSE). The N* value was cal-
culated for each compound, N* represents the ratio between the
antiproliferative activity of a given compound plus rhIFNs and the
antiproliferative activity of rhIFNs control. Compounds showing an
N* value higher than 1 represent a proliferation increasing response
while those exhibiting an N* value lower than 1 have a proliferation
decreasing response. An enhancing response was  shown by TubI.
The opposite effect was observed for VioB, GepA, Pella, P6C11, and
P28H3. These results are consistent with the results obtained by
RGA and AVA. Interestingly, some compounds showed NSE on pro-
liferation, while inhibiting RGA. The discrepancy between the RGA,
AVA and APA could be attributed mainly to different mechanisms
of action of those compounds that make them potentially worthy
for the modulation of in vivo IFN activity, e.g. GepA.

3.4.4. Action of compounds on cell cycle
The effect of selected compounds on cell cycle phase distribu-

tion was  analyzed using the WISH-Mx2/EGFP cell line. Cell cycle
phase distribution (G1, G2-M and S) was  obtained as mentioned

in the Materials and methods section. In addition, the subG1 peak
was analyzed as an indicator of possible apoptosis. Cell cycle phases
obtained from cultures treated with IFN and compounds were com-
pared with cell cycle phases obtained from cultures only treated

, APA and AVA assays.

AVA APA

rhIFN-�2a rhIFN-�1a rhIFN-�2a rhIFN-�1a

0.6 0.5 0.6 0.6
ND ND NSE 1.4
NSE NSE NSE NSE
0.4 0.3 0.9 NSE
NSE NSE NSE 0.6

0.9 0.8 NSE NSE
NSE NSE NSE NSE
NSE NSE NSE NSE
0.7 0.7 0.9 NSE
0.9 0.9 NSE NSE
NSE NSE NSE NSE
0.7 0.6 NSE NSE
0.7 0.6 NSE NSE
NSE NSE 0.8 0.8
NSE NSE NSE NSE

trol were compared in every case. The N* value was calculated as follows:
the activity (RGA/AVA/APA) of rhIFN-�2a or rhIFN-�1a control.

 than 1 account for a decrease of it.

 assay because this compound detached the cells from the substrate.
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ith IFN (IFNs control), cultures only treated with each com-
ound (CC–compound control) and cultures without treatment
CWT–negative control).

Compounds P5D7, P6H1, P28E1 and P28E9 did not alter the
ell cycle (data not shown). Other compounds, such as VioB, SuLa,
epA, Pella, P5H10, P28G6 and P28H3, showed differences with

espect to the controls, but they did not exhibit differences when
hey were co-incubated with IFNs. Interestingly, TubI, P6C11, P28F7
nd P28H7 exhibited differences when they were compared to
FNs controls but also when the correlation was made between the
ompound control and cultures treated with IFN plus the corre-
ponding compound. Fig. 4A summarizes the observed effects. The
ombination of P6C11 with both IFNs caused a decrease in the per-
entage of cells in each phase of the cycle, at the expense of an
ncreased subG1 peak which is indicative of an apoptotic process
Fig. 4B). The most striking effect was induced by TubI, an identi-
ed inhibitor of microtubule polymerization (Khalil et al., 2006). As
ecently described by Murray et al., 2015; Tubulysins are a family of
ntimitotic tetrapeptides isolated from myxobacteria reported by
asse and co-workers in 2000. They have potent antiproliferative
ctivity against human cancer cells, including drug-resistant cells. It
as quickly established that the mechanism of action of tubulysins

s the inhibition of the polymerization of the cytoskeletal protein
ubulin and the induction of apoptosis. A G2/M delay is typical for
ompounds that interfere with spindle formation (Fig. 4B). There-
ore, since IFNs have antiproliferative and anti-tumoral activity, it is
ikely that Tub might act in combination with type I IFNs to poten-
iate antiproliferative and antitumoral responses. In this work, the
ombination of TubI with rhIFN-�2a or rhIFN-�1a was analyzed
sing different assays as antiproliferative activity assay and cell
ycle analyses, demonstrating the above-mentioned potentiation
ffect. In contrast, P28H7 showed differences only when cells were
reated in combination with rhIFN-�1a, reducing the percentage of
ells in S and G2-M phases, while augmenting the subG1 propor-
ion (31%). Similar results were obtained when cells were exposed
o P28F7 but the increase in the subG1 peak was  not so pronounced
13%).

Analyzing the results herein obtained for TubI, P6C11, P28F7
nd P28H7 and comparing them to those obtained by RGA, AVA
nd APA assays (Table 2) it could be evidenced that these com-
ounds were identified as modulators of IFN activity through RGA.
evertheless, these compounds showed different responses when

hey were studied by AVA and APA assays. In the case of TubI, its
ffect on IFN activity was not well evidenced by AVA because this
ompound acted in cells detaching from the culture surface and,
hus, the assay could not be carried out. When P6C11 was  investi-
ated by APA, a NSE was observed when it was co-incubated with
hIFN-�2a or rhIFN-�1a. Finally, neither P28F7 nor P28H7 showed
ny effect on APA when combined with IFN. Furthermore, P28H7
howed NSE on IFN activity on AVA.

Considering the above results, TubI, P6C11, P28F7 and P28H7
ompounds that were identified by RGA and later by cell cycle anal-
sis, would have been discarded if the screening had been carried
ut with the usual assays (APA and/or AVA).

. Conclusions

Considering that IFNs are central molecules with pharmacolog-
cal or pathological actions that have to be differentially managed,
his work provides the foundation to understand how to proceed in
he selection of compounds that could be useful either to improve

r to overcome the above mentioned effects.

Therefore, novel RGAs that had been previously developed were
atisfactorily used as biological tools to screen and characterize sev-
ral compounds from natural and synthetic libraries. These assays
hnology 233 (2016) 6–16 15

gave consistent results in a short period of time using an excellent
and safer methodology than those routinely used, such as the AVA
procedures.

Therefore, by using RGAs in a LTS approach with 442 com-
pounds, some promising candidates that inhibit rhIFN activity were
found. Two of them were from natural origin (VioB and GepA) and
three were from synthetic origin (P6C11, P28F7 and P28H7).

Furthermore, TubI, a compound that interferes with micro-
tubule formation was  identified as a candidate that enhances rhIFN
activity. In addition, its positive effect is long-lasting, suggesting
that TubI acts as a primer. Such priming is well known in the IFN
system. Primers induce one of the key signaling compounds or
change epigenetic behavior in the cell, and consequently induce
a long-lasting action on IFN-enhancing effect.

In conclusion, the IFN-I enhancer or IFN-I inhibitors described
herein are valuable starting points to design more potent deriva-
tives in order to obtain highly active substances and modulate the
dual clinic effect of these cytokines.
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