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Abstract 25 

Type I Interferons (IFNs-I) are species-specific glycoproteins which play an 26 

important role as primary defence against viral infections and that can also 27 

modulate the adaptive immune system. In some autoimmune diseases, 28 

interferons (IFNs) are over-produced. IFNs are widely used as 29 

biopharmaceuticals for a variety of cancer indications, chronic viral diseases, 30 

and for their immuno-modulatory action in patients with multiple sclerosis; 31 

therefore, increasing their therapeutic efficiency and decreasing their side 32 

effects is of high clinical value. In this sense, it is interesting to find molecules 33 

that can modulate the activity of IFNs. In order to achieve that, it was necessary 34 

to establish a simple, fast and robust assay to analyze numerous compounds 35 

simultaneously. We developed four reporter gene assays (RGAs) to identify IFN 36 

activity modulator compounds by using WISH-Mx2/EGFP, HeLa-Mx2/EGFP, 37 

A549-Mx2/EGFP, and HEp2-Mx2/EGFP reporter cell lines (RCLs). All of them 38 

present a Z’ factor higher than 0.7. By using these RGAs, natural and synthetic 39 

compounds were analyzed simultaneously. A total of 442 compounds were 40 

studied by the Low Throughput Screening (LTS) assay using the four RCLs to 41 

discriminate between their inhibitory or enhancing effects on IFN activity. Some 42 

of them were characterized and 15 leads were identified. Finally, one promising 43 

candidate with enhancing effect on IFN-α/-β activity and five compounds with 44 

inhibitory effect were described. 45 

Abbreviations 46 

APA: antiproliferative assay; AVA: antiviral assay; C+: positive control; C-: 47 

negative control; CC: compound control; CWT: cells without treatment; DMSO: 48 

dimethyl sulfoxide; EGFP: enhanced green fluorescent protein; EnE: enhancer 49 
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effect; FCS: fetal calf serum; FSC: foward scatter; GepA: Gephryronic acid A; 50 

hIFNs-I: human type I interferons; HTS: high throughput screening; IFNs: 51 

interferons; IFNs-I: type I interferons; IFN+C: co-incubation control; IRF7: 52 

interferon response factor 7; ISG: interferon-stimulated genes; ISRE: IFN-53 

stimulated response elements; LC–MS: liquid chromatography – mass 54 

spectrometry; LTS: low throughput screening; mCHR: minimal concentration of 55 

compound giving the highest modulator response of IFN activity; NSE: not 56 

significant effect; PBS: phosphate-buffered saline; Pella: Pellasorem; PI: 57 

propidium iodide; RCLs: reporter cell lines; RGAs: reporter gene assays; rhIFN: 58 

recombinant human interferons; RsE: residual effect; RvE: reversal effect; SCC: 59 

side scatter; Sula: Sulasorem; TubI: Tubulysin I; VioB: Vioprolide B; VSV: 60 

vesicular stomatitis virus; σpos: standard deviation for positive control;  σneg: 61 

standard deviation for negative control; μpos: mean signal for positive control; 62 

μneg: mean signal for negative control. 63 

1. Introduction 64 

Interferons are species-specific glycoprotein family that play an important role 65 

against viral infections as a first line defence system (Billiau, 2006). They protect 66 

the organism from diverse pathogens, and also participate in the adaptive 67 

immune response and act in both an autocrine and paracrine fashion alerting 68 

the surrounding cells to the presence of pathogens. IFNs bind to their specific 69 

receptors on the cell surface and initiate a signaling pathway which concludes 70 

with the activation of more than 300 interferon-stimulated genes (ISG) in the 71 

target cells (Lopez and Hermesh, 2011; Richards and Macdonald, 2011) to 72 

develop the anti-viral, anti-proliferative and immune-modulator responses. Due 73 

to their properties, these cytokines are used as biopharmaceuticals to treat viral 74 
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and tumor pathologies. In order to fulfill their role as biotherapeutics, the final 75 

product should undergo quality controls to ensure its biological activity, and 76 

correspondingly assure the correct relation between IFN dose and therapeutic 77 

efficacy (Billiau, 2006; Larocque et al., 2011).  78 

Currently, IFN potency is determined through the antiviral assay (AVA), as 79 

recommended by the European Pharmacopeia (2009). However, AVAs are 80 

subject to high intra- and inter-test variations and require virus manipulation 81 

under biosafety level 2 conditions. Besides, AVAs specifically reflect an IFN’s 82 

ability to protect cells from virus attacks, a property that must not be related to 83 

antitumor activity and immune-modulation. With the purpose of replacing this 84 

assay, we previously developed four human RCLs to measure IFN potency, 85 

where the enhanced Green Fluorescent Protein (EGFP) is driven by the Mx2 86 

promoter. The Mx genes are known to react consistently to type I-IFN in a 87 

variety of cells and are used as hallmarks for ISG activation (Asano et al, 2003; 88 

Pulverer et al., 2010). WISH-Mx2/EGFP, HeLa-Mx2/EGFP, A549-Mx2/EGFP, 89 

and HEp2-Mx2/EGFP RCLs express the specific receptor for IFN on their cell 90 

surface. After IFN incubation, the Mx2 promoter is activated and consequently 91 

EGFP is expressed. Hence, the percentage of EGFP-expressing cells, 92 

quantified by flow cytometry, is directly correlated with IFN potency (Bürgi et al., 93 

2011; Bürgi et al., 2012; Kugel et al., 2011). 94 

However, there are some disadvantages to the use of IFNs as 95 

biopharmaceuticals. These molecules have a rapid clearance, so in order for 96 

them to achieve their therapeutic effect it is necessary to use high doses 97 

repeatedly. Furthermore, significant side effects were registered as a 98 
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consequence of these dosing applications, often causing the interruption of the 99 

treatment without reaching the therapeutic objective.  100 

IFN-αs, as members of the type I IFN family, are excessively produced in some 101 

autoimmune diseases (Banchereau and Pascual, 2006; Meyer, 2009) and this 102 

overproduction, contributes to the pathogenesis and symptoms of the disease. 103 

Thus, while human type I interferons (hIFNs-I) have beneficial clinical effects, 104 

their side effects reduce their use as biopharmaceuticals. Therefore, increasing 105 

their therapeutic efficacy and decreasing their side effects would be of 106 

significant clinical value. In this sense, it is of interest to find molecules to 107 

modulate IFN activity. In order to create a simple, fast and robust assay to 108 

analyze many compounds simultaneously, four RCL have been developed to be 109 

used in a LTS or high throughput screening (HTS) assay format (Szymański et 110 

al., 2012; Martis et al., 2011; Mishra et al., 2008). HTS typically refers to a 111 

process in which a large number of chemicals are tested with high efficiency to 112 

identify biologically active small molecules as candidates for further validation in 113 

additional biological or pharmacological experiments (An and Tolliday, 2010). 114 

The four cell lines were engineered to express EGFP under the Mx2 promoter 115 

regulation and LTS assays were established. Assays for LTS require adequate 116 

sensitivity, reproducibility, and accuracy to discriminate among a large number 117 

of compounds that include the entire range of IFN activity. The Z’ factor was 118 

calculated as a characteristic parameter to define the performance of the assay 119 

(Zhang et al, 1999). Libraries composed of natural and synthetic compounds 120 

were screened through LTS assays. Fifteen hit compounds were identified and 121 

their specific properties were characterized. Cytotoxicity, mCHRs, antiviral and 122 
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antiproliferative activities, residual and reversal effects, as well as their influence 123 

on cell cycle were studied.  124 

2. Materials and Methods 125 

2.1. Cell lines 126 

WISH-Mx2/EGFP, HeLa-Mx2/EGFP, A549-Mx2/EGFP and HEp2-Mx2/EGFP 127 

RCLs were previously described (Bürgi et al., 2011; Bürgi et al., 2012). 128 

Specifically, the best clone from each RCL was employed: WISH-Mx2/EGFP 129 

(L1G3), HeLa-Mx2/EGFP (C6C3), A549-Mx2/EGFP (L2G9), HEp2-Mx2/EGFP 130 

(L1G5). Cell clones were grown and maintained in Minimal Essential Medium 131 

(MEM) -WISH-Mx2/EGFP and HEp2-Mx2/EGFP- or Dulbecco ś Modified Eagle 132 

Medium (DMEM) -HeLa-Mx2/EGFP and A549-Mx2/EGFP- supplemented with 133 

10% (v/v) fetal calf serum (FCS) and 2 mM glutamine. 134 

2.2. Interferons 135 

Recombinant human IFN-α2a (rhIFN-α2a) was obtained from Zelltek S.A. 136 

(Santa Fe, Argentina), and rhIFN-β1a (Avonex) was purchased from Biogen 137 

(USA). 138 

2.3. Libraries of compounds 139 

Natural compounds were obtained from the Department of Chemical Biology 140 

(CBIO), Helmholtz Centre for Infection Research, Germany. The collection of 141 

natural products used for screening consists of 154 compounds that had been 142 

isolated at the Helmholtz Centre for Infection Research from cultures of 143 

myxobacteria during the past 30 years (Reichenbach and Höfle, 1999).  144 

Compounds were checked for integrity and purity (>95%) by LC–MS and were 145 

seeded into a 96-well plate at a concentration of 0.5 mg/ml in DMSO. Among 146 

the 154 natural compounds studied, 5 of them proved to be highly effective in 147 
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cell culture systems. They are VioprolideB (VioB), Tubulysin I (TubI), Sulasoren 148 

(Sula), Gephyronic acid A (GepA) and Pellasoren (Pella). Structures are 149 

ilustrated in Fig.1, with the exception of Sula, since its structure has not been 150 

published yet. 151 

Synthetic compounds were obtained from the Institute of Organic Chemistry, 152 

Clausthal University of Technology, Germany. A total of 288 compounds were 153 

assayed. Compounds were available into a 96-well format at a concentration of 154 

18 mM in DMSO. Ten of the 288 synthetic compounds studied were found to be 155 

highly effective in our cell culture systems. These were P5D7, P5H10, P6C11, 156 

P6H1, P28E1, P28E9, P28F7, P28G6, P28H3 and P28H7 and their structures 157 

are depicted in Fig. 1. Their synthesis and characterization were previously 158 

described (Nechai et al., 1997; Potkin et al., 1991; Zapol śkii et al., 2012; 159 

Zapol śkii et al., 2004; Zapol śkii et al., 2015). 160 

2.4. Validation of cell line-based RGAs 161 

The most widely accepted measurement of an assay ś quality and readiness is 162 

the Z’ factor (Zhang et al., 1999; Entzeroth et al., 2009; An and Tolliday, 2010). 163 

The Z’ factor is an indicator of the quality of any given assay, and it measures 164 

the separation of a positive signal of the sample and the background control in 165 

the absence of a test compound. The Z’ factor was estimated according to Eq. 166 

(1): 167 

Z’= 1- [(3σpos+3σneg)/(|μpos-μneg|)]   (1) 168 

where μpos is the mean signal for the positive control, μneg is the mean signal for 169 

the negative control, σpos is the standard deviation for the positive control, and 170 

σneg is the standard deviation for the negative control. Negative controls were 171 

performed by adding MEM or DMEM culture medium supplemented with 2% 172 
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(v/v) FCS whichever was applicable. Positive controls were performed by 173 

incubating cells with rhIFN-α2a or rhIFN-β1a at a specific concentration which 174 

produced 50% of EGFP response for each RGA: 40 IU/ml and 12 IU/ml for 175 

WISH-Mx2/EGFP, 2.5 IU/ml (of both IFNs) for A549-Mx2/EGFP; 2.5 and 1.5 176 

IU/ml for HeLa-Mx2/EGFP and, 250 and 50 IU/ml for HEp2-Mx2/EGFP, 177 

respectively. Z’ ≥ 0.5 indicates an excellent assay while an assay with 178 

0 < Z’< 0.5 is considered marginal and may be suitable for further screening but 179 

requires optimization. Assays with Z’ < 0 are not suitable for screening 180 

(Entzeroth et al., 2009; An and Tolliday 2010). 181 

2.5. Cell-based LTS from libraries of compounds 182 

Two libraries composed of 154 natural compounds and 288 synthetic 183 

compounds each were analyzed employing the four previously developed 184 

RGAs (Bürgi et al., 2011; Bürgi et al., 2012). Assays on 96-well plates were 185 

automated. Cells were seeded into 96-well plates at 2.5 x 104 cell/well in 0.1 ml 186 

of the appropriate medium and incubated at 37ºC and 5% CO2 for 24 h. 187 

Supernatants were removed and rhIFN-α2a or rhIFN-β1a were added, as 188 

appropriate, at a potency which produces 50% of the EGFP response. For 189 

A549-Mx2/EGFP cells, 2.5 IU/ml were used for both rhIFNs, while 2.5 and 1.5 190 

IU/ml were used for HeLa-Mx2/EGFP cells, for WISH-MX2/EGFP cells 40 and 191 

12 IU/ml, and for HEp2-Mx2/EGFP cells 250 and 50 IU/ml of rhIFN-α2a and 192 

rhIFN-β1a were added, respectively. Immediately after IFN addition, 193 

compounds were added at 8 µM final concentration using a liquid handling robot 194 

Biomek® FXP Laboratory Automation Workstation (Beckman Coulter, USA). 195 

Plates were incubated at 37ºC, 5% CO2 during 24 h. Supernatants were 196 

discarded, and cells were trypsinized and properly suspended in 0.2 ml PBS to 197 
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homogeneity. The percentage of EGFP positive cells was measured using a 198 

BDTM LSR II flow cytometer (Beckton Dickinson, USA) with BDTM HTS option 199 

(Beckton Dickinson, USA) coupled for high throughput sample acquisition. BD 200 

FACSDivaTM software was used for data acquisition and FlowJo version 7.6.5 201 

software was used for data analyses. For each sample 1,000 events were 202 

collected gating on the FSC vs SCC dot plot, and a fluorescence histogram plot 203 

was used to estimate the percentage of EGFP. On each plate, 4 negative and 4 204 

positive controls were included and they were located in column 12 considering 205 

the robot provision system. Negative controls were performed by treating cells 206 

with assay medium and positive controls were performed as described above 207 

by incubating cells with the rhIFN concentration that provides a signal of 50% of 208 

EGFP response. Additionally, the sensitivity to DMSO (the solvent used to 209 

preserve the compounds in the libraries) was previously determined for each 210 

RGA. Taking this into account, the final concentration of DMSO used during the 211 

screening was significantly lower than the toxic levels determined 212 

(supplementary material).To minimize errors (false positive or negative hits) two 213 

independent screenings were performed for each combination of the RCL and 214 

the corresponding rhIFNs (rhIFN-α2a or rhIFN-β1a).  215 

2.6. Compound toxicity assay using crystal violet dye 216 

The toxicity of each compound was determined using crystal violet staining. 217 

This method is useful for the rapid detection of highly toxic compounds at 24 h. 218 

Since the dye stains viable cells, the less intensively colored cells indicate 219 

compound toxicity. Cells were seeded at 2.5 x 104 cell/well in 0.1 ml growing 220 

medium and incubated at 37ºC and 5% CO2 during 24 h. Supernatants were 221 

discarded and two-fold serial dilutions of each compound were evaluated in 222 
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triplicate. The range  of concentrations of the compounds were the following 223 

VioB 930 - 14.5 µM, TubI 100 - 1.6 µM, GepA 883 - 13.8 µM, Pella and Sula 224 

1000 - 15.6 µM and all the synthetic compounds 14 - 0.2 µM. Cells were 225 

incubated for 24 h at 37ºC and 5% CO2. The supernatants from each well were 226 

discarded and 50 μl/well of crystal violet dye was added and incubated at 37ºC 227 

and 5% CO2 for 30 min. The dye was removed and plates were washed 228 

generously with water. The plates were left to dry and the color intensity was 229 

measured using a digital camera. Untreated cells were considered as negative 230 

control. The non-toxic limit concentration was calculated as the highest 231 

concentration of compound which produced the same color intensity than that of 232 

the negative control. These concentrations were then used for further 233 

characterization of compounds. 234 

2.7. mCHR 235 

The minimal concentration of each compound that provides the highest 236 

response to modulate IFN activity is defined as the lowest concentration that 237 

provides the highest modulation of EGFP read-out. This concentration was 238 

evaluated by RGA following the protocol described above. Two-fold serial 239 

dilutions from each compound were tested in triplicate in the presence of the 240 

described rhIFN potency. The following controls were also included in triplicate: 241 

positive control (C+, IFN-treated cells), negative control (C-, untreated cells) and 242 

compound control (CC, cells treated only with the corresponding compound at 243 

its mCHR). The EGFP percentage from each sample was measured according 244 

to the procedure described above. 245 

2.8. Analysis of temporal action using the WISH cell-derived RGA 246 



 

11 

 

 

An assay was used to analyze if a compound’s effect persists even after the 247 

compound is removed from the system. Therefore, IFN was added at different 248 

times after compound incubation and removal, and the residual effect of the 249 

compounds was characterized. To accomplish the temporal action of 250 

compounds, WISH-Mx2/EGFP reporter cells were seeded in 96-well plates 251 

(2.5 x 104 cells/well) and incubated during 24 h at 37ºC with 5% CO2. 252 

Supernatants were discarded and the compounds were added at their 253 

previously defined mCHR (prepared in MEM medium supplemented with 2% 254 

(v/v) FCS). After 1 h of incubation, compounds were removed, and each well 255 

was washed twice with culture medium. rhIFN-β1a (12 IU/ml) was added at 0, 1, 256 

2 or 3 h after washing. IFN-treated cells were further incubated for 24 h. Finally, 257 

cells were detached by using trypsine and correctly resuspended in 0.2 ml of 258 

PBS. Then, EGFP expression was determined. In this assay, controls were also 259 

included in triplicate as follows: IFN+C: co-incubation control (cells treated with 260 

IFN plus compound during the same time); C+: positive control (IFN-treated 261 

cells); C-: negative control (cells without treatment) and CC: compound control 262 

(cells treated with the corresponding compound at its mCHR). For statistic 263 

validation the ANOVA test followed by Tukey’s multiple comparison test was 264 

employed. 265 

2.9. Analysis of compound effect after IFN activation using the WISH 266 

cell-derived RGA 267 

IFNs bind their specific receptor to start the activation pathway through which 268 

they develop their biological activity. That pathway concludes in the cell nucleus 269 

with the induction of a set of immediate-early response genes.  270 
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After triggering the IFN pathway, the effect of different compounds was 271 

evaluated by adding them at different times post cytokine incubation using 272 

WISH cell based-RGA. For that, WISH-Mx2/EGFP reporter cells were seeded in 273 

96-well plates (2.5 x 104 cells/well) and incubated during 24 h at 37ºC with 5% 274 

CO2. Supernatants were discarded and rhIFN-β1a was added, at a 275 

concentration of 12 IU/ml in MEM medium supplemented with 2% FCS. 276 

rhIFN-β1a was incubated during 1, 2 or 3 h in different wells at 37ºC with 5% 277 

CO2. After IFN incubations, compounds were added at their mCHRs without 278 

removing the rhIFN-β1a. Cells were incubated during 24 h at 37ºC with 5% 279 

CO2. Cells were trypsinized, carefully suspended in 0.2 ml PBS and then EGFP 280 

expression was measured. In addition, the following controls were included: 281 

IFN+C: co-incubation control (cells treated with IFN plus compound at the same 282 

time); C+: positive control (IFN-treated cells); C-: negative control (cells without 283 

treatment) and CC: compound control (cells treated with the corresponding 284 

compound at its mCHR). For statistic validation the ANOVA test followed by 285 

Tukey’s multiple comparison test was employed. 286 

2.10. Antiviral activity assay (AVA) 287 

The antiviral activity of IFNs-I in the presence of different compounds was 288 

estimated by the protective effect on WISH cells infected with vesicular 289 

stomatitis virus (VSV) following the recommendation of the European 290 

Pharmacopeia (2009) and compared to antiviral activity of IFN standards 291 

without the addition of compounds. WISH cells were seeded at 292 

2.5 x 104 cells/well in 96-well plates and incubated 24 h at 37ºC with 5% CO2. 293 

After removing supernatants, references and samples were added. As 294 

references, rhIFN-β1a and rhIFN-α2a were used in a range from 5 to 0.16 IU/ml 295 
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and from 25 to 0.78 IU/ml, respectively, performing six two-fold serial dilutions. 296 

Samples were prepared employing the respective concentrations of rhIFN used 297 

in the standard curve plus the compound at a concentration corresponding to its 298 

mCHR. After 6 h of incubation, VSV was added. Virus replication was allowed 299 

to proceed until the cytopathic effect was clearly observable in control wells with 300 

no IFN added (cytopathic effect control). An incubation time of 18-20 h at 37ºC 301 

with 5% CO2 was needed to reach this effect. The medium was discarded and 302 

cells were fixed and stained simultaneously with a solution of 0.75% (w/v) 303 

crystal violet in 40% (v/v) methanol. After 10 min, plates were washed with 304 

water and the remaining dye was solubilized in 20% (v/v) acetic acid. Plates 305 

were read at 540 nm with a microtiter plate reader and the signal intensity of 306 

each dilution was reported as the mean of the absorbance measured in 307 

triplicate. Controls were carried out assaying cells without IFN (cytopathic effect 308 

control) or without IFN and virus (cellular control). 309 

2.11. Antiproliferative activity assay (APA) 310 

WISH-Mx2/EGFP cells were seeded (6.25 x 102 cells/well) and simultaneously 311 

incubated with rhIFN-β1a or rhIFN-α2a plus the selected compounds in MEM 312 

medium supplemented with 10% (v/v) FCS during 96 h at 37ºC, 5% CO2. IFN 313 

standard curves were performed using six two-fold serial dilutions, from 1,200 to 314 

37.5 IU/ml for rhIFN-β1a and from 12,000 to 375 IU/ml for rhIFN-α2a. Each 315 

compound was evaluated at its mCHR defined in the previous assays. Cell 316 

proliferation was determined using a Cell Titer 96 Aqueous Non-Radioactive 317 

Cell Proliferation Assay (Promega, USA). The colorimetric reaction proceeded 318 

during 3 h at 37ºC, 5% CO2 and the plate was read at 492 nm with a microplate 319 

reader using 600 nm as reference absorbance. The assay was reproduced in 320 
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triplicate. The following controls were included: proliferation control (untreated 321 

cells) and compound control (cells treated only with compound). 322 

2.12. Analysis of compound effect using a validated murine RCL (NIH3T3 323 

IRF7-mCherry) 324 

In order to analyze the selectivity and specificity of the new RCL to detect 325 

compounds that function as inhibitors or enhancers of the IFN-I activity, 326 

compounds were studied using a murine RCL (NIH3T3 IRF7-mCherry). The 327 

assay was carried out essentially following the procedure summarized by Rand 328 

et al., (2012). Thus, cells were seeded (5 x 105 cell/well) in 12-well plates in 329 

DMEM medium supplemented with 10 % (v/v) FCS and incubated during 24 h 330 

at 37ºC, 5% CO2. Supernatants were removed and samples were added in 331 

DMEM medium supplemented with 2% (v/v) FCS. Each compound was 332 

evaluated using its mCHR and incubated in the presence of mIFN (1,000 U/ml). 333 

Some pictures were captured using a confocal fluorescence microscope at 334 

different time’s “post-incubation” with mIFN and the compound (40, 160 and 335 

1,360 minutes). The following controls were assayed: negative control (cells 336 

without treatment), positive controls (cells only treated with mIFN) and 337 

compound control (cells only treated with the corresponding compound at its 338 

mCHR).  339 

2.13. Cell cycle analysis 340 

In addition to the AVA and APA, cell cycle analysis was performed only with 341 

WISH-Mx2/EGFP cells. The cells were seeded in 12-well plates 342 

(5 x 105 cell/well) in MEM medium supplemented with 10% (v/v) FCS and 343 

incubated during 24 h at 37ºC, 5% CO2. Supernatants were removed and 344 

samples were added in MEM medium supplemented with 2% (v/v) FCS and 345 
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incubated during 24 h at 37ºC, 5% CO2. Each compound was evaluated using 346 

its mCHR and incubated in the presence of rhIFN-α2a (60 IU/ml) or rhIFN-β1a 347 

(20 IU/ml). The following controls were included: cells incubated with each 348 

compound (CC), cells without any treatment (CWT), and cells treated only with 349 

each cytokine (rhIFN-α2a and rhIFN-β1a). Samples and controls were run in 350 

triplicate. For cell cycle distribution, cells were fixed by dripping in 70% (v/v) 351 

ethanol and incubating for 30 min at 4ºC.  Fixed cells were centrifuged, counted 352 

and diluted to 1 x 106 cell/ml final cell density in PBS-EDTA 2 mM. After that, 353 

cells were filtered using a 0.45 µm filters to remove cell aggregates. Propidium 354 

iodide (PI) was used as an intercalating dye. Cells were stained with a solution 355 

containing 50 μg/ml RNAseA (Sigma-Aldrich, USA) and 50 μg/ml PI (Invitrogen, 356 

USA) in PBS for at least 1 h in the dark at 37°C. The DNA content was 357 

analyzed by flow cytometry employing a CyAnTM ADP Analyzer (Beckman 358 

Coulter, USA) equipped with 488 nm emitting laser. The acquisition rate was 359 

adjusted to 80-120 events per second. Summit v3.4. software was used for data 360 

collection. For each sample at least 20,000 total cells were recorded. Doublets 361 

and cellular debris were discarded from analyses. Cell cycle phase distribution 362 

(G1, G2-M and S) was obtained employing FlowjoTM v7.6.5 software with the 363 

cell cycle analyses package. Data were exported and statistic treatment were 364 

applied by using Prism 5.0 software (GraphPad software) between cell cycle 365 

phases obtained from compound plus IFN-treated cells and the control situation 366 

(cells treated only with IFN). 367 

2.14. Statistical analysis 368 

All experiments were performed in triplicates and the mean values with 369 

standard errors were calculated. ANOVA test followed by the corresponding 370 
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non-parametric test were applied for all data using Graph Pad Prism version 371 

5.0. The proper non-parametric test is indicated in each section where it was 372 

used.  373 

3. RESULTS AND DISCUSSION 374 

3.1. Validation of cell line-based RGAs  375 

For cell based assays previously optimized RGAs were used. WISH-Mx2/EGFP 376 

was the first RCL developed to measure rhIFNs-I biological activity. This system 377 

requires the use of a standardized cell line (WISH cells) - suggested by 378 

Pharmacopoeia (European Pharmacopeia, 2009) to be used for human IFN-β 379 

potency analysis- and the simultaneous use of the sensitive reporter gene 380 

eGFP. Since several advantages were demonstrated by this RGA when 381 

compared to the antiviral activity assay and other reporter systems (Bürgi et al., 382 

2011), a set of new human reporter cell lines derived from different tissues were 383 

developed. These RGAs were designed aiming to evaluate how IFNs induce 384 

their actions throughout the human body and, in addition, to analyze and 385 

identify several compounds that potentially modulate IFN activity. Therefore, the 386 

following cell lines were also used to develop new RGAs (Bürgi et al., 2012): 387 

A549 (lung cancer cells), HEp-2 (epidermoid larynx carcinoma cells) and HeLa 388 

(cervical adenocarcinoma cells). 389 

In an attempt to validate the RCLs in LTS approaches, several replicates of 390 

positive and negative controls were run. The negative control represents the 391 

background of the assay whilst the positive control reflects the IFNs-induced 392 

response. Controls were assayed in quadruplicates and four independent 393 

experiments were carried out in order to assess the reproducibility parameter 394 

and the signal variation at the two extremes of the activity range. The data 395 
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obtained from these controls was used to determine the limits of the assay, 396 

aiming to detect compounds that exert a positive or negative effect on the 397 

cytokine response.  398 

IFNs-derived RGAs showed Z‘ values higher than 0.7 (Table 1). A general 399 

consideration establishes that the Z‘ factor should be higher than 0.5 in order to 400 

accept an assay as appropriate to employ in LTS format. Our data 401 

demonstrates the validity for LTS analysis and reflect the high degree of 402 

readiness and aptitude of the assay to identify active compounds. This also 403 

ensures that the assay format has been properly implemented and that the 404 

assay shows sufficient dynamic range and acceptable signal variability to 405 

provide useful data (Zhang et al., 1999).  406 

3.2. Cell-based LTS from libraries of compounds using the validated 407 

RGAs 408 

In general, the purpose of screening compounds is to search for “hits” or 409 

primary active compounds that exhibit non-promiscuous behavior and exceed a 410 

threshold value in a given assay. Each compound was tested in order to 411 

determine its effects on IFN response using the four cell line-derived RGAs. The 412 

EGFP fluorescence values obtained from each one were compared to a cut-off 413 

value or threshold (Brideau et al., 2003). Upper and lower threshold values were 414 

calculated as means of the positive control plus or minus three times their 415 

standard deviation with a confidence limit of 99.73%. Fig. 2A, shows an 416 

example of the screening of natural compounds using the 4 RCL by activating 417 

the system with rhIFN-β1a. Hits were identified by calculating threshold values 418 

of positive controls and applying hit selection criteria; e.g., a compound was 419 

registered as a hit when it showed a compound signal > μpos + 3σpos or < μpos - 420 
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3σpos, where μpos and σpos stand for the mean of positive controls and the 421 

corresponding standard deviation, respectively. Since replicates reduce the 422 

number of false negatives without increasing the number of false positives, 423 

compounds were re-evaluated in a second screening. A compound was 424 

confirmed as a hit if both replicates showed the previously defined criteria. 425 

Taking the previous information into account, a subset of 442 compounds was 426 

analyzed (from libraries of natural and synthetic origin). The natural library was 427 

completely analyzed because its size admitted a thorough study (154 428 

compounds). For the synthetic library, with 10,000 compounds, a pre-screening 429 

was carried out using a HeLa-MxLuciferase RGA performed by the owner of the 430 

library. This pre-screening allowed the selection of a lower number of 431 

compounds to be tested by the RGA developed. To determine their effects, 432 

data was compared to a cut-off value defined as previously explained. All the 433 

RGAs allowed the successful identification of compounds showing a positive or 434 

a negative effect to modulate IFN activity. Compounds that exceeded the upper 435 

threshold were considered potential enhancers of IFN activity. They showed 436 

EGFP values higher than that of the positive control in accordance to a higher 437 

activation of the specific Mx2 promoter. On the contrary, compounds exhibiting 438 

EGFP values lower than that of the inferior cut-off were designated as putative 439 

inhibitors of IFN activity. These compounds showed less activation of EGFP 440 

expression. Fig. 2B summarizes the percentage of hit rate from each library, 441 

which was calculated for every reporter cell line in the presence of rhIFN-α2a or 442 

rhIFN-β1a. In addition, for both types of IFNs, the WISH cell-based RGA 443 

identified the highest number of responding compounds: 54 from the natural 444 

library and 115 from the synthetic library. HeLa, Hep2 and A549 cell-based 445 
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RGA identified 37, 29 and 28 compounds from the natural library and 63, 86 446 

and 63 from the synthetic library, respectively (data not shown). Differences 447 

between RGA performances are probably due to particular characteristics of 448 

each cell line and they may be related to their susceptibility to the compounds. 449 

Furthermore, 21 compounds from the natural library and 40 compounds from 450 

the synthetic library showed to equally modulate both rhIFN activities through 451 

the four RGAs assayed.  452 

Furthermore, it is important to highlight that the extremely high hit rates 453 

achieved with our RGAs could be explained by the fact that the compounds 454 

herein screened are a subset from larger libraries that were previously screened 455 

by another reporter systems (Bollati-Fogolín and Müller, 2005; Seo et al., 2009). 456 

In addition, the information about the families of compounds provided by the 457 

library’s holders was taken into account for the selection of the subset of 458 

compounds that were further screened (data not shown). 459 

Considering those compounds that showed reproducible higher responses 460 

along the screening by employing the four RCL and both rhIFNs, five natural 461 

and ten synthetic compounds were selected and further characterized for 462 

biological properties regarding their effect on IFN ś potency. Fourteen from 463 

those fifteen selected compounds were inhibitors (VioB, Sula, GepA and Pella 464 

from the natural library and P5D7, P5H10, P6C11, P6H1, P28E1, P28E9, 465 

P28F7, P28G6, P28H3 and P28H7 from the synthetic library); the remaining 466 

one was an enhancer (TubI from the natural library). TubI has been reported to 467 

be a strong inhibitor of tubulin polymerization (Khalil et al., 2006) and GepA was 468 

described as a potent inhibitor of eukaryotic protein synthesis (Sasse et al., 469 

1995), while the actions of the remaining natural products are not known. On 470 
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the other hand, the biological activities of the compounds selected from the 471 

synthetic library were herein described for the first time and, for that reason, 472 

their action modes were not known yet. 473 

To confirm the selectivity and specificity of the new RCL to detect compounds 474 

that function as inhibitors or enhancers of IFN-I activity, the effect of the 15 475 

selected compounds was studied using a murine RCL (NIH3T3 IRF7-mCherry). 476 

In these cells, the IRF7 promoter is activated after murine IFNs-I incubation and 477 

consequently, mCherry expression is induced (Rand et al., 2012). By means of 478 

this system, Tub I plus IFN-I-treated cells showed a higher percentage of 479 

mCherry expression than cells treated only with IFN-I while the inhibitor 480 

compounds did not evidence mCherry expression (data not shown). Because 481 

NIH3T3 IRF7-mCherry is a murine model and the promoter IRF7 is an ISG 482 

different to Mx2, the effects of the compounds on the new human RCL were 483 

validated, allowing to confirm their modulator action on IFN-I activity. In addition, 484 

the ability of these compounds to modulate IFNs-I activity was evaluated by 485 

using another reporter system which employs a different reporter protein: 486 

luciferase instead of EGFP (Seo et al., 2009). Consequently, the same results 487 

were obtained through this RGA. A table providing this information was added 488 

as supplementary data. Finally, the effect of the selected compounds was 489 

assayed on a cell line that constitutively expresses the reporter protein EGFP 490 

with the purpose of evidencing fluorescent artifacts. None of them showed any 491 

differences in the EGFP expression levels. Therefore, different assays 492 

contributed with evidence that supported the concept of compound specificity.  493 

3.3. Compound cytotoxicity and mCHR evaluation 494 
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The cytotoxicity and mCHR of the “active” compounds, the 15 primarily 495 

identified as hits, were evaluated. Toxicity is the inherent capacity of each 496 

chemical to produce negative effects in cell cultures and consequently in living 497 

organisms. The toxicity of each compound should be determined early and 498 

particularly for each cell line, given that cell susceptibly could be different 499 

according to the cell line characteristics. In order to determine the non toxic limit 500 

concentration, each RCL was incubated with serial dilutions of compounds and 501 

compared with non-treated cell cultures (negative control). Thus, the non-toxic 502 

limit concentration was calculated as the maximum concentration of compound 503 

which produced the same color intensity as the negative control. Only TubI 504 

showed a toxic effect at concentrations higher than 10 µM, while the remaining 505 

compounds did not show toxic effects for the studied dilutions. 506 

Additionally, the mCHR of each selected compound was studied evaluating 507 

seven two-fold serial dilutions of each compound for the four RGAs. The mCHR 508 

was calculated as the minimal concentration of each compound that produces 509 

the highest response, that is to say, the enhancement effect (above µpos + 3σ) 510 

or inhibition effect (beyond µpos - 3σ) produced on IFN activity. 511 

All the synthetic compounds demonstrated the highest modulator effect at the 512 

same concentration of 12.5 μM. Meanwhile the mCHRs from the natural 513 

compounds were different (VioB: 900 µM; TubI: 10 µM; SuLa and 514 

Pella: 1,000 µM; GepA: 400 µM), with TubI exhibiting a rather low concentration 515 

to obtain the optimal response. 516 
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Taking into consideration the complete set of selected compounds, only TubI 517 

was able to increase the rhIFNs activity while the others decreased or inhibited 518 

it. 519 

3.4. Characterization of the hits 520 

3.4.1. Analysis of their temporal action using the WISH cell-derived RGA 521 

The temporal action of compounds was analyzed taking into account their 522 

residual effects after removing them from the cell culture medium. To 523 

accomplish that, IFN was added at different times after 1h compound incubation 524 

and removal, and the residual effect duration was investigated. This study 525 

allows hypothesizing about the mode of action of the compound and its 526 

behavior in further in vivo analysis.  527 

All selected natural compounds, with exception of VioB, maintained their effects 528 

on IFN activity after their removal from the incubation media. However, they 529 

showed different residual activity, e.g., Tubl, Sula and Pella exhibited the 530 

highest residual response, prolonging their effect even when the rhIFN was 531 

added 3 h after removing the compound (see Fig. 3, at 3h). This result suggests 532 

that these compounds would preserve their effects on IFNs activity over time. 533 

From the synthetic compounds, different activities could be found. P28E1 and 534 

P28G6 showed a long-lasting inhibitory effect on IFN activity like Sula and 535 

Pella. P28H3 and P28H7 did not present residual effects, just like VioB. The 536 

rest of the synthetic compounds exhibited residual effect only for some 537 

conditions and not as strong as the one exerted by P28E1 or P28G6. 538 

In summary, most of the compounds had the property to preserve their 539 

modulating action on IFN activity despite removal from the culture media. Also, 540 

natural compounds exhibited stronger actions than synthetic compounds 541 
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(Fig. 3). These results confirm the persistence and stability of the compounds 542 

enhancing and inhibitory effects in order to determine the best conditions to be 543 

used in future applications. 544 

Additionally, it is worth noting that a 1 h incubation period is enough to achieve 545 

the modulator effect of the compounds on IFN activity.  546 

3.4.2. Analysis of compound effect after IFN activation using the WISH 547 

cell-derived RGA 548 

Specific binding between IFN and its receptor in the cell surface results in 549 

activation of STAT proteins through their phophorylation which is necessary to 550 

constitute a complex of proteins able to penetrate the nucleus and associate 551 

with regions of genes that initiate or enhance gene transcription: ISRE 552 

(IFN-sensitive response elements) (Billiau, 2006). Through the induction of a set 553 

of immediate-early response genes, like the Mx2 promoter, IFNs mediate their 554 

biological response (Mowen and David, 2000). Considering that information, the 555 

ability of inhibitor/enhancer compounds to reverse/augment the biological 556 

activity of the cytokine was evaluated using WISH-Mx2/EGFP RGA after 557 

triggering the cytokine action for 1, 2, or 3 h.  558 

Natural compounds: VioB, Sula, GepA and Pella, as well as synthetic 559 

compounds: P5D7, P6C11, P28E1, P28E9, P28F7, P28G6, and P28H7 showed 560 

the capacity to revert the IFN activation pathway. Providing that all these 561 

compounds are inhibitors of IFN activity, the effect of reversal was observed as 562 

a reduced EGFP expression.  563 

Furthermore, the reverse action was truly significant considering that IFN was 564 

not removed from the cultures, and that the effect was observed even when the 565 

compounds were added 3 h after IFN incubation (Fig. 3–RvE action). 566 
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Particularly, TubI demonstrated a higher enhancement action when it was 567 

added 1 and 2 h later than the cytokine (Fig. 3–EnE action). 568 

The remaining synthetic compounds (P6H1 and P28H3) also showed the 569 

capacity to revert the activated IFN pathway; however, effect was weaker than 570 

that of the above mentioned compounds. Therefore, this analysis allowed us to 571 

demonstrate that all inhibitor compounds were able to block IFN signaling in a 572 

cellular system that had adjusted to the harsh effects of IFN induction, and 573 

provided evidence of the ability of these molecules to reverse IFN-induced 574 

effects. Also, in the case of the enhancer molecule, the action of IFN was 575 

notably increased. 576 

3.4.3. Compound effects on hIFN-I antiviral and antiproliferative activity  577 

IFNs-I (mainly IFNs α/β) are essential anti-viral cytokines produced in response 578 

to the detection of viral components by host pattern recognition receptors 579 

(Lopez and Hermesh, 2011). This is why the biological activity of IFNs is often 580 

quantified by an AVA based on its capability of inducing an antiviral state in 581 

target cells (Kugel et al., 2011; Meager, 2003). 582 

IFNs-I are also important cytokines because of their antiproliferative activity, 583 

they inhibit the proliferation of both diploid and transformed human cells in vitro 584 

(Borden et al., 1982). 585 

To further validate the effects of compounds selected by RGA on hIFN-I 586 

biological activity, each of the 15 primary hits was subjected to AVA and APA 587 

procedures using the WISH-Mx2/EGFP and the parental WISH cell lines. As no 588 

differences were observed during quantitation of IFN activity by AVA or APA 589 

procedures using the parental or reporter cell lines (Bürgi et al., 2012), the 590 

following results are shown considering the experiments using 591 
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WISH-Mx2/EGFP. Thus, dose-response activities of hIFNs-I (α and β) were 592 

measured in the presence of the mCHRs of all 15 compounds (Table 2). 593 

The biological action of compounds on IFN antiviral activity was evaluated in 594 

AVA experiments. The N* value was calculated for each compound. N* 595 

representing the ratio between the antiviral activity of rhIFNs plus a given 596 

compound and the antiviral activity of rhIFNs control. Those compounds 597 

showing an N* value higher than 1 represent an antiviral increasing response 598 

while those exhibiting an N* value lower than 1 have an antiviral decreasing 599 

response. The compounds VioB, GepA, P5D7, P6C11, P28E1, P28F7 and 600 

P28G6 showed the same behavior demonstrated by RGA, decreasing the 601 

antiviral activity of both rhIFNs. The remaining compounds did not show any 602 

effect on AVA.  603 

TubI showed a particular response. Although it was classified by RGA as an 604 

enhancer of IFN activity, it showed an inhibitory action during AVA. This was 605 

evidenced when TubI-treated cells were analyzed by microscopy. Detached 606 

cells that preserved a good viability were observed. TubI obviously affected 607 

structures involved in the surface adhesion and, as a consequence, cells 608 

detached from the substrate showing similar morphology to suspension cells. 609 

This might be connected to the well-known disrupting effect of tubulysin on the 610 

microtubular cytoskeleton (Sasse et al., 2000). 611 

The biological action of compounds on IFN antiproliferative activity was 612 

evaluated in APA experiments. Table 2 shows the effect of each compound on 613 

APA expressed as an increase, a decrease, or having a non-significant effect 614 

(NSE). The N* value was calculated for each compound, N* representing the 615 

ratio between the antiproliferative activity of a given compound plus rhIFNs and 616 
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the antiproliferative activity of rhIFNs control. Compounds showing an N* value 617 

higher than 1 represent a proliferation increasing response while those 618 

exhibiting an N* value lower than 1 have a proliferation decreasing response. 619 

An enhancing response was shown by TubI. The opposite effect was observed 620 

for VioB, GepA, Pella, P6C11, and P28H3. These results are consistent with the 621 

results obtained by RGA and AVA. Interestingly, some compounds showed 622 

NSE on proliferation, while inhibiting RGA. The discrepancy between the RGA, 623 

AVA and APA could be attributed mainly to different mechanisms of action of 624 

those compounds that make them potentially worthy for the modulation of in 625 

vivo IFN activity, e.g. GepA. 626 

3.4.4. Action of compounds on cell cycle 627 

The effect of selected compounds on cell cycle phase distribution was analyzed 628 

using the WISH-Mx2/EGFP cell line. Cell cycle phase distribution (G1, G2-M 629 

and S) was obtained as mentioned in the Materials and Methods section. In 630 

addition, the subG1 peak was analyzed as an indicator of possible apoptosis. 631 

Cell cycle phases obtained from cultures treated with IFN and compounds were 632 

compared with cell cycle phases obtained from cultures only treated with IFN 633 

(IFNs control), cultures only treated with each compound (CC- compound 634 

control) and cultures without treatment (CWT-negative control).  635 

Compounds P5D7, P6H1, P28E1 and P28E9 did not alter the cell cycle (data 636 

not shown). Other compounds, such as VioB, SuLa, GepA, Pella, P5H10, 637 

P28G6 and P28H3, showed differences with respect to the controls, but they 638 

did not exhibit differences when they were co-incubated with IFNs. Interestingly, 639 

TubI, P6C11, P28F7 and P28H7 exhibited differences when they were 640 

compared to IFNs controls but also when the correlation was made between the 641 
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compound control and cultures treated with IFN plus the corresponding 642 

compound. Fig. 4A summarizes the observed effects. The combination of 643 

P6C11 with both IFNs caused a decrease in the percentage of cells in each 644 

phase of the cycle, at the expense of an increased subG1 peak which is 645 

indicative of an apoptotic process (Fig.  4B). The most striking effect was 646 

induced by TubI, an identified inhibitor of microtubule polymerization (Khalil et 647 

al., 2006). As recently described by Murray et al 2015, Tubulysins are a family 648 

of antimitotic tetrapeptides isolated from myxobacteria reported by Sasse and 649 

co-workers in 2000. They have potent antiproliferative activity against human 650 

cancer cells, including drug-resistant cells. It was quickly established that the 651 

mechanism of action of tubulysins is the inhibition of the polymerization of the 652 

cytoskeletal protein tubulin and the induction of apoptosis. A G2/M delay is 653 

typical for compounds that interfere with spindle formation (Fig. 4B). Therefore, 654 

since IFNs have antiproliferative and anti-tumoral activity, it is likely that Tub 655 

might act in combination with type I IFNs to potentiate antiproliferative and 656 

antitumoral responses. In this work, the combination of TubI with rhIFN-α2a or 657 

rhIFN-β1a was analyzed using different assays as antiproliferative activity assay 658 

and cell cycle analyses, demonstrating the above-mentioned potentiation effect. 659 

In contrast, P28H7 showed differences only when cells were treated in 660 

combination with rhIFN-β1a, reducing the percentage of cells in S and G2-M 661 

phases, while augmenting the subG1 proportion (31%). Similar results were 662 

obtained when cells were exposed to P28F7 but the increase in the subG1 peak 663 

was not so pronounced (13%). 664 

Analyzing the results herein obtained for TubI, P6C11, P28F7 and P28H7 and 665 

comparing them to those obtained by RGA, AVA and APA assays (Table 2) it 666 
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could be evidenced that these compounds were identified as modulators of IFN 667 

activity through RGA. Nevertheless, these compounds showed different 668 

responses when they were studied by AVA and APA assays. In the case of 669 

TubI, its effect on IFN activity was not well evidenced by AVA because this 670 

compound acted in cells detaching from the culture surface and, thus, the assay 671 

could not be carried out. When P6C11 was investigated by APA, a NSE was 672 

observed when it was co-incubated with rhIFN-α2a or rhIFN-β1a. Finally, 673 

neither P28F7 nor P28H7 showed any effect on APA when combined with IFN. 674 

Furthermore, P28H7 showed NSE on IFN activity on AVA. 675 

Considering the above results, TubI, P6C11, P28F7 and P28H7 compounds 676 

that were identified by RGA and later by cell cycle analysis, would have been 677 

discarded if the screening had been carried out with the usual assays (APA 678 

and/or AVA). 679 

4. CONCLUSIONS 680 

Considering that IFNs are central molecules with pharmacological or 681 

pathological actions that have to be differentially managed, this work provides 682 

the foundation to understand how to proceed in the selection of compounds that 683 

could be useful either to improve or to overcome the above mentioned effects.   684 

Therefore, novel RGAs that had been previously developed were satisfactorily 685 

used as biological tools to screen and characterize several compounds from 686 

natural and synthetic libraries. These assays gave consistent results in a short 687 

period of time using an excellent and safer methodology than those routinely 688 

used, such as the AVA procedures.  689 

Therefore, by using RGAs in a LTS approach with 442 compounds, some 690 

promising candidates that inhibit rhIFN activity were found. Two of them were 691 
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from natural origin (VioB and GepA) and three were from synthetic origin 692 

(P6C11, P28F7 and P28H7).  693 

Furthermore, TubI, a compound that interferes with microtubule formation was 694 

identified as a candidate that enhances rhIFN activity. In addition, its positive 695 

effect is long-lasting, suggesting that TubI acts as a primer. Such priming is well 696 

known in the IFN system. Primers induce one of the key signaling compounds 697 

or change epigenetic behavior in the cell, and consequently induce a 698 

long-lasting action on IFN-enhancing effect. 699 

In conclusion, the IFN-I enhancer or IFN-I inhibitors described herein are 700 

valuable starting points to design more potent derivatives in order to obtain 701 

highly active substances and modulate the dual clinic effect of these cytokines.  702 
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Table and figure legends 840 

Table 1: Z  ́factor calculated for each RGA. 841 

Z  ́factor was estimated for each RCL in triplicate as: 842 

Z =́ 1- [(3σpos+3σneg)/(|μpos-μneg|)]  where μpos is the mean signal for the 843 

positive control, μneg is the mean signal for the negative control, σpos is the 844 

standard deviation for positive control, and σneg is the standard deviation for the 845 

negative control. 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

Table 2: Modulator effect from natural and synthetic compounds on IFN 854 

activity measured by RGA, APA and AVA assays. 855 

The responses obtained from the compounds plus IFN and the response from 856 

the IFN control were compared in every case. The N* value was calculated as 857 

follows: 858 

N*:  activity (RGA/AVA/APA) ratio of a given compound plus rhIFN-α2a or 859 

rhIFN-β1a and the activity (RGA/AVA/APA) of rhIFN-α2a or rhIFN-β1a control.  860 

Values higher than 1 represent an increase of the IFN biological activity and 861 

values lower than 1 account for a decrease of it. 862 

ND: not determined 863 

RGA 

Z  ́Factor 

rhIFN- α2a rhIFN- β1a 

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 
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The effect of TubI on IFN activity measured by AVA could not be determined 864 

through this assay because this compound detached the cells from the 865 

substrate. 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

Fig. 1: Chemical structures of the most active natural and synthetic 881 

compounds. 882 

The natural compounds (Vio B, Tub I, Pella A, Gep A) are shown on the left and 883 

the synthetic compounds (P5D7, P5H10, P6C11, P28H3, P28G6, P28F7, 884 

P6H1, P28E9, P28E1, P28H7) on the right.  885 

Fig. 2: Library screening using different RGAs induced by rhIFN. 886 

A- The library of natural compound was screened through the 4 RGAs and 887 

induced with rhIFN β1a at potency that produce 50% EGFP response. The 888 

N* 

 

 
Name 

 
 

RGA AVA APA 

rhIFN-α2a rhIFN-β1a rhIFN-α2a rhIFN-β1a rhIFN-α2a rhIFN-β1a 

Natural 
compounds 

VioB 0.1 0.1 0.6 0.5 0.6 0.6 

TubI 1.5 1.4 ND ND NSE 1.4 

Sula 0.6 0.5 NSE NSE NSE NSE 

GepA 0.1 0.1 0.4 0.3 0.9 NSE 

Pella 0.5 0.4 NSE NSE NSE 0.6 

Synthetic 
compounds 

P5D7 0.7 0.7 0.9 0.8 NSE NSE 

P5H10 0.9 0.9 NSE NSE NSE NSE 

P6H1 0.9 0.9 NSE NSE NSE NSE 

P6C11 0.6 0.5 0.7 0.7 0.9 NSE 

P28E1 0.8 0.7 0.9 0.9 NSE NSE 

P28E9 0.9 0.7 NSE NSE NSE NSE 

P28F7 0.7 0.5 0.7 0.6 NSE NSE 

P28G6 0.7 0.6 0.7 0.6 NSE NSE 

P28H3 0.8 0.8 NSE NSE 0.8 0.8 

P28H7 0.9 0.9 NSE NSE NSE NSE 
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continuous black line represents the mean signal of positive controls, the dot 889 

lines represent the upper and lower threshold values (mean signal of positive 890 

controls plus or minus standard deviation, respectively) and the dash lines 891 

represent the mean signal of the negative controls.   892 

B- Percentage of responding compounds (hits) from the natural or the synthetic 893 

libraries that were analyzed by RCL after their induction with rhIFN-α2a or 894 

rhIFN-β1a. (*) Represents the percentages of hits that showed the same 895 

behavior when rhIFN-α2a or rhIFN-β1b were individually used to induce each 896 

RCLs or all of them. 897 

Fig. 3: Analysis of temporal action of compounds and its effect after IFN 898 

activation using the WISH cell-based RGA. 899 

IFN+C: co-incubation control; C+: positive control; C-: negative control; CC-: 900 

compound control. RsE (residual effect): compounds were incubated for 1 h and 901 

then rhIFN-β1a (12 IU/ml) was added at 0, 1, 2 or 3 h after washing the plates. 902 

RvE (reversal effect) and EnE (enhanced effect): after rhIFN-β1a (12 IU/ml) 903 

incubation during 1, 2 or 3 h, compounds were added at their mCHRs without 904 

removing the cytokine. After treatments, the %EGFP was determined and 905 

plotted as a function of the conditions tested (horizontal axis). 906 

*, **,***: statistics indicate the degree of significance in relation to the positive 907 

control assay, corresponding to p < 0.1; p < 0.01 and p < 0.001, respectively . 908 

ANOVA statistical test followed by Tukey ś post- test was applied. 909 

Fig. 4: Effect of natural and synthetic selected compounds on cell cycle 910 

phase distribution. 911 

Left panel- The behavior from Tub I, P6C11, P28F7 and P28H7 was analyzed 912 

over the cell cycle phases by flow cytometry with FlowJo cell cycle analysis 913 
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software application. The percentage of cells in each cell cycle phase (Sub G1, 914 

G0/G1, S, G2/M) was calculated from every assayed condition and compared. 915 

CWT: cells without treatment, CC: compound control, rhIFN-α2a or rhIFN-β1a: 916 

only rhIFN treatments, rhIFN-α2a/ rhIFN-β1a plus TubI, P6C11, P28F7 or 917 

P28H7; compound plus rhIFN treatment. 918 

Right panel- The effect of P6C11 (synthetic compound) and TubI (natural 919 

compound) on the cell cycle of WISH-Mx2/EGFP cells was analyzed in 920 

combination with rhIFN-α2a and rhIFN-β1a, and compared to the corresponding 921 

controls. 922 

Histogram plot represents the frequencies (%) of each cell cycle phase (sub G1 923 

peak, G1, S, G2/M) at the studied conditions. A1: Control without treatment; B1: 924 

rhIFN-α2a control; C1: rhIFN-β1a control; A2 and A3: compound controls; B2 925 

and B3: compound + rhIFN-α2a; C2 and C3: compound + rhIFN-β1a.  926 

Statistical analysis was performed by ANOVA test followed by Tukey ś test to 927 

determine significant differences between samples and controls. Data was 928 

analyzed using FlowJo software, making adjustments to Watson ś model 929 

(Pragmatic). 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 

 938 
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Supplementary data: 939 

Table S1: Modulator effect of natural and synthetic compounds on IFN 940 

activity measured by HeLaMxLuciferase 941 

The response obtained from the compounds plus IFN and the response from 942 

the IFN control were compared. The N* value was calculated as follows: N*:  943 

activity (RGA) ratio of a given compound plus rhIFN-α2a or rhIFN-β1a and the 944 

activity (RGA) of rhIFN-α2a or rhIFN-β1a control.  945 

 946 

Compounds 
N* 

rhIFN-α2a rhIFN-β1a 

N
a

tu
ra

l 

VioB 0.1 0.1 

TubI 1.2 1.3 

Sula 0.5 0.5 

Pela 0.3 0.2 

GepA 0.2 0.1 

S
y
n

th
e

ti
c
 

P5D7 0.7 0.7 

P5H10 0.7 0.8 

P6C11 0.2 0.4 

P6H1 0.6 0.6 

P28E1 0.3 0.4 

P28E9 0.4 0.4 

P28F7 0.3 0.3 

P28G6 0.3 0.5 

P28H3 0.3 0.5 

P28H7 0.7 08 

P5D7 0.7 0.7 
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 959 

Fig. S1: Evaluation of DMSO citotoxicity for each RCL. 960 

The toxic effect of DMSO was studied for each RCL performing two-fold serial 961 

dilutions of DMSO in assay medium from 1:5 to 1:5120. 962 

 963 

 964 

 965 

 966 



Highlights 

 

• A low throughput assay to identify modulators of interferons activity is described 

• The assay was adapted to a range of cell-lines covering several cellular environments. 

• Two collections of 154 natural and 288 synthetic compounds respectively were tested. 

• One enhancer and 5 inhibitors of interferon activity were identified. 
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