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Abstract 

Background: Zika virus (ZIKV) has recently become a major matter of concern since its association with microceph-
aly cases in newborns was determined. From then on, ZIKV has been untiringly studied, and several scientific data 
have shown the virus’ tropism to neural cells. Previous studies have proposed that ZIKV induced glioblastoma cells 
death, suggesting that ZIKV and ZIKV-associated molecules might induce intracellular biochemical alterations, and 
thereby be alternatives for neural cancer management. In this sense, the present contribution presents a prospective 
approach for glioblastomas management: producing a ZIKV-based therapy that stimulates glioblastoma control. We 
developed an attenuated ZIKV prototype based on bacterial outer membrane vesicles (OMV). The attenuated ZIKV 
was applied on glioblastoma cells, where cytopathic and cytostatic effects were evaluated. Glioblastoma cells, with 
and without treatment, were submitted to mass spectrometry analysis.

Results: Microscopic analysis showed cytopathic effects induced by ZIKV prototype on glioblastoma cells after 24 
and 48 h post-treatment. DNA fragmentation assay and TNF-alpha expression were indicative that ZVp induced cell 
damage and death. The metabolomics investigation elected 5 different biomarkers that might be associated with cell 
cytopathic effects, highlighting intracellular biochemical modifications induced by the attenuated ZIKV. The remark-
able evidence of cell death in glioblastoma stimulated further studies that rendered a preliminary screening with 
other tumor cell lineages, though anti-proliferative activity test. Among the 11 tumors evaluated, prostate and ovarian 
tumors were the most affected by ZIKV prototype, and other 6 cell lines also presented cytostatic effects.

Conclusions: Results ultimately demonstrated that this prototype not only emerges as a potential alternative for 
glioblastoma management, but may also be an important tool against other important tumors.
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Background
In the last 2  years, the absence of profound knowledge 
about ZIKV has encouraged intense research all over the 
world. Scientific investigations are stimulated mainly due 
to the serious impact over neural development of fetuses 
from mothers who were infected by ZIKV during preg-
nancy [1, 2], as well as the Guillain–Barre syndrome that 

may affect adult infected individuals, although to a lesser 
extent. Recent studies have focused on disclosing intra-
cellular processes alterations as well as the biochemical 
pathways modified by viral infection. Some of them have 
shown that ZIKV infection increased cell-cycle deregula-
tion and cell death rates in  vitro, in human neural pro-
genitor cells (hNPCs), in addition to apoptosis activation 
associated with deregulation of DNA transcription [3]. 
Transcriptome analyses, evaluated by McGrath et al. [4] 
in human fetal brain-derived neural stem cells infected 
with ZIKV, have revealed the down-regulation of genes 
associated with cell-cycle and neurogenesis, while genes 
involved with apoptotic cell death and innate immunity 
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were up-regulated. Most recently, mechanistic insights 
have been shown by Devhare et  al. [5] who evaluated 
two ZIKV strains that displayed different growth rates in 
hNSCs. Although these two ZIKV strains presented dif-
ferent cellular mechanisms, both induced death, either 
through DNA damage, caspase-3 cleavage or increased 
p53 activity.

According to the examples cited above, the focus of 
ZIKV scientific research has been upon its effects on 
neural progenitor/stem cells, mainly due to the evi-
dences of viral neural tropism. However, new insights 
have emerged: ultimately, Zhu et al. [6] and Lima et al. [7] 
have considered ZIKV cell death associated with tropism 
for progenitor neural cells as a useful approach for neu-
ral tumor management. Their work showed that ZIKV is 
capable of infecting and effectively killing glioblastoma 
stem cells in comparison to normal neuronal cells, dif-
ferently from other neurotropic viruses such as West 
Nile virus, which induces cell death in both normal and 
tumor neural cells. Their findings suggest that genetically 
modified ZIKV would be a viable therapeutic strategy 
for glioblastomas control, as it is the most aggressive and 
chemoresistant neural tumor reported to date [6, 7].

While genetic engineering of ZIKV would be an inter-
esting alternative as oncolytic strategy, since the exact 
mechanism of ZIKV neuropathogenesis is still not well-
described, the exact modifications needed in viral struc-
ture to produce an assertive and safe oncolytic virus 
remains impaired. Although tumor management through 
virotherapy is a promising strategy, safety issues such 
as unexpected toxicities, virus mutability and trans-
missibility, and healthy cells elimination [8, 9] must be 

understood and considered, as well as the triggering fac-
tors for Guillain–Barre syndrome, in the case of ZIKV.

Taking into account previous literature background 
that provide basis for the use of ZIKV specifically in neu-
ral cancer therapy, and potential safety issues concerning 
an oncolytic bioengineered ZIKV, we hereby propose an 
attenuated Zika virus prototype (ZVp) with viral frag-
ments encapsulated into the OMVs of Neisseria menin-
gitidis as an alternative to cancer management.

Results
Cytopathic effects of ZVp in GBM cells
Intending to evaluate cytopathic effects of the ZVp on 
neural cancer cells, human malignant U-251 glioblas-
toma cells (GBM) were divided into four different groups, 
which received distinct treatments, including a medium-
only specimen (control group—CT), empty OMV, ZIKV 
and ZVp. All groups were evaluated through bright field 
microscopy in two timepoints of infection: 24 h and 48 h. 
In addition, after 24 h of infection, all groups were also 
submitted to Wright staining microscopy analysis (Addi-
tional file 1). Thus, the first timepoint evaluated showed 
that treatment with ZVp induced mild cytopathic effects, 
represented by morphological alterations as round, swol-
len cells, syncytium formation, cytoplasm fragmenta-
tion and chromatin condensation (Fig. 1d and Additional 
file  1: Figure S1d). All of these effects were milder in 
OMV and ZIKV groups, but non-existing in the control 
group (Fig.  1a–c and Additional file  1: Figure S1a–c). 
After 48  h of treatment, ZVp group (Fig.  1h) presented 
shape-altered cells, loss of cellular integrity and notably 
fewer cells compared to other groups (Fig. 1e–g), which 

Fig. 1 Cytopathic effects of the ZVp in glioblastoma cells. Glioblastoma cells, submitted to four different treatments, were evaluated through 
bright field optical microscopy performed at 24 and 48 h post-infection. a–d Are microscopic images made at 24 h post infection, and e–h are their 
counterparts, 48 h post infection. The groups were: control (CT); empty outer membrane vesicle (OMV); wild-type Zika virus (ZIKV); attenuated Zika 
virus prototype (ZVp), respectively scale bars, 100 µm
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highlights substantial cytopathic effects induced in the 
second timepoint of treatment with ZVp.

In addition to cytopathic effects, it was possible to 
evaluate DNA fragmentation in all four groups, 24  h 
after infection (Additional file  1: Figure S2), evidencing 
that ZVp-treated cells presented putatively increased 
DNA damage compared to all other groups. The same 
evaluation was not performed for the later timepoint of 
infection due to reduced mRNA extracted from treated 
samples, given that ZIKV and ZVp presented intense 
reduction of cells.

Corroborating with these observations, we have also 
evaluated TNF-alpha expression through qRT-PCR. This 
semi-quantitative analysis showed that ZVp presents 
higher TNF-alpha expression (Additional file  1: Figure 
S3). Although it was not statistically significant compared 
to the other groups, ZVP presents an important tendency 
in inducing overexpression of TNF-alpha cytokine.

Biomarkers identification through ESI‑HRMS analysis
Intending to elucidate biochemical mechanisms involved 
with the cytopathic effects, we performed a compara-
tive metabolomics analysis between glioblastoma CT 
and ZVp groups, after 24  h of treatment. Intending to 
achieve metabolites responsible for triggering cell cyto-
pathic effects, metabolomics analysis has prioritized to 
perform the biomarkers elucidation in the first timepoint 
of the ZVp treatment. In this way, it is possible to know 
exactly how to interfere in tumors to induce cell death 
in a further phase. The data obtained from mass spec-
trometric analysis were submitted to a PLS-DA, which 
pointed differences between metabolite composition in 
CT cells versus attenuated ZIKV treated cells (Additional 
file  1: Figure S4). From a threshold value of 3.1 in VIP 
scores, biochemical markers for the ZVp-treated group 
were highlighted. The proposed prototype supported the 
election of five different biomarkers for the ZVp-treated 
group, illustrated in spectral Fig. 2. Among elected mark-
ers we found three chlorinated phospholipids: lysophos-
phatidic acid (m/z = 473), an oxidized phosphatidylserine 
(m/z = 652) and a simple phosphatidylserine (m/z = 586), 
a chlorinated metabolite of the folate pathway, 5-meth-
yltetrahydropteroyltri-l-glutamate (m/z = 675), and 
a deprotonated Phosphatidylinositol-3-phosphate 
(m/z = 1049; all in Additional file 1: Table S2).

Anti‑proliferative ZVp assay
To investigate any possible effects of the ZVp upon 
proliferation in glioblastomas and expand this inves-
tigation to different tumor lines, the anti-proliferative 
activity of ZVp was evaluated (Additional file  1: Figure 
S5), which was expressed as the sample concentration, 
in OMV  mL−1, required to produce 50% of cell growth 

inhibition  (GI50 value). Other parameter calculated was 
the selectivity index (SI) that is an indicator of anti-pro-
liferative effect on normal tissues although, as an on-
target toxicology indicator (the expected drug effect), it 
was not able to predict other systemic toxic effects (Addi-
tional file  1: Table  S1). According these parameters, the 
ZVp showed a selective cytostatic effect against prostate 
(PC-3,  GI50 = 14.7 × 106 OMV mL−1, SI = 40.1) and ovar-
ian (OVCAR-03,  GI50 = 149.5 × 106 OMV mL−1, SI = 3.9) 
tumor cell lines, whilst showed potential to inhibit cell 
growth in 50% of tumor cell lines U251, NCI ADR/RES, 
786-O and HT-29 and immortalized cell line HaCat.

Discussion
Results support the potential of using an attenuated ZIKV 
for the control of glioblastomas and other tumor cell 
lines, whilst bring into focus novel biochemical markers 
associated with tumor anti-proliferative effect induced 
by ZIKV particles associated with N. meningitidis outer-
membrane vesicles. The first evidence pointed out was 
the cytopathic effect observed after treatment of U-251 
glioblastoma cells with the ZVp, even 24 h or 48 h post- 
attenuated ZIKV inoculation (Fig. 1 and Additional file 1: 
Figure S1). In addition to microscopic evidences, DNA 
fragmentation assay indicates that ZVp induced DNA 
damage in glioblastoma cells (Additional file  1: Figure 
S2), which is coherent with the tendency of TNF-alpha 
overexpression (Additional file  1: Figure S3), associ-
ated with double-stranded DNA fragmentation [10, 11]. 
TNF-alpha is also an important cytokine that acts in tis-
sue homeostasis and immune response regulation [12]. 
Considering that this cytokine is described as tumor 
necrosis inductor [13], also through Caspase-3 activation 
[14], it is possible to infer that ZVp might be activating 
the TNF-alpha synthetic pathway. Therefore, it is plausi-
ble that glioblastoma cells death be induced by biochemi-
cal intracellular pathways mediated/activated through 
TNF-alpha.

In line with the toxic effects of ZVp observed in the 
present research, previous studies have shown cell sur-
vival rate and cycle alterations due to ZIKV infection in 
glioblastoma cells, where tumor cells infected with ZIKV 
showed cytopathic effects [7] and apoptosis [6]. In addi-
tion to caspase-3 activation, shown by Zhu et  al., some 
studies have also shown that apoptosis induced by ZIKV 
might be associated with perturbation of Toll-like recep-
tors-3 (TLR3) network [15] and consequent inhibition 
of Sonic Hedgehog and RAS-ERK signaling [16]. Inhibi-
tion of these biochemical pathways could result in cell 
cycle arrest and blockage of cell proliferation, as well as 
induction of cell death [17, 18], which is coherent with 
cytostatic and cytopathic results observed in the present 
study.
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Other results support that the ZVp may also activate 
other Toll-like receptors (TLRs), since bacterial outer 
membrane vesicles present lipopolysaccharide (LPS), 
known as a potent activator of Toll-like receptor 4 
(TLR4) [19]. Upon LPS-TLR4 activation, several studies 
have demonstrated that LPS-TLR4 interaction induces 
reactive oxygen species (ROS) production through acti-
vation of NADPH oxidase (Nox) [20, 21]. In addition to 
oxidative environment is indicative of biochemical imbal-
ance, it may also be neurotoxic and induce cell death 

[22, 23]. These alterations support the oxidative ambi-
ent induced by the ZVp observed in our research, where 
metabolomics analysis allowed the identification of an 
oxidized phosphatidylserine (PS) (m/z = 652.2); in con-
trast, a non-oxidized PS (m/z = 586.2) was also identified. 
It is well-known that PS exposure on the outer layer of 
cell membrane is indicative of apoptotic cells, working as 
specific markers for phagocyte recognition and removal 
[24, 25]. Therefore, PS identification may also be a conse-
quence of cell death induced by ZVp.

Fig. 2 Representative fingerprinting of the control (CT) and ZIKV prototype treated (ZVp) glioblastoma cells (ZIKV), 24 h post-treatment. The 
imaging represents a sum of all ions within mass range m/z 400–1100 on negative ion mode. The ion indications correspond to the identified 
biomarkers shown in Additional file 1: Table S2
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In addition to ROS, inducible nitric oxide synthase 
(iNOS) is upregulated in microglia cells when under 
pathological conditions as viral infections, corrobo-
rating an intracellular environment of oxidative stress 
[22, 26, 27]. Nitric oxide (NO), a product of iNOS, has 
been reported as a regulator of carbon flow through the 
folates pathway, as NO binds to cobalamin (oxidation) 
and inhibits its role as a cofactor of methionine synthase 
(MS) [28, 29]. 5-Methyltetrahydropteroyltri-l-gluta-
mate, an elected biomarker for the ZVp-treated group, is 
involved in homocysteine remethylation to methionine 
mediated by MS. Considering that MS activity is inhib-
ited by oxidized cobalamin under oxidative conditions, 
the metabolite 5-methyltetrahydropteroyltri-l-glutamate 
may accumulate, thereby indicating alterations in the 
one-carbon transfer reactions mediated by the folate 
pathway. The folate-mediated synthesis of methionine is 
crucial for DNA methylation and production of purines 
and pyrimidines, as folate is responsible for providing 
one-carbon (methyl) blocks for nucleotide synthesis [30, 
31]. Hence, it is possible to infer that our ZVp was able to 
negatively interfere on DNA methylation and nucleotide 
synthesis, favoring cell cycle arrest, chromosome insta-
bility and, ultimately, cell death [32–34].

Moreover, phosphatidylinositol trisphosphate (PIP3) 
was also identified in glioblastoma cells treated with 
the ZVp. A recent contribution by our group has also 
observed phosphatidylinositol phosphates among ZIKV 
biomarkers [35], corroborating our findings. Usually, 
under pathogens challenge, Akt-mTOR might be acti-
vated through TLR4 stimulation, what happens under 
LPS stimulation [36–38]. However, according to Liang 
et  al. [39], ZIKV presents two non-structural proteins 
(NS4A and NS4B) that suppress the Akt-mTOR pathway 
signaling. Thus, it is possible to infer that TLR4 activates 
phosphatidylinositol-3-kinase (PI3K), which increases 
PIP3 availability, but without success in signaling cas-
cade proceeding, taking into account that ZIKV proteins 
are capable of inhibiting Akt-mTOR complex, the final 
target of PIP3. Therefore, phosphatidylinositol trisphos-
phate accumulates due to the constant TLR4 activation 
by attenuated ZIKV prototype antigens and becomes an 
evident biomarker in our experiment.

Taking into account that microglia cells were the tar-
get of mass spectrometric analysis in this study, we 
must consider their particular characteristics. Microglia 
cells are the neuroprotective and immunocompetent 
ones among glial cells [40, 41], and can be activated by 
extracellular stimuli and under injury conditions, repre-
sented here by the ZVp. Once activated, microglia cells 
undergo for profound morphological and biochemical 

changes, culminating with synthesis of bioactive mol-
ecules. Lysophosphatidic acid (LPA) is a bioactive phos-
pholipid and is abundantly present in brain cells [42, 43]. 
Under microglia activation, LPA concentration increases 
due to oxidative damage, and phospholipases activation, 
which catalyzes LPA production [44, 45]. Concerning 
the present study, LPA was one of the biomarkers iden-
tified for glioblastoma cells under treatment with the 
ZVp. In face of the oxidative previous explanation and 
the infectious environment simulated by the attenu-
ated ZIKV, it is plausible to infer that LPA production 
was increased. Some studies have also shown that LPA 
induces cell death by modulating redox environment or 
through upregulation of tumor necrosis factor receptor 
[46, 47]. Therefore, it is possible that the primary redox 
imbalance induces LPA synthesis and subsequently LPA 
itself contributes to intensify the intracellular oxidative 
environment. Furthermore, TNF has also been related 
as a neuronal cell death inductor stimulated by ZIKV 
[48]. ZVp presents ZIKV inactivated by heat, thereby not 
excluding the presence of ZIKV antigens, even inacti-
vated; hence, it is possible that ZIKV antigens may still 
sensitize cellular response and induce immune response. 
Thus, LPA may be involved in induction of cell cytopathic 
effects observed in our study.

In addition to metabolic alterations induced by the ZVp 
over glioblastoma cells, we have also intended to confirm 
its cytopathic effects over the same cell line and evaluate 
its potential over several other sorts of tumors. Therefore, 
we have performed a preliminary anti-proliferative activ-
ity test over glioblastomas and eight other different cell 
lines. This first test confirmed the anti-proliferative effect 
of the ZVp over GBMs, since it showed 50% of cytostatic 
effect. Interestingly, the attenuated ZIKV prototype cyto-
static effect has also been observed in six other tumors 
and one immortalized cell lines. Noteworthy, the most 
affected cell lines were prostate and ovarian tumor cells, 
where cytostatic effect was most evident. It has been 
recently observed that ZIKV presents tropism for uro-
genital cells [49–51], and our results show that the ZVp 
presented a similar tropism, even after inactivation by 
heat. Although prostate and ovarian cells were the most 
affected, the attenuated ZIKV prototype still presents 
potential to interfere with other 6 cell lines that have also 
shown cytostatic effect, mainly glioblastoma, which is the 
most studied cell line with respect to ZIKV infection.

Conclusions
All these findings allowed us to propose a number of 
altered biochemical pathways in tumor cells during the 
ZVp treatment. The most interesting data shown by the 
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present study is the possibility of using an attenuated 
ZIKV based into ZIKV for management of glioblasto-
mas, expanding its potential to be applied for manage-
ment of different tumors. The advantages of using this 
method consists of the immune protection provided by 
it and the lower cost compared to virus genetic modi-
fication. This study is a window that opens for further 
researches, such as in  vitro adjustment of attenuated 
ZIKV doses, in  vivo tests of viability into animals’ 
tumors and applications in human cancer management.

Methods
Attenuated ZIKV prototype development
Neisseria meningitidis (C2135); Aedes albopictus 
(C6/36) and glial cells (M059J) were the cell lines used 
in this study, all obtained from (INCQS—FIOCRUZ—
National Institute for Quality Control—Oswaldo Cruz 
Foundation, Rio de Janeiro, RJ and Cell Bank). The 
ZIKV strain used in the present study corresponds 
to Brazilian ZIKV strain (BeH823339, GenBank 
KU729217), which was isolated from a patient in the 
State of Ceará (Brazil) in 2015. The viral strain was gen-
tly provided by Professor Doctor Edison Durigon (Bio-
medical Sciences Institute, University of São Paulo).

Each cell line was grown under the following condi-
tions: M059J cells line were submitted to cultivation 
with RPMI1640 medium supplemented with 10% of 
fetal bovine serum (FBS) and 1% of antibiotics (tetra-
cycline 1  µg/mL, levofloxacin 1  µg/mL, erythromycin 
3  µg/mL in hydroalcoholic 50% solution); C6/36 cell 
line was cultured and infected according to Melo et al. 
[52]; N. meningitidis was grown at 37  °C under 5% of 
CO2 in agar GCB (Difco). C6/36 or M059J were used 
to replicate ZIKV when cell confluence achieved 70%. 
Aliquots of 1 mL ZIKV were prepared when viral cyto-
pathic effect (CPE) reached until 75%, and were stored 
at − 86 °C.

OMVs extraction and OMV‑ZIKV conjugated prototype
Preparation of OMVs from N. meningitidis was per-
formed according to Alves et  al. [53] and stored at 
− 80  °C before use. Aiming to obtain the ZVp, ZIKV 
grown in C6/36 were used to infect M059J cells; soon 
after ZIKV was fused with OMV vesicles from N. men-
ingitidis. For this, different concentrations of OMV were 
added to M059J ZIKV-infected cells during different 
times points, in order to obtain the best attenuated ZIKV 

preparation. The resulting supernatants containing OMV 
fused with ZIKV were collected and inactivated at 56 °C 
for 1 h. Nano tracking analysis (Zetasizer Nano) was used 
to analyze the prototype (ZVp) preparations.

Cell culture and attenuated ZIKV prototype treatment
Human malignant U-251 glioblastoma cells (SIGMA 
product no. 09063001), provided by Professor Mar-
celo Lancellotti, were seeded in T-25 culture flasks, cul-
tured in RPMI 1640  medium and incubated at 37  °C 
with 5% of  CO2. Upon 80% of confluence, each test flask 
(attenuated ZIKV group) was submitted to treatment 
with 1 × 1010  ZVp  mL−1, while the control group (CT) 
underwent the same conditions, except for prototype 
treatment. The experiment resulted in three biologi-
cal replicates for each condition studied. Optical micro-
scopic examinations were performed at 24 and 48  h 
post-treatment and a Zeiss Observer A1 microscope was 
used to capture bright field images, which were processed 
by Zeiss’ AxioVision 4 software. After each time point of 
treatment, the cells were detached from each flask sur-
face through trypsinization and submitted to sample 
preparation according to Melo et  al. [35]. At last, the 
analytical technique of choice was mass spectrometry, 
which was performed with electrospray ionization and 
direct injection into a high-resolution mass spectrometer 
(ESI-HRMS).

Mass spectrometry analysis
After sample preparation, the analytical technique of 
choice was mass spectrometry, which was performed 
through electrospray ionization and direct injection 
into a high-resolution mass spectrometer (ESI-HRMS). 
Spectra were acquired using an ESI-LTQ-XL Orbitrap 
Discovery (Thermo Scientific, Bremen, Germany) with a 
nominal resolution of 30,000 (FWHM). The sample’s ions 
were analyzed at the mass range of 400–1100 m/z, in the 
negative ion mode, comprising a total of five analytical 
replicates per group. Spectra were analyzed using XCali-
bur software (v. 2.4, Thermo Scientific, San Jose, CA).

Cellular death assays and cytokine real‑time PCR
The experiments involving the glioma death were per-
formed as follows: DNA fragmentation and morpho-
logical cells analysis were made by agarose gels staining 
with ethidium bromide and Wright staining viewed in 
light microscopy, respectively. The TNFα production was 
performed by qRTPCR using as endogenous control the 
GAPDH gene.
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Statistical analysis
The method of choice to investigate differences between 
groups was Partial least squares discriminant analysis 
(PLS-DA), a statistical method that uses multivariate 
regression techniques to extract variables that may evi-
dence these differences. The selection of ions which were 
characteristic for each group was carried out based on 
the impact that each feature presents in the model, i.e. 
the analysis of variable importance in projection (VIP) 
scores. The important chemical markers for each group 
were selected based in cutoff threshold established as a 
VIP score greater than 3.1. PLS-DA and VIP scores anal-
ysis were performed using the online software Metabo-
Analyst 3.0 [54, 55].

TNF-alpha mRNA semi-quantification was performed 
through ANOVA and experiments were performed in 
triplicate for all evaluated groups, which were: CT, OMV 
and ZVP. The data shown in the graphs represent the 
means ± standard errors.

In vitro antiproliferative assay
The anti-proliferative activity of ZVp was investigated 
over glioblastoma cells (U251). Aiming to verify the 
potential of using attenuated ZIKV for control of tumors 
in general, seven other human cancer cell lines were also 
evaluated (MCF-7 = breast; NCI-ADR/RES = multidrug 
resistant ovarian; 786-O = kidney; NCI-H460 = lung, 
non-small cells; PC-3 = prostate; OVCAR-03 = ovarian; 
HT-29 = colon). Tumor cell lines were kindly provided 
by Frederick Cancer Research & Development Center, 
National Cancer Institute, Frederick, MA, USA. Cell pro-
liferation was also evaluated using a non-tumor cell line 
HaCat (immortalized human keratinocytes), kindly pro-
vided by Dr. Ricardo Della Coletta (University of Campi-
nas- UNICAMP, Brazil).

Stock cultures were grown according to Roman 
Junior et  al. [56] and the attenuated ZIKV 
(1.18 × 109 OMV mL−1) was prepared directly diluted in 
the complete medium, affording the final concentrations 
of 0.59, 5.9, 59 and 590 × 106  OMV  mL−1. Doxorubicin 
(final concentrations of 0.025, 0.25, 2.5 and 25 μg mL−1 in 
complete medium) was used as positive control.

Cells in 96-well plates (100 μL well−1, inoculation den-
sity: 3.5–6 × 104  cell  mL−1) were exposed to different 
concentrations of sample and control (100 μL well−1) in 
triplicate, for 48 h at 37 °C and 5% of  CO2. The anti-pro-
liferative test and the colorimetric assay were performed 
according to Monks and Skehan, respectively, and  GI50 
values were determined using Shoemaker software [57–
59]. The selectivity index (SI) was calculated according to 
Muller and Milton [60].

Additional file

Additional file 1: Figure S1. Optical microscopic analysis of U-251 cells 
under Wright staining. Figure S2. DNA fragmentation assay. Figure S3. 
Expression of TNF-alpha in U-251 glioblastoma cells. Figure S4. Statistical 
evidences of metabolomics differences between Control and ZVp treated 
groups. Figure S5. Anti-proliferative profile of ZVp against a panel of 
human tumor and non-tumor cell lines. Table S1. Antiproliferative effect 
of attenuated ZIKV prototype (ZVp) against a panel of human tumoral and 
non-tumoral cell lines expressed as GI50 and selectivity index. Table S2. 
Lipid chemical markers elected by PLS-DA VIP scores for U-251 glioblas-
toma cells after 24 hours of attenuated ZIKV-prototype (ZVp) treatment 
(negative ion mode).
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