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Zika virus is a mosquito-borne virus that is associated with 
neurodegenerative diseases, including Guillain–Barré syn-
drome1 and congenital Zika syndrome2. As Zika virus targets 
the nervous system, there is an urgent need to develop thera-
peutic strategies that inhibit Zika virus infection in the brain. 
Here, we have engineered a brain-penetrating peptide that 
works against Zika virus and other mosquito-borne viruses. 
We evaluated the therapeutic efficacy of the peptide in a 
lethal Zika virus mouse model exhibiting systemic and brain 
infection. Therapeutic treatment protected against mortal-
ity and markedly reduced clinical symptoms, viral loads and 
neuroinflammation, as well as mitigated microgliosis, neuro-
degeneration and brain damage. In addition to controlling sys-
temic infection, the peptide crossed the blood–brain barrier 
to reduce viral loads in the brain and protected against Zika-
virus-induced blood–brain barrier injury. Our findings demon-
strate how engineering strategies can be applied to develop 
peptide therapeutics and support the potential of a brain-pen-
etrating peptide to treat neurotropic viral infections.

Zika virus (ZIKV) infects the central nervous system (CNS) 
and causes neurodegeneration3,4, which is associated with neu-
rological disorders5,6. While neuroprotective drugs have been 
shown to alleviate disease symptoms7,8, direct-acting antivi-
ral therapies that inhibit ZIKV infection in the brain are not  
currently available9,10.

A successful therapeutic measure would probably encompass the 
following attributes. First, the antiviral strategy would directly tar-
get circulating virus particles to reduce viral loads and blunt viral 
spread. The acute nature of mosquito-borne viral infections often 
leads to diagnosis when clinical symptoms are observed and viral 
loads are already high11. Second, therapeutic molecules would be 
able to penetrate the blood–brain barrier (BBB), which can remain 
intact after CNS invasion12. Third, the strategy would be translatable 
to other related viruses, including Dengue and Chikungunya, which 
co-circulate with ZIKV and also cause neurological disorders13,14.

To approach this challenge, we devised an antiviral strategy 
termed ‘lipid envelope antiviral disruption’, or LEAD. The prem-
ise behind LEAD is that ZIKV and other mosquito-borne viruses 
possess a lipid envelope coating that is necessary for the structural 
integrity of the virus particles. We and others have shown that desta-
bilizing the lipid envelope coating reduces viral infectivity in vitro15. 
However, successful translation of the LEAD concept to in vivo 
therapeutic settings has proven difficult due to targeting specific-
ity and other pharmacological challenges. By engineering a LEAD 
drug candidate to overcome these challenges, we hypothesized that 
in vivo destabilization of virus particles16 would facilitate therapeu-
tic treatment of ZIKV infection by reducing the concentration of 
infectious virus particles and inhibiting viral spread.

We selected a 27-mer amphipathic, α -helical (AH) peptide17 
as the LEAD template and engineered a reinforced analogue with 
potent antiviral activity (Fig. 1a). One unique feature of the cho-
sen LEAD template is its preferential targeting of high-curvature 
lipid membranes such as small, enveloped viruses18. Our template 
selection was further motivated by the experimentally proven 
BBB-penetrating properties of numerous amphipathic peptides19. 
To improve the stability and bioavailability of the AH peptide, we 
incorporated dextrorotary (d)-amino acids, which are less suscep-
tible to proteolytic degradation than the more common levoro-
tary (l)-amino acids20 that comprise the LEAD template. Detailed 
characterization of membrane–peptide interactions established the 
targeting range of the engineered, d-amino acid peptide against 
spherical, virus-particle-mimicking liposomes, and led us to evalu-
ate antiviral activity across multiple scales spanning from in vitro 
virus neutralization to in vivo therapeutic efficacy to in vivo brain 
delivery and injury protection.

We first determined that the d-enantiomer of AH peptide  
(AH-D) exhibits α -helical character and ruptures surface-adsorbed 
liposomes by quartz crystal microbalance–dissipation (QCM-D) 
measurements (Supplementary Fig. 1). The QCM-D results indi-
cated that the AH-D peptide ruptured liposomes more quickly than 
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Fig. 1 | LEAD concept facilitates engineering and biophysical characterization of antiviral AH-D peptide. a, Illustration of the LEAD concept. b, Time-lapsed 
fluorescence microscopy images (scale bars, 10 μ m) of fluorescently labelled liposomes tethered on a surface. 100 nM AH-D peptide was added at t =  0 min. 
The images are representative of three independent experiments. c, Surface plot of the time-resolved fluorescence intensity of an individual, tethered liposome 
from data in b (yellow circle). d, Change in normalized fluorescence intensity of individual, tethered liposomes following addition of AH-D, NH or melittin (Mel) 
peptides. The profiles are representative of three independent experiments. e, Histogram statistics of liposome rupture time for different bulk concentrations of 
AH-D peptide. Data presented as mean ±  s.d., computed by Gaussian fitting of histogram plots for individual liposomes (n =  1,714 for 50 nM AH-D, n =  1,250 for 
100 nM AH-D, n =  582 for 1,000 nM AH-D), and s.d. is defined as full-width-at-half-maximum (FWHM)/2.355. f, Quantification of peptide-induced liposome 
rupture as a function of liposome diameter, where rupture is characterized by the final fluorescence intensity value of individual liposomes after treatment with 
100 nM AH-D or 1,000 nM melittin peptide. Each symbol represents data from an individual liposome (n =  6,844 for 100 nM AH-D, n =  6,688 for 1,000 nM 
melittin), and the data are pooled from four independent experiments. g, Fraction of ruptured liposomes in different size categories based on the data in f. An 
individual liposome is classified as ‘ruptured’ when its final fluorescence intensity is 30% or less of the original fluorescence intensity. n, number of liposomes.
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the corresponding l-enantiomer of AH peptide (AH-L; LEAD tem-
plate). Utilizing time-lapsed fluorescence microscopy, highly paral-
lel measurements were conducted on individual, tethered liposomes 
in order to further characterize the potency of 100 nM AH-D pep-
tide-mediated liposome rupture (Fig. 1b). The corresponding time-
resolved release of a membrane-embedded fluorophore, which 
signals liposome rupture, was monitored by a decrease in the fluo-
rescence intensity of individual liposomes (Fig. 1c). AH-D peptide 
induced liposome rupture at concentrations as low as 50 nM, while 
20-fold higher concentrations of a negative control NH peptide or 
melittin (another antimicrobial peptide with amphipathic, α -helical 
character) were inactive (Fig. 1d). With increasing AH-D peptide 
concentration (50–1,000 nM), the timescale of peptide-induced 
liposome rupture decreased (Fig. 1e). At all tested peptide con-
centrations, AH-D induced quicker liposome rupture than AH-L 
(Supplementary Fig. 2).

We then tested the effect of membrane curvature by adding 
100 nM AH-D peptide to tethered liposomes of varying size. Single-
liposome tracking indicated that AH-D peptide preferentially targets 
smaller liposomes, as indicated by more extensive rupture, consistent 
with pore-induced disruption21 (Fig. 1f and Supplementary Fig. 3).  
Similar experiments were conducted with 10-fold higher concen-
trations of melittin and negligible rupture was observed. Based on 
the observed rupture efficiencies, 100 nM AH-D peptide targeted 
liposomes around 300 nm diameter and smaller, while 1,000 nM 
melittin did not rupture liposomes (Fig. 1g). By comparison, the 
AH-L peptide ruptured liposomes around 150 nm diameter and 
smaller (Supplementary Fig. 4). In marked contrast to the AH 
peptide enantiomers, melittin only ruptured liposomes at 40 μ M 
peptide concentration (400-fold higher), and melittin-induced rup-
ture was indiscriminate of liposome size (Supplementary Fig. 5). 
While AH-D and AH-L are mirror images of one another, the two  
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Fig. 2 | AH-D peptide protects against lethal ZIKV infection in primary neuronal cells and exhibits antiviral activity in vitro. a, Fluorescence microscopy 
images of primary neuronal cells 48 h after infection with ZIKV MR766 or HS-2015-BA-01 strains, and without or with 500 nM AH-D peptide treatment. 
Scale bars, 50 μ m. Green, calcein AM dye; red, ethidium homodimer-1 dye. The images are representative of two independent experiments. b, Effect 
of AH-D peptide on viability of ZIKV MR766-infected cells (n =  4 biological replicates, one-way analysis of variance (ANOVA)). c, Production of 
infectious virus in ZIKV MR766-infected cells (n =  4 biological replicates, Kruskal–Wallis test). d,e, Equivalent experiments were performed with ZIKV 
HS-2015-BA-01, as described in b,c. Results are expressed as mean ±  s.e.m. (b,d) or median (c,e). f, Inhibitory activity of AH-D peptide against viral 
infection in Vero cells, reported by the concentration at which 50% neutralization occurred (n =  2 biological replicates). DENV, CHIKV, YFV and JEV 
indicate Dengue virus, Chikungunya virus, yellow fever virus and Japanese encephalitis virus, respectively. Results are expressed as means. g, Effect of 
AH-D peptide on Vero cell viability, reported by concentration at which 50% viability occurred (n =  3 biological replicates). Results are expressed as 
mean ±  s.e.m.
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peptides have different surface topologies20, which probably influ-
ences how peptide molecules interact with membrane curvature-
induced defects in lipid bilayer packing22. Collectively, the results 
support that the engineered AH-D peptide exhibits potent and 
selective disruption of highly curved membranes, and ZIKV  
particles (~50 nm diameter16) fall within the geometrical range of 
target membranes.

Next, we investigated whether AH-D peptide can inhibit ZIKV-
induced cell death in primary neuronal cell cultures using the ZIKV 
MR766 strain of African origin. Cell viability was assessed after 
48 h of ZIKV (or mock) infection, and AH-D peptide treatment 

protected against virus-induced cell death (Fig. 2a, Supplementary 
Fig. 6 and Supplementary Table 1). The results indicate that peptide 
treatment prevented neuronal cell death at concentrations as low 
as 10 nM peptide and was non-toxic to uninfected cells (Fig. 2b).  
In the same concentration range, peptide treatment inhibited virus 
replication (Fig. 2c). The peptide also inhibited ZIKV-induced 
neuronal cell death and replication of a contemporary ZIKV strain 
(HS-2015-BA-01), which is a clinical isolate from Brazil8 (Fig. 2d,e). 
Administration of the AH-D peptide 12 and 24 h post-infection was 
also effective at preventing neuronal cell death and reducing viral 
loads (Supplementary Fig. 7 and Supplementary Tables 2 and 3).
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We also evaluated the peptide’s antiviral activity against a panel 
of additional mosquito-borne viruses with similar particle geom-
etries in in vitro plaque reduction neutralization assays (Fig. 2f 
and Supplementary Table 4). The peptide was highly active against 
all tested viruses, including Dengue and Chikungunya viruses, 
with 50% inhibitory concentration (IC50) values in the range of 
11–206 nM. By contrast, the AH-D peptide did not inhibit large, 

enveloped viruses or non-enveloped viruses, including Vaccinia 
virus and poliovirus (Supplementary Table 5). AH-D peptide was 
also non-toxic to mammalian cells at inhibitory concentrations, and 
the 50% cell cytotoxicity (CC50) value was 308- to 5,331-fold higher 
(Fig. 2g). Collectively, the in vitro results confirmed that AH-D  
peptide disrupts curved phospholipid membranes within the  
target size range.
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brain influx rate of AH-D peptide in mice. Data depict best-fit rate ±  s.e. from linear regression (n =  5 for AH-D, n =  7 for bovine serum albumin (BSA), 
n =  8 for dermorphin, one-way ANOVA). NS, not significant. f, Vascular permeability in brain. Data are reported as mean ±  s.e.m. (n =  9 for MOCK +  PBS, 
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independent experiments, one-way ANOVA). n, number of mice.
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To test the therapeutic activity of AH-D peptide in vivo, we 
intravenously inoculated 7- to 9-week-old IFN-α /β R−/− SV129 
(A129−/−) mice with 4 ×  103 plaque-forming units (p.f.u.) of the 
ZIKV HS-2015-BA-01 strain. This particular model8 has been 
shown to mimic some features of human clinical disease, including 
leukocytosis, as well as elevated levels of brain inflammatory mark-
ers and increased intraocular eye pressure. The model also exhibits 
high viral burden in the CNS, and is hence useful for in vivo evalu-
ation of therapeutic drug candidates (Supplementary Fig. 8). Three 
days after ZIKV infection, therapy began, and infected animals were 
administrated a twice daily dose of AH-D peptide (25 mg kg−1) or 
phosphate-buffered saline (PBS) vehicle for four consecutive days 
(days 3–6) (Fig. 3a). While all untreated mice died within 7 days 
post-infection, therapeutic treatment with AH-D peptide pro-
tected 10 out of 12 mice against virus-induced mortality (Fig. 3b).  
Treatment also protected against ZIKV-induced weight loss in 
infected mice and maintained intraocular pressure at basal levels 
(Fig. 3c,d). The total and differential leukocyte counts were signifi-
cantly lower for peptide-treated mice and comparable to uninfected 
mice as well (Fig. 3e).

Therapeutic administration of AH-D peptide significantly 
reduced viral loads in serum, spleen, brain and optical nerve through-
out the course of infection (Fig. 3f–i). By day 4, there was a > 1 log10 
decrease in serum viraemia and > 2 log10 decrease in viral loads in the 
spleen and brain. The therapeutic effect of AH-D peptide was par-
ticularly pronounced by day 7, with a > 3 log10 reduction in viral load 
in the brain. Viral load reduction in the brain was associated with a 
significant decrease in myeloperoxidase (MPO) activity in the brain, 
signalling diminished recruitment of leukocytes (Supplementary 
Fig. 9). In addition, in sharp contrast to infected, untreated mice, 
peptide treatment led to marked reductions in tumour necro-
sis factor-α  (TNF-α ) and interleukin-1β  (IL-1β ) cytokine as well 
as CCL5 and CXCL-1 chemokine levels in the brain (Fig. 3j–m).  
Therapeutic efficacy studies in mice were also conducted with 100-
fold higher viral inocula (4 ×  105 p.f.u.), and treatment starting 3 
days after infection was effective at inhibiting ZIKV in the brain, 
spleen and optical nerve, mitigating inflammation in the brain, and 
improving clinically relevant outcomes (Supplementary Fig. 10).  
Taken together, the findings indicate that therapeutic treatment 
with AH-D peptide is effective at curbing ZIKV infection and 
reduces viral load and inflammation in the brain.

Histopathological data further showed that AH-D peptide 
therapy protected against ZIKV-induced cerebral damage, as well 
as preventing leukocyte infiltration into the meninges (Fig. 4a and 
Supplementary Fig. 11). Importantly, peptide therapy significantly 
reduced microglial activation in the motor cortex and hippocam-
pus (as judged by the density of IBA-1-activated cells) (Fig. 4b,c). 
This finding indicates that AH-D peptide inhibits ZIKV-induced 
neuroinflammation. Peptide therapy also protected against ZIKV-
induced neurodegeneration (Supplementary Fig. 12). When ther-
apy was started, viral loads were already detectable in the brain8, 
supporting that AH-D peptide can cross the BBB and exhibits direct 
antiviral activity in the brain.

To verify that AH-D peptide exhibits direct antiviral activity in 
the brain, we systemically administered AH-D peptide (25 mg kg−1) 
and then intracranially inoculated A129−/− mice with 2 ×  105 p.f.u. 
of ZIKV HS-2015-BA-01. AH-D peptide treatment led to a > 1 log10 
decrease in viral load in the brain on day 3 post-infection, indicat-
ing that AH-D peptide directly inhibits ZIKV in the brain (Fig. 4d  
and Supplementary Fig. 13). We also determined that AH-D pep-
tide exhibits a high rate of blood-to-brain influx that is compa-
rable to the rates of known BBB-penetrating peptides19 (Fig. 4e). 
Additional pharmacokinetic studies in mice showed that the AH-D 
peptide has a circulation half-life on the order of 7 h, and therapeu-
tic concentrations of peptide were maintained in multiple organs, 
including brain, for 12–24 h (Supplementary Fig. 14). In addition 

to controlling systemic ZIKV infection akin to antibodies23,24 and 
protein-binding peptides25, the results further demonstrate that  
AH-D peptide crosses intact BBB and exhibits antiviral activity 
directly in the brain.

We also measured the BBB permeability of infected A129−/− 
mice with and without therapeutic administration of AH-D pep-
tide (Fig. 4f). AH-D peptide therapy in uninfected mice did not 
affect BBB permeability, while there was negligible change in the 
BBB permeability of ZIKV-infected mice without treatment on day 
3 post-infection. This supports that the BBB was intact when AH-D 
peptide therapy was started and the treatment itself did not alter 
BBB permeability. In marked contrast, by day 7 post-infection, sig-
nificant increases in BBB permeability were observed for infected 
mice without treatment26, while therapeutic treatment with AH-D 
peptide preserved BBB intactness. This finding is corroborated by 
the reduced levels of neuroinflammation in treated mice, which is 
typically implicated in causing BBB leakage27 and also linked with 
the death of uninfected neurons28. Prophylactic administration of 
AH-D peptide also mitigated ZIKV infection in mice, including 
conferring protection against ZIKV-induced mortality and clinical 
symptoms (Supplementary Fig. 15).

Collectively, our findings demonstrate that an engineered, brain-
penetrating antiviral peptide can therapeutically inhibit ZIKV 
infection in mice through a combination of systemic control and 
inhibitory activity in organs, including the brain. Given the pep-
tide’s scope of antiviral activity against co-circulating viruses, the 
demonstration of in vivo therapeutic activity motivates broader 
efforts to design new antiviral strategies for treating mosquito-
borne viral infections. Looking forward, it also remains to be inves-
tigated how LEAD drug candidates might work against other classes 
of lipid membrane-enclosed biological nanoparticles such as exo-
somes, which are suggested to aid viral spread (including possibly 
Zika virus29) and/or mediate delivery of immune-related antiviral 
effectors30. Such possibilities could lead to the wider application of 
LEAD-related strategies to treat medical diseases such as viral infec-
tions and cancers, in cases where lipid membrane-enclosed biologi-
cal nanoparticles contribute to disease progression.

Online content
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summaries, source data, statements of data availability and asso-
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s41563-018-0194-2.

Received: 31 January 2018; Accepted: 11 September 2018;  
Published online: 22 October 2018

References
 1. Cao-Lormeau, V.-M. et al. Guillain–Barré syndrome outbreak associated with 

Zika virus infection in French Polynesia: a case–control study. Lancet 387, 
1531–1539 (2016).

 2. Rasmussen, S. A., Jamieson, D. J., Honein, M. A. & Petersen, L. R. Zika virus 
and birth defects—reviewing the evidence for causality. N. Engl. J. Med. 2016, 
1981–1987 (2016).

 3. Cugola, F. R. et al. The Brazilian Zika virus strain causes birth defects in 
experimental models. Nature 534, 267–271 (2016).

 4. Garcez, P. P. et al. Zika virus impairs growth in human neurospheres and 
brain organoids. Science 352, 816–818 (2016).

 5. Broutet, N. et al. Zika virus as a cause of neurologic disorders. N. Engl. J. 
Med. 374, 1506–1509 (2016).

 6. Araujo, A. Q., Silva, M. T. T. & Araujo, A. P. Zika virus-associated 
neurological disorders: a review. Brain 139, 2122–2130 (2016).

 7. Abrams, R. P., Solis, J. & Nath, A. Therapeutic approaches for  
Zika virus infection of the nervous system. Neurotherapeutics 14,  
1027–1048 (2017).

 8. Costa, V. V. et al. N-Methyl-d-aspartate (NMDA) receptor blockade prevents 
neuronal death induced by Zika virus infection. mBio 8, e00350-17 (2017).

 9. Dallmeier, K. & Neyts, J. Zika and other emerging viruses: aiming at the right 
target. Cell Host Microbe 20, 420–422 (2016).

NATuRE MATERIALS | VOL 17 | NOVEMBER 2018 | 971–977 | www.nature.com/naturematerials976

https://doi.org/10.1038/s41563-018-0194-2
https://doi.org/10.1038/s41563-018-0194-2
http://www.nature.com/naturematerials


LettersNATure MATerIAls

 10. Saiz, J.-C. & Martín-Acebes, M. A. The race to find antivirals for Zika virus. 
Antimicrob. Agents Chemother. 61, e00411–e00417 (2017).

 11. Boldescu, V., Behnam, M. A., Vasilakis, N. & Klein, C. D. Broad-spectrum 
agents for flaviviral infections: dengue, Zika and beyond. Nat. Rev. Drug 
Discov. 16, 565–586 (2017).

 12. Li, F. et al. Viral infection of the central nervous system and 
neuroinflammation precede blood–brain barrier disruption during Japanese 
encephalitis virus infection. J. Virol. 89, 5602–5614 (2015).

 13. Burt, F. J., Rolph, M. S., Rulli, N. E., Mahalingam, S. & Heise, M. T. 
Chikungunya: a re-emerging virus. Lancet 379, 662–671 (2012).

 14. Carod-Artal, F. J., Wichmann, O., Farrar, J. & Gascón, J. Neurological 
complications of dengue virus infection. Lancet Neurol. 12,  
906–919 (2013).

 15. Badani, H., Garry, R. F. & Wimley, W. C. Peptide entry inhibitors of 
enveloped viruses: the importance of interfacial hydrophobicity. Biochim. 
Biophys. Acta Biomembr. 1838, 2180–2197 (2014).

 16. Kostyuchenko, V. A. et al. Structure of the thermally stable Zika virus. Nature 
533, 425–428 (2016).

 17. Cho, N.-J. et al. Mechanism of an amphipathic α -helical peptide’s antiviral 
activity involves size-dependent virus particle lysis. ACS Chem. Biol. 4, 
1061–1067 (2009).

 18. Jackman, J. A., Saravanan, R., Zhang, Y., Tabaei, S. R. & Cho, N. J. 
Correlation between membrane partitioning and functional activity in a 
single lipid vesicle assay establishes design guidelines for antiviral peptides. 
Small. 11, 2372–2379 (2015).

 19. Stalmans, S. et al. Cell-penetrating peptides selectively cross the blood–brain 
barrier in vivo. PLoS One 10, e0139652 (2015).

 20. Garton, M. et al. Method to generate highly stable d-amino acid analogs of 
bioactive helical peptides using a mirror image of the entire PDB. Proc. Natl 
Acad. Sci. USA 115, 1505–1510 (2018).

 21. Jackman, J. A., Goh, H. Z., Zhdanov, V. P., Knoll, W. & Cho, N.-J. 
Deciphering how pore formation causes strain-induced membrane lysis of 
lipid vesicles. J. Am. Chem. Soc. 138, 1406–1413 (2016).

 22. Hatzakis, N. S. et al. How curved membranes recruit amphipathic helices and 
protein anchoring motifs. Nat. Chem. Biol. 5, 835–841 (2009).

 23. Sapparapu, G. et al. Neutralizing human antibodies prevent Zika virus 
replication and fetal disease in mice. Nature 540, 443–447 (2016).

 24. Fernandez, E. et al. Human antibodies to the dengue virus E-dimer epitope 
have therapeutic activity against Zika virus infection. Nat. Immunol. 18, 
1261–1269 (2017).

 25. Yu, Y. et al. A peptide-based viral inactivator inhibits Zika virus infection in 
pregnant mice and fetuses. Nat. Commun. 8, 15672 (2017).

 26. Iwasaki, A. Immune regulation of antibody access to neuronal tissues. Trends 
Mol. Med. 18, 227–245 (2017).

 27. Jurado, K. A. et al. Antiviral CD8 T cells induce Zika-virus-associated 
paralysis in mice. Nat. Microbiol. 3, 141–147 (2018).

 28. Olmo, I. G. et al. Zika virus promotes neuronal cell death in a non-cell 
autonomous manner by triggering the release of neurotoxic factors. Front. 
Immunol. 8, 1016 (2017).

 29. Adibi, J. J., Marques, E. T. Jr, Cartus, A. & Beigi, R. H. Teratogenic effects of 
the Zika virus and the role of the placenta. Lancet 387, 1587–1590 (2016).

 30. Anderson, M. R., Kashanchi, F. & Jacobson, S. Exosomes in viral disease. 
Neurotherapeutics 13, 535–546 (2016).

Acknowledgements
This work was supported by the National Research Foundation of Singapore through an 
NRF Fellowship grant (NRF-NRFF2011-01), a Competitive Research Programme grant 
(NRF-CRP10-2012-07) and a Proof-of-Concept grant (NRF2015NRF-POC0001-19), 
the National Medical Research Council of Singapore (NMRC/CBRG/0005/2012) and 
the Centre for Precision Biology at Nanyang Technological University. This work also 
received support from the National Institute of Science and Technology in Dengue and 
Host-microorganism Interaction (INCT dengue), which is a programme sponsored by 
the Brazilian National Science Council (CNPq, Brazil) and the Minas Gerais Foundation 
for Science (FAPEMIG, Brazil). This work also received support from Financiadora de 
Estudos ePesquisa (FINEP 01.16.0050.00, Brazil), PP SUS: APQ-03744-17 and Comissao 
de Apoio a Pessoal de Ensino Superior (CAPES, Brazil). I. Marcal, T. Colina, G. dos 
Santos and F. Assis are acknowledged for technical assistance with experiments. The 
authors also acknowledge G. Batista Menezes and M. Mota Antunes for help with the 
acquisition of confocal microscopy images.

Author contributions
J.A.J., V.V.C., M.M.T. and N.-J.C. planned the studies. J.A.J., V.V.C., S.P., A.L.C.V.R., P.L.C., 
J.H.P, I.O.G., T.P.M., J.L.B., V.F.Q., C.M.Q-J., G.F., D.G.S., F.M.R., A.R.F., B.K.Y. and E.W. 
conducted experiments. J.A.J., V.V.C., S.P., D.G.S., F.M.R., B.D.S., M.M.T. and N.-J.C. 
interpreted the results. J.A.J. and N.-J.C. wrote the first draft of the paper. M.M.T., F.M.R. 
and N.-J.C. obtained funding. All authors reviewed, edited and approved the paper.

Competing interests
N.-J.C. is a co-inventor on US patent no. 8,728,793. The other authors declare no 
competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41563-018-0194-2.

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence and requests for materials should be addressed to N.-J.C.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2018

NATuRE MATERIALS | VOL 17 | NOVEMBER 2018 | 971–977 | www.nature.com/naturematerials 977

https://doi.org/10.1038/s41563-018-0194-2
https://doi.org/10.1038/s41563-018-0194-2
http://www.nature.com/reprints
http://www.nature.com/naturematerials


Letters NATure MATerIAls

Methods
Peptides. Peptides were synthesized by standard F-moc solid-phase synthesis and 
purified to > 90% by reverse-phase, high-performance liquid chromatography 
(Anaspec Corporation). The molecular weight of purified peptides was 
verified by matrix-assisted laser desorption/ionization mass spectrometry. 
Lyophilized peptide samples were kept at − 20 °C for long-term storage. For 
in vitro experiments, aliquots were prepared by solubilizing the peptides in 
deionized water (8% dimethyl sulfoxide, DMSO) at room temperature to a 
stock concentration of 2 mg ml−1 (~608 µ M), and then stored at − 20 °C until 
the experiment. Absorbance measurements at a wavelength of 280 nm were 
conducted to determine the molar concentration of peptides in stock solutions, 
and the peptides were subsequently diluted with appropriate media (aqueous 
buffer or cell culture medium) depending on the experiment. The DMSO 
concentration in the final peptide test samples was typically less than 0.01% 
and no higher than 1% in in vitro experiments. The sequence of AH peptides 
was SGSWLRDVWDWICTVLTDFKTWLQSKL-NH2 (all d- or l-amino acids, 
denoted AH-D and AH-L, respectively) and the sequence of NH peptide (all 
l-amino acids) was SGSWLRDDWDWECTVLTDDKTWLQSKL-NH2. The 
underlined amino acids represent point mutations (replacement of hydrophobic 
residues with charged residues), which were inserted to disrupt the amphipathic 
character of the AH peptide31. The sequence of melittin (all l-amino acids) was 
GIGAVLKVLTTGLPALISWIKRKRQQ-NH2. For in vivo experiments the AH-D 
peptide was tested: for each administration time point, a vial containing 5 mg of 
lyophilized AH-D peptide was solubilized in 100 µ l of DMSO, followed by dilution 
with 1,900 µ l of PBS immediately before administration into mice (~200 µ l volume 
per mouse; 5% DMSO).

Liposome preparation. Liposomes were prepared by the extrusion method, 
as previously described32. The liposome samples were prepared in 10 mM Tris 
buffer (pH 7.5) with 150 mM NaCl, and processed using a Mini Extruder (Avanti 
Polar Lipids) with track-etched polycarbonate membranes with nominal pore 
sizes of 400, 200, 100 or 50 nm diameter depending on the target liposome size. 
The intensity-weighted mean hydrodynamic diameter of liposome samples was 
determined by dynamic light scattering measurements on a NanoBrook 90Plus 
PALS particle size analyser (Brookhaven Instruments). The lipid composition was 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) phospholipid (Avanti 
Polar Lipids) unless otherwise noted. For fluorescence microscopy experiments, 
the lipid composition consisted of POPC phospholipid mixed with 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] 
(0.1 mol%) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 
rhodamine B sulfonyl) (0.7 mol%) lipids (Avanti Polar Lipids).

Circular dichroism spectroscopy. Circular dichroism (CD) spectroscopy 
measurements were performed on an AVIV Model 420 spectrometer (AVIV 
Biomedical) using a quartz cuvette with a path length of 1 mm (Hellma). The 
experiments were conducted at 25 °C and data were collected in the spectral range 
from 190 to 260 nm. The bandwidth was 1 nm and three scans were conducted per 
run (4 s averaging). The CD spectra were recorded before and after adding 2.5 mM 
POPC liposomes to 50 µ M peptide33. Baseline scans in buffer only or liposomes 
only were performed using the same instrumental settings, and the baseline-
adjusted spectra are reported in mean residue molar ellipticity (Θ ) units.

Quartz crystal microbalance–dissipation. Quartz crystal microbalance–
dissipation (QCM-D) measurements were performed using a Q-Sense E4 
instrument (Biolin Scientific). All measurements were performed on titanium 
oxide-coated sensor chips (Biolin Scientific). Time-dependent shifts in the 
resonance frequency (Δ f) and energy dissipation (Δ D) signals were monitored to 
track adsorption processes, including AH peptide-mediated liposome rupture, as 
previously described34. After stabilizing the measurement signals, 0.125 mg ml−1 
POPC liposomes were added, followed by a washing step. Then, 13 μ M AH peptide 
solution was added at a volumetric rate of 50 μ l min−1, and the measurement data 
were collected using the QSoft (Biolin Scientific) software program. QTools (Biolin 
Scientific) and OriginPro 8.5 (OriginLab) software programs were used for data 
processing. The presented data are reported from the fifth overtone.

Time-lapsed fluorescence microscopy imaging. Highly parallel measurements of 
peptide-induced liposome rupture were conducted by time-lapsed epifluorescence 
microscopy imaging. An Eclipse Ti-E inverted microscope (Nikon) with a high-
pressure mercury lamp, a CFI Plan Apochromat TIRF × 60 oil-immersion objective 
(NA 1.49; Nikon) and an Andor iXon3 897 EMCCD camera (Andor Technology) 
was utilized for measurements. The samples were illuminated with a mercury 
lamp (Intenslight C-HGFIE) using a TRITC filter set. Briefly, glass coverslips (ibidi 
GmbH) were assembled into a microfluidic flow cell (ibidi GmbH), and coated 
with a thin layer of poly(l-lysine)-grafted poly(ethylene glycol)-biotin (PLL-g-
PEG(-biotin)) (SuSoS AG) followed by tethering of 0.025 μ g ml−1 liposomes via  
biotin–neutravidin coupling. Peptide was then added at a volumetric rate of 100 μ l min−1,  
and micrographs were recorded every 5–30 s depending on the particular 
experiment. The initial time was defined by when the peptide solution entered the 
channel inlet. Data processing and analysis were conducted using ImageJ (National 

Institutes of Health) and Python(x,y) software packages, as previously described18. 
The diameter of individual liposomes was estimated based on fluorescence 
intensity values35.

Preparation of virus stocks. A contemporary ZIKV strain from Brazil (HS-
2015-BA-01; accession no. KX520666) and a historical ZIKV strain from Uganda 
(MR766; accession no. AY632535) were tested. Virus propagation and titration 
were performed using C6/36 Aedes albopictus cells, as previously described8. 
Additional testing was conducted on a panel of mosquito-borne viruses. A 
contemporary ZIKV strain from Cambodia36 (FSS13025; accession no. JN860885) 
was grown in C6/36 cells. Dengue virus (DENV-2, New Guinea C) was sequentially 
passed between C6/36 and Vero cells; DENV used for the experiments was derived 
from C6/36 cells. Yellow fever virus (YFV) 17D, Japanese encephalitis virus (JEV) 
14-14-2 and Chikungunya virus (CHIKV) 181/25 were propagated in Vero cells.

Primary neuronal cell culture. Neuronal cell cultures were isolated from the 
cortex and striatal regions of the brains of wild-type C57BL/6J mouse embryos on 
embryonic day 15 (E15), as previously described8. The cultures were subjected to 
ZIKV or mock infection. Before infection, AH-D peptide dilutions were incubated 
with ZIKV HS-2015-BA-01 or MR776 (multiplicity of infection of 0.1) for 2 h at 
37 °C and then the virus–peptide mixture was added to cells for 1 h at 37 °C. After 
washing, each well was immersed in complete neurobasal medium without or with 
AH-D peptide at the appropriate concentration. In cases where AH-D peptide was 
added, the neuronal cell cultures were treated with AH-D peptide every  
24 h and analysis was performed 48 h after infection. Culture supernatant  
containing residual virus was removed and titrated by plaque assay.  
In some experiments, the peptide was instead added to infected cell cultures 
starting 12 or 24 h post-infection.

Neuronal cell viability. Protection against ZIKV-induced neuronal cell death 
was assessed by LIVE/DEAD staining, as previously described8. After 48 h of 
ZIKV infection, the neuronal cell cultures were incubated with 2 µ M calcein 
acetoxymethyl (AM) ester and 2 µ M ethidium homodimer-1 probes for 10 min. 
The treated neuronal cell cultures were then immediately visualized by a FLoid Cell 
Imaging Station fluorescence microscope (Thermo Fisher Scientific) to determine 
the fractions of live (green, calcein AM) and dead (red, ethidium homodimer-1) 
cells in the same field of view. Initially, the contrast for image acquisition was 
defined based on the negative control (MOCK) and the same contrast was used in 
all samples until the end of experiments each day. Image analysis was performed 
from two different fields of view (× 460 optical magnification) per biological 
replicate. Cell quantification was performed using the ImageJ software package 
(National Institutes of Health). Data are reported as the percentage of dead cells 
out of the total number of cells.

Plaque reduction neutralization assay. Vero cells (catalogue no. CCL-81, 
ATCC) were seeded at 1 ×  105 cells per well and incubated overnight. Twofold 
serial dilutions of the AH-D peptide were incubated with 200–300 p.f.u. of virus 
for 1 h at 37 °C. Cells were infected with the virus–peptide mixture for 1 h at 
37 °C. The inoculum was removed and 0.8% (wt/vol) methylcellulose in medium 
supplemented with 1% FBS was added. After 3–5 days incubation, plates were fixed 
and analysed for plaques by immunostaining (DENV) or crystal violet staining (all 
other tested viruses). For immunostaining, cells were fixed, followed by incubation 
with 4G2, a mouse anti-DENV E protein monoclonal antibody (1:2,000 dilution; 
Integrated BioTherapeutics), for 16–20 h. After addition of a secondary antibody, 
goat anti-mouse IgG (H+ L)-HRP conjugate (1:2,000 dilution; catalogue no. 170-
6516, Bio-Rad), the TrueBlue peroxidase substrate (KPL) was added and the optical 
density was measured at a wavelength of 450 nm. For crystal violet staining, cells 
were fixed with fixing solution (5% glutaric dialdehyde in Dulbecco’s PBS) followed 
by staining with 0.1% crystal violet in fixing solution. The IC50 value was calculated 
by comparing the relative number of plaques in peptide-treated samples to virus-
only samples using a four-parameter logistic curve fit.

Cell cytotoxicity assay. The effect of AH-D peptide treatment on the viability of 
Vero cells (catalogue no. CCL-81, ATCC) was determined using a CellTiter-Glo kit 
(Promega). Serial dilutions of peptide were prepared in minimal essential medium 
(MEM; supplemented with 1% FBS, 1×  penicillin/streptomycin, 1×  l-glutamine). 
Vero cells were seeded and then incubated with the peptide dilutions for 1 h in 
serum-free MEM. The enriched MEM was added next and the cells were incubated 
for 3 days. Cell survival was determined based on the amount of adenosine 
triphosphate present.

In vivo therapeutic testing. Experiments were conducted using type I interferon 
receptor deficient mice (IFN-α /β R−/−), SV129 background, as previously 
described8. Adult mice (7 to 9 weeks old; referred to as A129−/−) were inoculated 
with 4 ×  103 or 4 ×  105 p.f.u. ZIKV HS-2015-BA-01 intravenously (i.v.; tail vein). 
Clinical symptoms were monitored daily, and severely ill mice with a ≥ 20% 
weight decrease were euthanized. On days 3–6 post-infection, AH-D peptide 
was therapeutically administered twice daily (every 12 h) intraperitoneally (i.p.) 
at a dose of 25 mg kg−1 AH-D peptide (5% DMSO) or equivalent volume of 
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PBS (5% DMSO). Depending on the particular experiment, mice were either 
evaluated over 14 days for survival analysis before euthanasia and AH-D peptide 
therapy was continued in such cases until the last day of analysis, or mice were 
euthanized on selected days post-infection for analysis of viraemic, inflammatory, 
histopathological and immunohistochemical parameters. In some experiments, 
where noted, the peptide was added starting 1 h before infection (once daily 
administration) or together with virus (one-time administration only).

Intraocular pressure evaluation. Intraocular pressure (IOP) measurements were 
conducted on mice on selected days post-infection. The measurements were 
conducted using a Tono-Pen Vet applanation tonometer (Reichert Technologies), 
as previously described37.

Haematological analysis. On selected days post-infection, blood samples were 
collected from the cava vein of mice using heparin-containing syringes. The total 
leukocyte number was counted in a Neubauer chamber, along with differential 
counts of lymphocytes, mononuclear cells and neutrophils by microscopic analysis, 
as previously described38.

Histopathological analysis. Brain sections from MOCK- and ZIKV-infected mice, 
without or with AH-D peptide treatment, were stained with H&E, as previously 
described39. Histopathological evaluation was conducted on cerebral cortex and 
hippocampus sections in a blinded manner according to the following criteria39. 
Each brain region was graded on a four-point scale: 0, no tissue damage; 1, 
minimal tissue damage and/or mild inflammation; 2, mild tissue damage and/
or moderate inflammation; 3, severe tissue damage and high inflammation; 4, 
necrosis with loss of tissue elements and presence of cellular debris. Meningeal 
inflammation was also graded on a four-point scale: 0, no inflammation; and 
points between 1 and 4 were assigned when there were one to four layers of cellular 
inflammation, respectively. A composite score (from a total of 12 points) was 
calculated based on combining the three scores. Low (× 10) magnification images 
were used to evaluate all parameters included in the histopathological scoring, 
while high (× 40) magnification images were used to focus on specific cellular 
alterations, such as the presence of necrotic and inflammatory cells. A total of two 
slices per mouse were taken and three pictures were analysed from each slice.

Immunohistochemical staining. Sections from the hippocampus and motor 
cortex regions of mouse brains were evaluated for microgliosis by IBA-1 staining 
with the IBA-1 polyclonal antibody (1:200 dilution; catalogue no. PA5-27436, 
Thermo Fisher Scientific) and neurodegeneration by Fluoro-Jade C staining 
(catalogue no. AG325, MilliporeSigma), as previously described40. Results are 
representative of two images from each section, and three sections per brain region 
per mouse were analysed.

Virus titration. The viral load in the supernatant of cell culture samples, in 
mouse serum and in perfused mouse tissues (brain, spleen and optical nerve) was 
determined by plaque assay in Vero cells, as previously described38. The plaque 
counts were computed as p.f.u. per g of tissue mass or ml of supernatant or serum.

Measurement of inflammatory markers in brain. The concentrations of 
cytokines (TNF-α  and IL-1β ) and chemokines (CCL5 and CXCL-1) in the brains of 
MOCK- and ZIKV-infected mice, without or with AH-D peptide treatment, were 
measured using DuoSet ELISA kits (R&D Systems) with the following antibodies: 
mouse CCL5/RANTES (1:10 dilution; catalogue no. DY478, R&D Systems), mouse 
TNF-α  (1:2 dilution; catalogue no. DY410, R&D Systems), mouse CXCL-1/KC 
(1:10 dilution; catalogue no. DY453, R&D Systems) and mouse IL-1β /IL-1F2 (1:2 
dilution; catalogue no. DY401, R&D Systems). Neutrophil accumulation in mouse 
brains was also indirectly measured by determining the level of myeloperoxidase 
activity, as previously described39.

Brain infection experiments. SV129 IFN-α /β R−/− (A129−/−) mice were 
anaesthetized with 5% isoflurane before intracranial inoculation with 2 ×  105 p.f.u. 
ZIKV HS-2015-BA-01 in a total volume of 20 µ l. Mice were euthanized on day 3 
post-infection and viral loads in collected brain samples were quantified by plaque 
assay. AH-D peptide (5% DMSO) was administered twice daily (every 12 h) by 
the i.p. route at a dose of 25 mg kg−1, and treatment was started either 1 day or 1 h 
before infection or 1 day after infection. Another control group was infected with 
ZIKV, and then treated with PBS (5% DMSO) instead of AH-D peptide.

BBB permeability assay. The BBB permeability of MOCK- and ZIKV-infected 
SV129 IFN-α /β R−/− (A129−/−) mice, without or with AH-D peptide treatment, 
was assessed on days 3 and 7 post-infection using an Evans blue leakage assay, 
as previously described41. For these experiments, the mice were inoculated with 
4 ×  103 p.f.u. ZIKV HS-2015-BA-01 by the i.v. route (tail vein). On days 3–6 post-
infection, AH-D peptide (5% DMSO) or an equivalent volume of PBS (5% DMSO) 
was therapeutically administered twice daily (every 12 h) by the i.p. route at a dose 
of 25 mg kg−1. Before euthanasia, a 100 μ l volume of syringe-filtered 1% wt/vol 
Evans blue dye in PBS was administered by the i.v. route (tail vein). Immediately 
after euthanasia, mice were extensively perfused with PBS to remove blood from 

the circulatory system. The mouse brains were then isolated and weighed before 
homogenization in PBS. A centrifugation step (200g for 10 min) was performed 
to remove cellular debris, and the amount of Evans blue dye was determined by 
optical density measurements at 630 nm wavelength. The absorbance values were 
normalized according to the recorded brain mass and reported in relative units.

Blood-to-brain influx assessment. Female, Institute for Cancer Research, 
Caesarean Derived-1 (ICR-CD-1) mice (7 to 10 weeks old; Envigo) were used to 
assess the in vivo BBB transport properties of AH-D peptide. The protocol for the 
BBB permeability assay, according to multiple time regression (MTR) analysis, 
has been described previously19. In brief, mice were anesthetized by injecting 
40% urethane intraperitoneally. Approximately 200 µ l of AH-D peptide solution 
(10 mg kg−1) was then injected into the jugular internalis vein, then blood samples 
were collected from the carotid artery at selected time points after injection 
(minimum five time points per compound). Immediately after blood collection, 
the mice were euthanized by decapitation. The collected blood samples were 
centrifuged at 10,000g for 15 min at 21 °C and the brains were isolated. The brain 
and the serum of each mouse were then analysed using a validated bio-analytical, 
ultrahigh-performance liquid chromatography tandem mass spectrometry method. 
Modelling of the data was performed according to the linear Gjedde–Patlak 
equation, giving the influx rate constant Kin (unidirectional clearance) of AH-D 
peptide. The molar concentration in the brain was also calculated by converting 
the mass of peptide per mass of brain tissue into the mass of peptide per volume  
of brain tissue by assuming the brain density to be 1.04 g ml−1 (ref. 42). As negative 
and positive controls, 125I-labelled BSA protein and dermorphin peptide were 
tested, respectively.

Pharmacokinetic characterization. Male BALB/c mice (InVivos) aged 8–9 weeks 
were used during the pharmacokinetic characterization experiments. In brief, 
mice were anaesthetized by isoflurane. AH-D peptide solution (25 mg kg−1) was 
then administered by the i.v. route (tail vein). Blood samples were taken by cardiac 
puncture43 under isoflurane anaesthesia at regular time points after injection  
(eight time points per compound). The administered dose was maintained at 
5 ml kg−1. Selected organs were collected after euthanasia and were stored at − 80 °C 
until bioanalysis. Blood samples were mixed with deionized water while tissue 
samples were homogenized in deionized water before extraction. The samples 
were then treated with phosphoric acid (5 µ l), followed by acetonitrile (25 µ l) that 
contained 15 ng ml−1 imipramine internal standard, 5% ammonium hydroxide 
(25 µ l), deionized water (100 µ l) and 5% Tween-20 (20 μ l), before vortexing. 
The processed samples were then added to pre-activated Strata-X Solid Phase 
Extraction cartridges (30 mg per 1 ml; Phenomenex), and washed with 500 µ l  
of deionized water followed by elution in 75/25 acetonitrile/methanol with 1%  
formic acid. The elute was air-dried under nitrogen gas and reconstituted in a 150 µ l  
volume of 1:1 acetonitrile/water before sample injection. The blood and tissue 
samples were then analysed using a validated bio-analytical, ultra-performance 
liquid chromatography tandem mass spectrometry method. Data acquisition was 
done by MassLynx 4.1 mass spectrometry software and processed by TargetLynx 
Application Manager software (Waters Corporation). Pharmacokinetic analysis 
was performed using Phoenix WinNonlin software (Pharsight).

Statistical analysis. Data were analysed with GraphPad Prism software. Kaplan–
Meier survival curves were analysed by the log-rank test. Viral load medians in 
in vivo efficacy testing were compared using the pairwise Mann–Whitney test 
and reported as P values. Viral load medians in in vitro cell culture and in vivo 
intracranial inoculation experiments were compared using the Kruskal–Wallis test 
with Dunn’s multiple comparisons test, and reported as multiplicity-adjusted P 
values. Other virological data were compared by one-way ANOVA with Dunnett’s 
(versus MOCK infection, indicated by *) or Tukey’s (versus ZIKV infection, indicated 
by #) multiple comparisons test, and reported as multiplicity-adjusted P values. 
BBB penetration data were analysed by linear regression analysis, and calculated 
rates were compared by one-way ANOVA with Tukey’s multiple comparisons 
test. P <  0.05, P <  0.01, P <  0.001 and P <  0.0001 indicate the levels of statistical 
significance. Additional information is provided in Supplementary Table 6.

Ethics statement. The animal experiments involving ZIKV infection were 
conducted following the ethical and animal welfare regulations of the Brazilian 
Government (law 11794/2008). The experimental protocol was approved by the 
Committee on Animal Ethics of the Universidade Federal de Minas Gerais (CEUA/
UFMG, permit protocol no. 242/2016). The animal experiments involving blood-
to-brain influx rate determination were performed in accordance with the Ethical 
Committee Principles of Laboratory Animal Welfare as approved by the Faculty of 
Veterinary Medicine at Ghent University (EC 2014/128). The animal experiments 
involving pharmacokinetic characterization were conducted in accordance with 
the Animal Ethics Committee of the A*STAR Biological Resource Centre (permit 
protocol no. 151001). All surgeries were performed under ketamine/xylazine or 
isoflurane anaesthesia, and all efforts were made to minimize animal suffering.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Data availability
Data supporting the findings of this study are available within the Article and 
its Supplementary Information files and from the corresponding author upon 
reasonable request. The data sets generated during and/or analysed during the 
current study are available from the corresponding author upon reasonable request.
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standard operating procedure, a minimum of 5 data points is required to obtain a BBB-influx curve, enabling calculation of the influx rate 
constant.

Data exclusions One data point was excluded based on residual plot of brain influx data and statistical confirmation (1 outlier).

Replication All attempts at replication were successful. Each experiment was replicated at least two times. In the BBB penetration assay, a minimum of 5 
biological replicates was used.

Randomization No randomization protocol was utilized. Mice from the same litter were added to either mock- or ZIKV-infected groups, or test or control 
groups as appropriate.

Blinding For most of the experiments, no blinding was involved except for H&E histopathological scoring and immunofluorescence quantification 
analysis. Bioanalysis from ELISA, MPO, viral load, and cell count assay experiments was blinded. Groups were divided by codenames on 
the day of euthanasia. Different researchers performed the euthanasia or analysed the data. For BBB penetration studies, no blinding was 
involved due to the time aspect, bioanalysis was blinded, and data treatment was unblinded.
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Obtaining unique materials The 4G2 antibody is a mouse anti-DENV E protein monoclonal antibody that is made in-house by Integrated BioTherapeutics 
(Rockville, MD).

Antibodies

Antibodies used Mouse 4G2 anti-DENV E protein monoclonal antibody (1:2000 dilution; Integrated BioTherapeutics, Rockville, MD); Goat Anti-
Mouse IgG (H + L)-HRP Conjugate (1:2000 dilution; catalog no. 170-6516, Bio-Rad, Hercules, CA); rabbit IBA1 polyclonal antibody 
(1:200 dilution; catalog no. PA5-27436, Thermo Fisher Scientific, Waltham, MA); mouse CCL5/RANTES antibody (1:10 dilution; 
catalog no. DY478, R&D Systems, Minneapolis, MN), mouse TNFalpha antibody (1:2 dilution; catalog no. DY410, R&D Systems), 
mouse CXCL1/KC antibody (1:10 dilution; catalog no. DY453, R&D Systems), and mouse IL-1beta/IL-1F2 antibody (1:2 dilution; 
catalog no. DY401, R&D Systems).
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Validation All antibodies were validated by ensuring specificity through the use of isotype and mock controls.
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Cell line source(s) Vero cells (BCRJ code: 0245) and C6/36 mosquito cells (Aedes albopictus) (BCRJ code: 0343) were provided by the Banco de 
células do Rio de Janeiro (BCRJ). Additional cells, namely Vero cells (ATCC CCL-81), Vero 76 cells (ATCC CRL-1587) and C6/36 
mosquito cells (Aedes albopictus) (ATCC CRL-1660), were obtained from the the American Type Culture Collection. Neuronal 
cell cultures were prepared from the cortex and striatal regions of the brains of wild-type C57BL6j mouse embryos on 
embryonic day 15 (E15) based on published methods.

Authentication Cell lines were authenticated by morphology.

Mycoplasma contamination Vendor provided certification that cells are free of mycoplasma. Additionally, cell lines were routinely tested for mycoplasma 
contamination in lab and all cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Research animals
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Animals/animal-derived materials A129 (Ifnar-/-) mice (originally from JAX Laboratories (# 32045-JAX)) were purchased from Bioterio de Matrizes de 
Camundongos from the Institute of Biological Sciences at USP/Brazil. C57BL/6 mice (strain code #027) originally from 
Charles River Laboratories were purchased from Bioterio Central facility at UFMG. Ifnar-/- mice were subsequently bred 
and housed at the Institute of Biological Sciences at the Federal University of Minas Gerais. Mice of both sexes were 
between 7-9 weeks of age at the initiation of all experiments conducted. In addition, female, Institute for Cancer 
Research, Ceasarean Derived-1 (ICR-CD-1) mice (7-10 weeks old; Envigo, Netherlands) were used during the blood-brain 
barrier experiments. Male Balb/c mice (8-9 weeks old; InVivos, Singapore) were used during the pharmacokinetic 
characterization experiments.
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