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Abstract

The recent Zika virus (ZIKV) outbreak in Brazil has suggested associations of this virus infection
with neurological disorders, including microcephaly in newborn infants and Guillian-Barré
syndrome in adults. Previous reports have shown that AXL, a transmembrane receptor tyrosine
kinase protein, is essential for ZIKV infection of mammalian cells, but this remains controversial.
Here, we have assessed the involvement of AXL in the ability of ZIKV to infect mammalian cells,
and also the requirement for endocytosis and acidic pH. We demonstrated that AXL is essential for
ZIKV infection of human fibroblast cell line HT1080 as the targeted deletion of the gene for AXL
in HT1080 cells made them no longer susceptible to ZIKV infection. Our results also showed that
infection was prevented by lysosomotropic agents such as ammonium chloride, chloroquine and
bafilomycin A1, which neutralize the normally acidic pH of endosomal compartments. Infection
by ZIKV was also blocked by chlorpromazine, indicating a requirement for clathrin-mediated
endocytosis. Taken together, our findings suggest that AXL most likely serves as an attachment
factor for ZIKV on the cell surface, and that productive infection requires endocytosis and delivery
of the virus to acidified intracellular compartments.
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1. Introduction

The recent outbreak of Zika Virus (ZIKV) in Brazil has raised important public health
issues, particularly due to possible associations with neurological disorders including
microcephaly and Guillian-Barré syndrome. ZIKV is a mosquito-transmitted flavivirus
closely related to Dengue virus (DENV), West Nile virus (WNV), and yellow fever virus
(YFV). Although ZIKYV is transmitted by mosquitos, recent reports indicate the potential for
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male-to-female sexual transmission of the virus (Abushouk et al., 2016; Russell et al., 2017;
Tang et al., 2016).

Similar to other flaviviruses, ZIKV contains a positive single-stranded genomic RNA
encoding a polyprotein that is processed into three structural proteins [capsid (C), precursor
of membrane (prM) and envelope (E)] and seven nonstructural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, NS5) (da Fonseca et al., 2017). ZIKV is a membrane enveloped virus
that requires fusion of the viral membrane with host cell membranes in order to cause
infection. Entry of ZIKV to target cells is coordinated by the E protein arrayed on the
surface of the virion. Once the virion components have reached the cytoplasm, the NS
proteins form a replication complex that synthesizes a negative-sense RNA, which
subsequently serves as a template for the positive-sense RNA. The newly synthesized RNA
is encapsidated, transported by the host secretory pathway, and released from the infected
cell by exocytosis.

The entry of ZIKV into mammalian cells is poorly understood, although evidence suggests
that the membrane protein AXL contributes to this process by serving an attachment factor
at the cell surface (Hamel et al., 2015; Liu et al., 2016; Meertens et al., 2017; Savidis et al.,
2016). However, entry of ZIKV has been observed in human and mouse cells that do not
express AXL (Miner et al., 2016; Rausch et al., 2017; Wells et al., 2016), suggesting that
there may be additional factors that can perform the required functions for ZIKV entry on at
least some types of cells. A recent study suggested that the interaction of the ZIKV virion
with AXL is mediated by the AXL ligand, Gas6 (Meertens et al., 2017), which has also been
shown to be involved in the entry of other viruses (Meertens et al., 2012; Morizono and
Chen, 2014). In this scenario, Gas6 interacts with both the surface-exposed
phosphatidylserine on the ZIKV virion and AXL on the surface of the cell, bridging the
interaction of the ZIKV virion with AXL. These findings open the possibility that other
proteins with the ability to bind to phosphatidylserine are contributing to the entry of ZIKV
into different cell types, including those that do not express AXL.

The current study was carried out to further explore the role of AXL in ZIKV entry into
cells, and also to investigate the steps involved in infection by ZIKV after its interaction with
the host cell membrane. Our results provided further support for AXL as a component of
ZIKV entry, and also showed an essential requirement for endocytosis and acidification of
intracellular compartments in the infection of mammalian cells by ZIKV.

2. Results

2.1. Detection methods to monitor ZIKV infection

To detect ZIKV infection, we used two different infection assays based on either ZIKV-
reporter viral particles (ZIKV-RVPs) that express GFP as a reporter of infection, or infection
of the wild type ZIKV strain from Uganda MR766. In the latter case, infection was
measured by detecting expression of the ZIKV envelope on infected cells using the antibody
4G2 by flow cytometry in fixed/permeabilized cells (Enfissi et al., 2016).
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To produce ZIKV-reporter viral particles, we took advantage of the West Nile virus (WNV)
replicon GZ (Mukherjee et al., 2014), which encodes all non-structural proteins of this virus
(Fig. 1A). The GZ replicon also encodes a GFP gene, inserted in between the capsid and the
envelope protein consequently truncating both proteins (Fig. 1A). To generate ZIKV-reporter
viral particles, we transfected 5 pg of the WNV replicon GZ together with 1 pg of the
codon-optimized gene expressing the capsid (C), precursor of membrane (prM) and
envelope (E) proteins of the ZIKV strain KU312312, which is the Suriname strain (Enfissi et
al., 2016). We titered the ZIKV-RVP in African green monkey kidney (Vero) cells by
limiting dilution analysis, measuring the percentage of GFP-positive cells to allow
calculation of the viral titer.

To test this reporter assay, we challenged human microglial cells (CHME-3), human
fibroblasts (HT-1080), Vero, and dog epithelial cells (Cf2Th) using ZIKV-RVP at an MOI of
1. As shown in Fig. 1B, infection was determined by measuring the percentage of GFP-
positive cells. Although all four tested cell lines were infected by the ZIKV-RVP, Vero and
Cf2Th cells were more susceptible to infection. Next we tested whether the entry of ZIKV-
RVP could be blocked by specific antibodies against the envelope protein of ZIKV. We
challenged Cf2Th cells using ZIKV-RVP at an MOI of 0.2 in the presence of increasing
concentration of the indicated specific antibodies against the ZIKV envelope, and
determined the percentage of GFP positive cells by flow cytometry 48 h post-infection. As
shown in Fig. 1C, antibodies Z54 and Z67 potently neutralized the cellular entry of ZIKV-
RVP, which is in agreement with previous results showing that these antibodies neutralize
different ZIKV replication-competent strains (Zhao et al., 2016). By contrast, antibodies Z48
and Z64 poorly neutralized the entry of ZIKV-RVP, which was also consistent with previous
findings (Zhao et al., 2016). As a control, we used the non-neutralizing, envelope-specific
antibody 4G2 (Fig. 1C). These experiments provided support for the view that ZIKV-RVP
was a reliable tool that faithfully replicates features of ZIKV entry into cells.

To detect replication of natural ZIKV, we used the ZIKV strain MR766 (ZIKV-MR766) to
infect Vero cells followed by staining with monoclonal antibody 4G2 to quantitate infected
cells (Fig. 2A), as previously described (Hamel et al., 2015). As shown in Fig. 2B, infected
Vero cells were readily detected at 48 h post exposure to ZIKV when compared to the
isotype matched control or samples stained with the secondary antibodies only. This assay
was further validated by challenging Vero cells using a range of infectious doses of ZIKV-
MR766 (Fig. 2C). Altogether, these results validated two different systems for the study of
ZIKV entry and infection in our studies.

2.2. Therole of AXL in ZIKV infection

The requirement for expression of AXL for infection by ZIKV was assessed using AXL
deficient cell lines generated using the CRISPR/Cas9 system. Because fibroblasts are
infected by Zika virus (Hamel et al., 2015; Hou et al., 2017), we decided to use as a model
the cell line HT1080, which is composed of malignant fibroblasts. To investigate whether
AXL plays a role in the entry of ZIKV into human cells, we used wild type and AXL
knockout variants of the cell line HT1080. We obtained HT1080 clones with deletions and
insertions in the ax/gene that resulted in change of amino acid sequence and early
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termination of the protein (Fig. 3A). As shown in Fig. 3B, clones 3-1l and 1-1V, derived from
HT1080 after targeted CRISPR/Cas9 deletion of the ax/gene, did not express AXL in the
cell surface as detected by a flow cytometry using anti-AXL antibodies. As a control, we
used clone 1-F, which was isolated from cultures that were subjected to the same knockout
procedure but did not lose expression of human AXL. To test the infectivity of these cell
lines, we challenged them using increasing MOIs of the ZIKV strain MR766 and measured
infection by flow cytometry using anti-4G2 antibodies 24 h post-infection. As shown in Fig.
3C, human HT1080 cells knockout for the expression of AXL (clones 3-11 and 1-1V) were
not infected by ZIKV when compared to the wild type parent HT1080 line or clone 1-F (Fig.
3C). Next, we sought to rescue ZIKV infection of HT1080 AXL KO clones by re-
introducing the human AXL (hAXL) protein. To this end, using a lentiviral vector we
expressed the hAXL protein in the HT1080 AXL KO clones (Fig. 3D). As expected,
expression of hAXL in HT1080 AXL KO clones rescued the infection by ZIKVs (Fig. 3D).
Overall, these results indicated that the AXL receptor was essential for the ability of ZIKV
to infect human HT1080 cells, and are consistent with the notion that AXL is a relevant
human receptor for ZIKV.

2.3. Infection of different cell types by ZIKV

In this section we sought to correlate cell surface expression of AXL with susceptibility to
ZIKV infection. For this purpose, we first measured cell surface expression of AXL in
HT1080, HEK293T, CHME and Vero cells. As shown in Fig. 4A, HT1080, CHME and Vero
cells express similar surface levels of the AXL protein. By contrast, HEK293T cells did not
show surface expression of AXL(Fig. 4A). Next we compared the ability of these cell lines
to be infected by ZIKVs using increasing MOlIs (Fig. 4B). As shown in Fig. 4B, CHME3
cells were highly susceptible to ZIKV infection, as previously shown (Meertens et al., 2017).
In contrast, HEK293T cells were poorly susceptible to ZIKV infection, although the use of
relatively high MOIs of 5 and 10 resulted in detectable levels of infection (Fig. 4B). Direct
comparisons with HT1080 and Vero cells using a range of MOls showed a clear hierarchy of
susceptibility, with CHME3 most susceptible and HEK293T least susceptible to ZIKV
infection. These experiments correlated expression of AXL with susceptibility to ZIKV
infection.

2.4. Lysosomotropic agents block the entry of ZIKV

To evaluate the requirement for a low-pH compartment in ZIKV entry, we used
lysosomotropic agents that block the acidification of endocytic vesicles, (Diaz-Griffero et
al., 2002). We initially tested the effect of ammonium chloride in the infection of VERO and
Cf2Th cells by ZIKV-RVP and ZIKV-MR766. As shown in Fig. 5A, the use of increasing
concentrations of ammonium chloride potently blocked infection by ZIKV-RVP and ZIKV-
MR776 viruses. As a control, we performed similar experiments using HIV-1 viruses
pseudotyped with the pH-dependent envelope of the vesicular stomatitis virus (VSV-G).
Similar results were observed with chloroquine, a lysosomotropic weak base that increases
the endosomal pH (Fig. 5B). To prevent acidification by a different mechanism we used
Bafilomycin A1 (Fig. 5C), which is a specific blocker of the v-type H*-ATPase (Bowman et
al., 1988). As a control, cell viability was determined in the presence of all lysosomotropic
agents by measuring reduction of the tetrazolium dye MTT [3-(4,5-dimethylthiazol-2-
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yl)-2,5-diphenyltetrazolium bromide] to its insoluble formazan (Fig. S1). These results
showed that ZIKV entry required a low-pH compartment to develop productive infection,
and revealed that ZIKV infection requires endocytosis.

2.5. Kinetics of ZIKV entry

The fact that ZIKV requires low pH for infection suggested that endocytic pathways are
important for its ability to infect target cells. To evaluate the time required for ZIKV to travel
from the cell surface to the fusion compartment and fuse with cellular membranes, we
measured the kinetics of ZIKV entry. ZIKV-RVPs were pre-bound to cells at 4 °C for 1 h,
and infection was then initiated by shifting the temperature to 37 °C. As shown in Fig. 6A,
we added 20 mM ammonium chloride at the indicated times post-infection to prevent fusion.
Infection was measured as indicated 48 h post-infection. Our analysis revealed that ZIKV-
RVP viruses exhibit a ty/, of ~2—4 h for viral endocytosis and fusion with cellular
membranes in Vero and HT1080 cells.

2.6. Stability of ZIKV in endocytic compartments

Our results strongly suggested that ZIKV requires endocytosis for viral entry. This evidence
raises the question of how stable these viral particles are in endocytic compartments such as
endosomes and lysosomes. To answer this question, we measured the stability of ZIKV-
MR766 viruses in endocytic vesicles. To this end, we pre-bound ZIKV-MR766 viruses in the
presence of 20 mM ammonium chloride for 1 h at 4 °C. Subsequently, infection was
initiated by shifting the temperature to 37 °C and then removing ammonium chloride at the
indicated times post-infection (Fig. 6B). Infection was measured 48 h post-infection, which
revealed that the half-life of ZIKV-MR766 in the endocytic compartment (stability) was
approximately 2—4 h.

2.7. Role of clathrin-mediated uptake in ZIKV entry

To test whether clathrin-mediated uptake is involved in the entry of ZIKV, we took
advantage of the clathrin inhibitor chlorpromazine, which is a cationic amphiphilic drug that
disrupts clathrin-mediated uptake by relocating clathrin and adaptor protein-2 complexes
from the cell surface (Pho et al., 2000; Wang et al., 1993). As shown in Fig. 7, entry of
ZIKV-RVP and ZIKV-MR766 was inhibited by increasing concentrations of chrlopromazine
in Vero or Cf2Th cells. As a positive control, we confirmed the ability of HIV-1 viruses
pseudotypes with VSV-G to be inhibited by chlorpromazine. Cell viability was determined
in the presence of chlorpromazine by measuring reduction of the tetrazolium dye MTT to
formazan(Fig. S1).

3. Discussion

Using fibroblasts that were deficient in AXL expression, we demonstrated involvement of
this protein in the ability of ZIKV to infect human cells. Our findings using HT1080
fibroblasts with deletion of AXL were consistent with other reports showing that knock outs
of AXL expression in microgial cells (CHMES3), glioblastoma cells (U87), or epithelial cells
(HeLa) prevented the infection by ZIKVs (Chan et al., 2016; Coelho et al., 2017; Hastings et
al., 2017; Meertens et al., 2017; Retallack et al., 2016; Savidis et al., 2016; Vicenti et al.,
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2018). Interestingly, with the exception of Hastings and colleagues whom rescue ZIKA
infection of HeLa AXL KO cells by expressing the mouse AXL protein, none of these
reports have rescued the infection by re-introducing the human AXL protein in KO cells. To
remediate this, we rescued ZIKA infection in HT1080 cells knockout for the expression of
AXL by expressing the human AXL protein(Fig. 3D). Altogether, these experiments
suggested an essential role for AXL during ZIKV infection. By contrast, the literature also
shows examples in which ablation of AXL expression does not affect ZIKV infection. For
example, ablation of AXL in human neuroprogenitor cells (Wells et al., 2016), human
placental cells (Rausch et al., 2017), or in mice (Govero et al., 2016; Miner et al., 2016), did
not affect ZIKV infection. Overall these experiments suggested that ZIKVs might be using
different attachment factors to enter cells. One possibility is that ZIKVs utilize different
attachment factors such as AXL and a separate receptor that is involved in the fusion. It is
important to point out that AXL binds to the Gas6 protein, which interacts with the
phosphatidylserine in the viral membrane (Meertens et al., 2017), suggesting that AXL is an
attachment factor. This raises the question whether the envelope protein of ZIKV, which
contains the fusion machinery, interacts or not with a cellular protein that might be the
receptor. Although in the case of flaviviruses is believed that the envelope does not require to
interact with a cellular receptor for fusion (Stiasny and Heinz, 2006), the aforementioned
controversy regarding ZIKV entry might suggest the existence of other attachment factors or
receptors that may interact with the envelope protein. Future experiments in our laboratory
will pursue whether the ZIKV envelope protein interacts with other membrane receptors.

Using our infection assays, we also explored whether low-pH compartments were required
for the entry of ZIKVs in mammalian cells. Lysosomotropic agents such as ammonium
chloride, chloroquine and Bafilomycin AL, strongly inhibited the ability of ZIKVs to enter
mammalian cells. Our results are in agreement with the findings of others suggesting that
ammonium chloride and chloroquine blocks ZIKVs infection (Delvecchio et al., 2016; Li et
al., 2017; Rausch et al., 2017). These experiments suggested that ZIKVs infection require a
low pH compartment and that ZIKVs are endocytosed before the viral membrane fuses with
the cellular membrane. Our findings are in agreement with the notion that the entry of other
flaviviruses such as dengue, Tick-borne encephalitis and West Nile viruses demonstrating a
requirement for low pH during entry (Gollins and Porterfield, 1986; Randolph and Stollar,
1990; Smit et al., 2011; Vorovitch et al., 1991). Our results suggested that ZIKV entry
requires low pH for fusion and involves endocytosis, which has been shown to be important
for cell entry of flaviviruses (Pierson and Kielian, 2013).

To determine the kinetics of entry of ZIKV into mammalian cells, we prebound viruses to
the surface of cells and stopped infection by adding a lyssomotropic agent at the indicated
times. This allowed us to calculate a ty/» of 2—4 h for ZIKVs to reach the fusion
compartment from the cell surface, illustrating the time required by the particle to reach the
fusion compartment. Cortese and colleagues have shown that the virus requires a total time
of 3 h to reach the fusion compartment in the human hepatic cell line Huh7 (Cortese et al.,
2017). One possibility is that the differences may be due to that we are comparing different
cell lines.
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After contacting the cell surface, viruses that require low pH for infection, undergo receptor-
mediated endocytosis. Here we tested whether clathrin mediated endocytosis is important for
ZIKVs entry. Interestingly, the use of chlorpromazine, which is a cationic amphiphilic drug
that disrupts clathrin-mediated uptake by relocating clathrin and adaptor protein 2
complexes from the cell surface (Pho et al., 2000; Wang et al., 1993), completely blocks the
infection by ZIKVs. These experiments suggested that clathrin-mediated endocytosis is
involved in the ability of ZIKVs to enter mammalian cells, which is in agreement with
similar findings for ZIKVs and other flaviviruses such as dengue (Meertens et al., 2017;
Pierson and Kielian, 2013; van der Schaar et al., 2008). In summary our work suggested that
ZIKVs require AXL, low pH and endocytosis for infection of mammalian cells.

4. Materials and methods

4.1. Cells, viruses and compounds

Vero cells (ATCC CCL-81), HT-1080 cells (ATCC CCL-121) CHMES3 cells (human
microglia cell), HEK293T cells (ATCC CRL-3216) were grown at 37 °C in 5% CO5 in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum,
100 1U/mL of penicillin and 100 ug/mL of streptomycin. Cells were seeded in 24-well plates
(50,000 cells/well) 24 h prior to infection with ZIKV at the multiplicities of infection (MOI)
indicated in each experiment.

ZIKV strain MR766(a gift from Dr. Paul Bates), which is the first described ZIKV strain
that was isolated in the Zika Forest of Uganda in 1947 (DICK et al., 1952), was produced
and expanded in Vero cells. Vero cells were seeded in 10 cm plates 24 h prior to ZIKV
infection. Cells were infected with ZIKV at an MOI 10 in DMEM supplemented media with
10% FCS and additives as above plus 25 mM HEPES for 3 h. An additional 5 mL more of
the same media was subsequently added. The cultures were maintained for 72 h at 37 °C,
after which the supernatant was collected and centrifuged for 10 min at 3000 x g. ZIKV was
stores in aliquots at — 80 C until use.

A Zika virus reporter viral particle (ZIKV-RVP) was produced by cotransfection of two
plasmids, designated ZIKV CPrME and WNV-NSGFP. The ZIKV CPrME construct
encoded the ZIKV structural genes capsid (C), signal sequence, pro-membrane protein
(PrM) and envelope protein (E) from the ZIKV strain. Sequences used were from the
Suriname strain KU312312, which is the strain involved in a recent Brazilian outbreak of
infection (Enfissi et al., 2016). The ZIKV genes were codon optimized for mammalian cells.
The WNV-NS-GFP encoded the nonstructural genes of West Nile Virus (WNV) and a GFP
reporter (Mukherjee et al., 2014). All but the first 20 amino acids of the capsid and the last
28 amino acids of envelope of WNV genome were been replaced with GFP. To generate
viral particles, HEK293T cells were cotransfected with 1 pg of ZIKV CPrME and 5 pg of
WNV-NS-GFP using polyethylimine transfection reagent at 1 mg/mL in serum free DMEM.
Twenty-four hours post-transfection, the media was replaced with fresh DMEM and left for
an additional 24 h. Supernatant containing infectious virus was collected, and centrifuged at
3000 x g for 10 min to remove cellular debris. Virus stocks were stored at — 80 °C and were
thawed at 37 C immediately before use.
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HIV-1-VSV-G viruses were produced by transfecting 1 pg HDM (HIV-1 gag-pol of HIV-1
NL4-3), 1 ug tat, 1 ug rev, 5 ug LTR-GFP-LTR and 2 ug VSV-G. Viruses were collected 48
h post-transfection and stored at — 80 °C, as previously described (Lienlaf et al., 2011).

Chloroquine (ACROS 455240250) and Ammonium Chloride (SIGMA A-0171) were
dissolved in water to yield a 1 M stock. Bafilomycin Al (Cayman Chemical Company,
11038-500) and Chlorpromazine (Santa Cruz SC-202537) were dissolved in DMSO to yield
1 mM and 50 mM stocks, respectively.

4.2. Detection of infection by ZIKV strain MR766

5 x 10% cells per well were challenged by ZIKV strain MR766 at different MOIs for 24 or
48 h. Subsequently, cells were detached using EDTA (5 mM) in PBS, collected by
centrifugation and fixed with 1.5% paraformaldehyde in PBS for 15 min. The cells were
then suspended in 0.1 M glycine for 10 min to quench the paraformaldehyde, and then
washed with PBS. Cells were blocked for 30 min using 1 x Perm/Wash solution (BD
Bioscience 51-2091KZ) in PBS and then incubated for 45 min in the same solution with
anti-ZIKV E protein specific mAb 4G2 [gift of Dr. A. Brass (Savidis et al., 2016)], used as
purified antibody. As a control, an isotype-matched non-binding mouse IgG1 mAb
(Invitrogen Ms IgG1) was used at approximately the same concentration on replicate
samples. Afterwards, cells were washed 3 times with 1 x Perm Wash buffer and incubated
with goat anti-mouse Alexa488 labeled antibodies (Invitrogen, diluted 1:2000). Positive cells
(ZIKV infected) were detected using a FACSCalibur flow cytometer (Becton Dickinson).
This method for quantitating infection was also used for titration of ZIKV MR766 stocks on
Vero cells. The titer was determined as the highest dilution of virus at which infected cells
were detected significantly above the background of control antibody stained samples.

4.3. Detection of infection and antibody neutralization using ZIKV-RVP

5 x 10% cells per well were challenged by ZIKV-RVP at different MOIs for 24 or 48 h.
Subsequently, cells were detached with 300 ul of 0.25% trypsin, and GFP-positive cells were
measured using a FACSCalibur flow cytometer (Becton Dickinson). This method was also
used to titrate ZIKV-RVP on Vero cells, except that GFP positive cells were quantitated at 72
h by fluorescence microscopy. For neutralization studies, antibodies against the ZIKV
envelope protein [Z54, 267, Z48 and Z64; all provided by Dr. M. Diamond (Zhao et al.,
2016)] and the pan Flavivirus 4G2 monoclonal antibody were used at a range of
concentrations and incubated together with ZIKV-RVP (MOI 0.2) for 1 h at 37 °C.
Subsequently, the antibody-ZIKV-RVP mixtures were used to infect cells. Forty eight hours
post-challenge, infection of cells was measured by determining the percentage of GFP-
positive cells using a flow cytometer. The titer was calculated considering the highest
dilution in which infected cells were detected.

4.4. Detection of AXL expression

HT1080 cells were seeded in 6 well plates at 2.5 x 10° per well, and then fixed and stained
using goat polyclonal anti-human AXL antibodies (Bio-techne AF154) at 1 pg/mL.
Secondary staining was performed using donkey anti-goat Alexa Fluor 488 antibodies
(1:2000) and then analyzed by flow cytometry.
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4.5. Generation of AXL knock out cell lines

AXL knockout (KO) cell lines were generated by using the clustered regularly interspaced
short palindromic repeat (CRISPR)-Cas9 gene system (Edit-R CRISPR-Cas9 gene
engineering with SMARTCas9 nucleases; GE Healthcare). The CRISPR genomic guide
RNA sequences for human AXL in human fibrosarcoma HT-1080 cells were designed to
target exon 4 and 7 (Guide 1: ACGAUGGGAUGGGCAUCC; Guide 2:
CGGAUGCUUGCGAGGUGA;Guide 3: UCUCCACAGGAAGCCAGU). The guide RNA
constructs together with hCMV-mKate2-Cas9 expression plasmid were cotransfected into
HT-1080 cells. At 48 h after transfection, RFP-positive cells were single-cell sorted by using
the FACSAria system (BD Biosciences, Franklin Lakes, NJ, USA). Clonal HT-1080colonies
were expanded and characterized for the loss of AXL protein expression by FACS analysis
using anti-AXL antibodies (Bio-techne AF154).

4.6. Statistical analysis and calculation of t1/2

To compare the effects of each treatment in relation to its control, all data was analyzed
using two-tailed Student’s t-test. Differences were considered statistically significant at P <
0.05 (*), P <0.01 (**), P <0.001 (***) or non-significant (ns).

The t1/2 for viral endocytosis and stability is an approximation derived from the
experimental data as the necessary time required to achieve half of the infection using three
independent data sets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Construction of ZIKV-reporter viral particles (ZIKV-RVPs).
(A) The genetic organization of the Flavivirus genome is shown. The Flaviviruses genome is

translated into a single polyprotein that is proteolytically processed into the illustrated
structural and non-structural proteins. The West Nile Virus replicon GFP and Zeocin (GZ) is
shown, which is the genome of West Nile virus where the GFP protein has been inserted
replacing part of the capsid (C), promembrane (prM) and part of the envelope (E). The Zika
Virus structural gens are shown. To create ZIKV-RVPs, human HEK293T cells were
transfected the 5 pg of the West Nile virus replicon GZ together with 1 ug of the Zika Virus
structural genes. Supernatants containing ZIKV-RVPs were collected 48 h post transfection,
and ZIKV-RVPs were tittered in Vero cells using serial dilutions. (B) ZIKV-RVPs infect
human microglial CHME3, human fibroblasts HT1080, African green monkey fibroblast-
like Vero, and dog Cf2Th cells. CHME3, HT1080, Vero and Cf2Th cells were challenges by
ZIKV-RVPs at an MOI of 1. Forty-eight hours post-challenge infection was determined by
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measuring the percentage of GFP-positive cells using a flow cytometer. Experiments were
repeated 5 times and a representative experiment is shown. (C) Neutralizing antibodies
against the envelope of ZIKV inhibit the infection by ZIKV-RVPs. To determine whether
neutralizing antibodies against the envelope of ZIKV inhibit the infection by ZIKV-RVPs,
we challenged Cf2Th cells using ZIKV-RVPs that were pre-incubated with the indicated
antibody for an hour at 37 °C. Forty-eight hours post-challenge infection was determined by
measuring the percentage of GFP-positive cells using a flow cytometer. Experiments were
repeated three times and a representative neutralization curve for each antibody is shown.
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Fig. 2. Detection of wild type ZIKV infection using the anti-envelope monoclonal antibody 4G2.
(A) The domains I, Il and 111 of the ZIKV envelope glycoprotein are depicted. The mouse

monoclonal antibody 4G2 (red) binds to the fusion loop of Domain Il. (B) The monoclonal
antibody 4G2 recognizes ZIKV-infected Vero cells. Vero cells were challenged by ZIKV
strain MR766 (ZIKV-MR766) at an MOI of 1 (lower panels). Twenty-four hours post-
challenge cells were fixed/permeabilized, and infection was determined by staining cells
using anti-ZIKA envelope antibodies 4G2. The percentage of infected cells was measured by
counting the number of 4G2-positive cells using a flow cytometer. As a control, fixed/
permeabilized infected cells were also stained using an isotype matched control antibody.
We performed similar experiments using fixed/permeabilized mock infected cells. (C)
Infection of Vero cells by ZIKA viruses at different MOIs. Vero cells were challenged by
ZIKA-MR766 at increasing MOlIs. The percentage of infected cells was measured by
counting the number of 4G2-positive cells using a flow cytometer. Experiments were
performed at least three times and a representative experiment is shown.
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Fig. 3. Roleof AXL in ZIKV infection.
(A) Construction of human HT1080 cells that do not express the AXL receptor. HT1080

cells were transiently transfected wit the CRISPR-Cas9 system using a guide RNA that
targets exon 4 and 13. (B) Single-cell clones were analyzed for surface expression of AXL
using anti-AXL antibodies by flow cytometry. HT1080-AXL-KO Clones 3-11 and 1-1V were
knockout for the expression of AXL. As a control, we kept the HT1080 clone 1-F, which
underwent the CRISPR-Cas9 treatment but did not lose AXL expression. (C) HT1080 cells
that do not express the AXL receptor are not infected by ZIKV-MR766. HT1080-AXL KO
clones 3-11 and 1-1V were challenged by ZIKV-MR766 with the indicated MOls. Twenty-
four hours post-challenge cells were fixed/permeabilized, and infection was determined by
staining cells using anti- envelope antibodies 4G2. The percentage of infected cells was
measured by determining the number of 4G2-positive cells using a flow cytometer (upper
panel). As a control, we infected the parental and clone 1-F HT1080 cells, which express the
protein AXL. A plot of the percentage of infection (% 4G2-positive cells) versus the used
MOI is shown (lower panel). (D) Expression of human AXL (hAXL) protein on HT1080-
AXL KO cells rescues the infection by ZIKVs. Expression of hAXL in HT1080-AXL KO
clones transduced with the hAXL gene was tested by Western Blotting using anti-hAXL
antibodies (upper panel). As a loading control, samples were also assayed for the levels of
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GAPDH using anti-GAPDH antibodies (upper panel). HT1080-AXL KO transduced
expressing the hAXL protein were challenged with ZIKV-MR766 using an MOI= 1.
Twenty-four hours post-challenge cells were fixed/permeabilized, and infection was
determined by measuring the percentage 4G2-positive cells. Experiments were repeated
three times and a representative experiment with standard deviations is shown.
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Fig. 4. Susceptibility to ZIKV infection by different cell lines correlateswith AXL expression.
(A) Surface expression of human AXL of the indicated cell lines was measured in fixed cells

by flow cytometry using anti-hAXL antibodies. As a control an isotype match antibody was
used. Experiments were repeated at least three times and a representative experiment is
shown. (B) The indicated cell lines were challenged by ZIKV-MR766 using increasing
MOls. Twenty-four hours post-challenge cells were fixed/permeabilized, and infection was
determined by measuring the percentage 4G2-positive cells. A plot of the percentage of
infection (% 4G2-positive cells) versus the used MOI is shown (lower panel). Experiments
were performed at least three times and a representative experiment is shown.
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Fig. 5. Lysosomotropic agents block ZIKV infection.
Ammonium Chloride, Chloroquine and Bafilomycin A1, inhibit ZIKV infection. VERO and

Cf2Th cells were challenged with ZIKV-RVPs or ZIKV-MR766 at the indicated MOI in the
presence of increasing concentrations of ammonium Chloride (A), Chloroquine (B) or
Bafilomycin A1(C). All drugs were used at concentrations that were not toxic to cells.
Forty-eight hours post-challenge infection was determined by measuring the percentage of
GFP-positive or 4G2-positive cells for ZIKV-RVPs or ZIKV-MR766 infections, respectively.
As a control, similar experiments were performed using the pH-dependent pseudo-typed
virus HIV-1-VSV-G. Experiments were repeated at least three times and a representative
experiment is shown. P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) or not significant (ns),
using two-tailed Student’s t-test are shown. U: not infected and not treated.
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Fig. 6. ZIKV in the endocytic pathway.
(A) Kineticts of ZIKV entry. ZIKV-RVPs were pre-bound to Vero or Cf2Th cells at 4 °C for

1. Infection was initiated by shifting the temperature to 37 °C. At the indicated time points,
cells were treated with 10 mM ammonium chloride to stop infection. Forty-eight hours post-
challenge infection was determined by measuring the percentage of GFP-positive or 4G2-
positive cells for ZIKV-RVPs or ZIKV-MR766 infections, respectively. As a control, similar
experiments were performed using the pH-dependent pseudo-typed virus HIV-1-VSV-G. (B)
Stability of ZIKVs in the endocytic compartments. ZIKV-MR766 viruses were pre-bound to
Vero cells at 4 °C for 1 in the presence of 10 mM of ammonium chloride. Infection was
initiated by shifting the temperature to 37 °C. At the indicated time points, ammonium
chloride was removed to allow the fusion of intact viruses. Forty-eight hours post-challenge
infection was determined by measuring the percentage of 4G2-positive cells. Experiments
were repeated at least three times and a representative experiment is shown. U: not infected
and not treated, T: infected and treated at time 0.
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Fig. 7. Clathrin-mediated uptakeisinvolved in the entry of ZIKVs.
ZIKV-RVPs and ZIKV-MR766 were pre-bound to Vero or Cf2Th cells at 4 °C for 1 h in the

presence of increasing concentrations of chlorpromazine. Infection was initiated by shifting
the temperature to 37 °C. Seven hours post-challenge the infection culture was replaced with
fresh media. Forty-eight hours post-challenge infection was determined by measuring the
percentage of GFP-positive or 4G2-positive cells for detection of ZIKV-RVPs or ZIKV-
MR766 infection, respectively. As a control, similar experiments were performed using the
pH-dependent pseudo-typed virus HIV-1-VSV-G. Experiments were repeated at least three
times and a representative experiment is shown. P < 0.05 (*), P < 0.01 (**), P < 0.001 (***)
or not significant (ns), using two-tailed Student’s t-test are shown. U: not infected and not
treated.
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