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A B S T R A C T

Zika virus (ZIKV) is an emerging pathogen with global health and economic impacts. ZIKV circulates as two
major lineages, Asian or African. The Asian lineage has recently been associated with significant disease in
humans. Numerous studies have revealed differences between African and Asian ZIKV strains with respect to
cellular infectivity, pathogenesis, and immune activation. Less is known about the mechanism of ZIKV entry and
whether viral entry differs between strains. Here, we characterized ZIKV entry with two Asian and two African
strains. All viruses exhibited a requirement for clathrin-mediated endocytosis and Rab5a function. Additionally,
all ZIKV strains tested were sensitive to pH in the range of 6.5–6.1 and were reliant on endosomal acidification
for infection. Finally, we provide direct evidence that ZIKV primarily fuses with late endosomes. These findings
contribute new insight into the ZIKV entry process and suggest that divergent ZIKV strains enter cells in a highly
conserved manner.

1. Introduction

Zika virus (ZIKV) is an emerging arbovirus of the Flaviviridae family
which has caused recent outbreaks in the Yap Islands (2007), Pacific
Islands (2013–2015), and the Americas (2015–2017). ZIKV infection
has most notably been associated with microcephaly and ocular ab-
normalities in newborns and Guillain-Barre syndrome in adults (Hills
et al., 2017; Ventura and Ventura, 2018). ZIKV was first identified in
Uganda in 1947, and has been known to circulate in both Africa and
Asia since the 1960s (Beaver et al., 2018). Sequencing and phylogenetic
analysis of ZIKV isolates from recent outbreaks identified these strains
as originating from the Asian lineage of ZIKV (Zhu et al., 2016; Enfissi
et al., 2016; Lanciotti et al., 2016; Haddow et al., 2012; Faye et al.,
2014). Intriguingly, only very rare cases of infection have been asso-
ciated with African lineage ZIKV. Therefore, studying the striking dif-
ference in neurovirulence observed between the two lineages of ZIKV
may help to elucidate important elements of ZIKV infection in humans
and associated neurological disorders.

Phylogenetic analysis of ZIKV strains has identified a number of
amino acid substitutions. Comparison of African and Asian lineage ZIKV
strains revealed 75 amino acid substitutions. Interestingly, 24 amino
acid changes were discovered in post-epidemic Asian lineage ZIKV
strains when compared to pre-epidemic strains (Zhu et al., 2016). While
amino acid substitutions were identified throughout the viral genome, a

concentration of amino acid substitutions was observed in the precursor
membrane (prM) and envelope (E) structural genes important for viral
attachment and entry (Zhu et al., 2016). Similar phylogenetic analyses
have also identified high variability in the prM gene of African and
Asian lineage ZIKV (Wang et al., 2016; Faria et al., 2016).

This enrichment of mutations in genes encoding structural proteins
in epidemic strains of ZIKV suggests that alterations in the function or
antigenic profile of these proteins may be important for virulence and
pathogenicity. In agreement with this hypothesis, a recent study re-
ported a mutation present in the prM protein of an epidemic ZIKV strain
that increased neurovirulence in neonatal mice (Yuan et al., 2017). In
addition, significant differences in viral infection rates, induction of
apoptosis, and host response to infection have been observed between
African and Asian lineage ZIKV in vivo and in vitro (Anfasa et al., 2017;
Simonin et al., 2016; Zhang et al., 2016; Lazear et al., 2016; Smith
et al., 2018). A recent study suggested that the in vitro phenotype is due
in part to differences in the structural proteins of African and Asian
lineage ZIKV strains (Bos et al., 2018).

Flaviviruses are enveloped viruses that generally enter cells via
clathrin-mediated endocytosis. After endocytosis, these viruses fuse
with specific endosomal compartments in a pH-dependent manner to
release the genome into the cytoplasm (Laureti et al., 2018; van der
Schaar et al., 2008a, 2008b; Kalia et al., 2013a; Chu and Ng, 2004;
Schalich et al., 1996). Previous work with individual ZIKV strains has
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shown that infection is dependent on clathrin and Rab5 function, but
not Rab7 (Meertens et al., 2017; Savidis et al., 2016). Additionally,
African lineage ZIKV strains have been shown to be dependent on en-
dosomal pH as determined with lysosomotropic agents and experiments
with liposomes (Persaud et al., 2018; Rawle et al., 2018). However, the
endosomal population with which ZIKV fuses has not been determined.
The African lineage ZIKV strain MR 766 has been frequently used to
study ZIKV entry and infection (Savidis et al., 2016; Persaud et al.,
2018; Muller et al., 2016). It is important to note that MR 766 has been
passaged extensively in tissue culture. In this study, we characterized
general features of ZIKV entry and compared African and Asian strains.
We included MR 766 in this comparison to determine if extensive
passage in tissue culture has altered its mode of cell entry relative to
other ZIKV strains. All strains of ZIKV tested required endosomal
acidification, clathrin-mediated endocytosis, and Rab5 for infection.
Using viruses with fluorophore-labelled envelopes, we provide the first
direct identification of the endosomal populations with which ZIKV
fuses.

2. Results

2.1. African and Asian lineage Zika virus strains enter cells in a pH-
dependent manner

Enveloped viruses either fuse directly with the plasma membrane or
are endocytosed and fuse with an endosomal compartment to enter the
cytoplasm. Flaviviruses are canonically endocytosed through clathrin-
mediated endocytosis and are subsequently released into the cytoplasm
from an endosomal compartment (Savidis et al., 2016; Persaud et al.,
2018; Muller et al., 2016). Previous studies with African lineage ZIKV
strains have suggested a similar entry pathway for African lineage ZIKV
(Meertens et al., 2017; Savidis et al., 2016; Persaud et al., 2018; Rawle
et al., 2018). Certain endocytosed viruses require an acidic environ-
ment for efficient fusion with host membranes. African lineage ZIKV
strains are sensitive to environmental pH as well as perturbation of
endosomal pH by lysosomotropic agents such as Bafilomycin A1
(BafA1), chloroquine, and ammonium chloride (NH4Cl) (Persaud et al.,
2018; Rawle et al., 2018; Muller et al., 2016). To determine if Asian and
African lineage ZIKV have differential sensitivity to endosomal pH, we
infected human hepatoma cell line Huh7.5 with two Asian lineage ZIKV
strains (PRVABC59, PB-81) and two African lineage ZIKV strains (MR
766, DAKAR 41519) in the presence of NH4Cl and BafA1. Cells were
treated with relatively low concentrations of NH4Cl since higher con-
centrations resulted in significant cell death (data not shown). All ZIKV
strains tested responded similarly to both treatments (Fig. 1A, Supp.
Figure 1A). ZIKV infection trended towards a reduction with NH4Cl
treatment and was highly impaired by BafA1 treatment. The depen-
dence of ZIKV infection on endosomal pH suggests that ZIKV is en-
docytosed during cell entry. Additionally, since this result suggested
that dependence on endosomal acidification is conserved between ZIKV
lineages, we further wanted to characterize the pH sensitivity of ZIKV.
The exposed surface proteins of certain endocytosed viruses, including
flaviviruses, undergo pH-dependent conformational changes resulting
in fusion peptide exposure and burial in eukaryotic cell membranes
(Daniels et al., 1985; Stiasny et al., 2011; Sánchez-San Martín et al.,
2009; Helenius et al., 1980; White and Whittaker, 2016). This process is
often irreversible (Schalich et al., 1996; Daniels et al., 1985; Allison
et al., 1995; Korte et al., 1999; Muller et al., 2016). Thus, exposure of
virions to low pH in the absence of a target cell membrane results in loss
of infectivity due to premature conformational changes in the virion
and fusion peptide exposure. To determine the pH sensitivity of ZIKV in
more detail, we incubated African and Asian lineage ZIKV strains in
buffers ranging from pH 7.0–4.4 in increments of 0.2 pH units and
assessed ZIKV infectivity. As a control, the acidic pH was neutralized
with HEPES buffer before incubation with virus. Both Asian lineage
ZIKV strains were affected equally by pH treatment, with half-maximal

inactivation of PRVABC59 at pH 6.29 ± 0.064 and PB-81 at pH
6.29 ± 0.065 (Fig. 1B, Supp. Figure 1B). The African lineage ZIKV
strain DAKAR 41519 was similarly affected, with half-maximal loss of
infectivity at pH 6.15 ± 0.14. However, half-maximal inactivation for
MR 766 was significantly different when compared to DAKAR 41519,
occurring at pH 6.58 ± 0.22. For all ZIKV strains except MR 766, we
noticed that infection was primed by mild viral pre-acidification as has
been previously observed with influenza A virus (Stauffer et al., 2014).
A similar phenotype has also been reported for MR 766 when incubated
in a mildly basic solution prior to infection (Schalich et al., 1996;
Daniels et al., 1985; Allison et al., 1995; Korte et al., 1999). Only MR
766 infection was reduced by incubation in solutions with higher
concentrations of HEPES buffer (Supp. Figure 1C). Furthermore, HEPES
buffer concentration only impacted MR 766 infection at concentrations
present well after the observed point of pH-induced virus inactivation.

To confirm that ZIKV is endocytosed before release into the cyto-
plasm, we utilized the fluorophore octadecyl rhodamine B (R18) to
identify the location of viral membrane fusion. R18 is a lipophilic, self-
quenching fluorophore which can be inserted into viral envelopes at a
high enough concentration to quench R18 fluorescence (Loyter et al.,
1988; Rinkenberger and Schoggins, 2018). Upon fusion of the labelled
viral envelope with another membrane, lipid mixing causes dilution of
R18, resulting in fluorescence dequenching. We labelled Asian lineage
ZIKV strain PRVABC59 with R18 and infected Huh7.5 cells with la-
belled virus for 15min to allow viral entry. We subsequently observed
the location of R18 fluorescence relative to the plasma membrane
marker wheat germ agglutinin (WGA) with confocal microscopy. As a
control, we imaged the colocalization of the plasma membrane marker
PM-GFP with WGA. R18 fluorescence was observed predominantly just
underneath the plasma membrane (Fig. 1C, Supp. Figure 2A). While
plasma membrane localized GFP colocalized with WGA, there was little
to no colocalization of R18 fluorescence with WGA (Fig. 1D, Supp.
Figure 2B). R18 can undergo nonspecific lipid exchange with adjacent
membranes which can result in R18 dequenching in the absence of a
membrane fusion event (Stegmann et al., 1993). To confirm that the
R18 signal we observed was due to membrane fusion rather than
nonspecific lipid exchange, we infected cells with labelled virus in the
presence of BafA1 to block endosomal acidifiction, thereby preventing
viral fusion. As expected, BafA1 treatment resulted in a dramatic de-
crease in the amount of R18 dequenching observed (Supp. Fig. 3A and
B). These data indicate that ZIKV is released from an internal cell
compartment into the cytoplasm.

2.2. African and Asian lineage Zika virus require clathrin-mediated
endocytosis and Rab5 function for infection

Next, we compared the dependence of African and Asian lineage
ZIKV strains on viral entry-associated host factors and processes known
to be important for MR 766 infection. We characterized the effect of
siRNA-mediated knockdown of clathrin heavy chain 1 (CLTC), Ras-re-
lated C3 botulinum toxin substrate 1 (Rac1), and caveolin-1 (CAV1) on
African and Asian lineage ZIKV infection in HeLa cells (Fig. 2A, D, G)
(Savidis et al., 2016; Persaud et al., 2018). These host factors are im-
portant for clathrin-mediated endocytosis, macropinocytosis, and ca-
veolar endocytosis respectively. We found that infection by all strains of
ZIKV was unaffected by Rac1 and CAV1 knockdown. However, CLTC
knockdown resulted in a significant reduction in infection irrespective
of ZIKV lineage. To validate that gene knockdown impaired endocytic
function, we confirmed that clathrin-mediated endocytosis of trans-
ferrin was reduced after CLTC knockdown, and that uptake of 70 kDa
dextran by macropinocytosis was similarly reduced by Rac1 knock-
down (Fig. 2B, E). Reduction in protein expression was confirmed by
western blot (Fig. 2C, F, H).

Following endocytosis, enveloped viruses fuse with a specific in-
ternal cellular compartment. The most commonly reported site of en-
docytosed virus fusion is endosomes (Schalich et al., 1996; Daniels
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et al., 1985; Allison et al., 1995; Korte et al., 1999). Rab5 is important
for early endosome function and homotypic fusion (Schalich et al.,
1996; Daniels et al., 1985; Allison et al., 1995; Korte et al., 1999). Rab7
is important for endosomal maturation and lysosomal function as well
as late endosomal homotypic fusion and fusion with lysosomes (Huotari
and Helenius). It was previously shown that expression of a dominant
negative mutant variant of Rab5a reduced infection of one ZIKV strain
while a dominant negative mutant variant of Rab7a did not (Meertens
et al., 2017). To compare the dependency of African and Asian lineage
ZIKV infection on Rab5 and Rab7, we expressed the commonly used
dominant negative constructs Rab5a S34N and Rab7a N125I in
Huh7.5 cells (Fig. 3A). Compared to the control vector, expression of
Rab5a S34N but not Rab7a N125I resulted in significantly reduced in-
fection by all ZIKV strains tested. To corroborate these findings, we
targeted all RAB5 and RAB7 isoforms with CRISPR/Cas9 mediated gene
editing. Ablation of Rab5 expression resulted in a similar reduction in
infection by all strains of ZIKV tested (Fig. 3B and C). Reduction in Rab7
expression resulted in a significant impairment of Asian lineage ZIKV
infection, but only a modest impairment of African lineage ZIKV in-
fection. The observed difference in phenotype between Rab7 dominant
negative expression and knockout is likely due to a greater loss in Rab7
function with CRISPR/Cas9 mediated gene editing. Microtubules have
also been found to be important for cell entry of MR 766 (Hackett and
Cherry, 2018). We found that treatment of Huh7.5 cells with nocoda-
zole efficiently induced microtubule depolymerization, which resulted
in a modest reduction of infection by both ZIKV lineages (Supp. Figure
4, Fig. 3D).

2.3. Zika virus preferentially fuses with late endosomes

Our findings indicate that ZIKV is endocytosed and subsequently
released into the cytoplasm from an internal cell compartment. We
sought to identify the host compartment(s) from which ZIKV is released
into the cytoplasm. Considering the above findings suggesting that
ZIKV entry is generally conserved between lineages, we only focused on
characterizing the entry of the Asian lineage ZIKV strain PRVABC59 in
greater detail. Many endocytosed viruses are released into the cyto-
plasm after penetration or fusion with early endosomes or with multi-
vesicular bodies (MVBs)/late endosomes. To determine if ZIKV is re-
leased from early or MVBs/late endosomes, we created stable
Huh7.5 cell lines expressing doxycycline-inducible EGFP-Rab5a or
EGFP-Rab7a to fluorescently label early endosomes or MVBs/late en-
dosomes respectively. Doxycycline-induced expression of EGFP-Rab5a
or EGFP-Rab7a did not significantly impact EGFR degradation kinetics
suggesting that vesicular trafficking kinetics and lysosome function
were unaffected by EGFP-Rab expresssion (Supp. Fig. 5A and B). We
then infected these cells with R18-labelled PRVABC59. Colocalization
of lipid mixing events with endosomal markers was observed via R18
fluorescence both in real time by confocal microscopy as well as in fixed
cells 15min after infection (Supp. Movie 1–2, Supp. Figure 6, Fig. 4A).
Interestingly, in both data sets we found that the majority of lipid
mixing events colocalized with EGFP-Rab7a and a minority of lipid
mixing events were colocalized with EGFP-Rab5a (Fig. 4B and C). Our
data indicates that ZIKV is capable of fusing with both early and late
endosomes but is biased towards late endosomes. This may suggest that

Fig. 1. Zika Virus is Endocytosed During Cell
Entry and Enters in a Conserved, pH Dependent
Manner. (A) Huh7.5 cells were pretreated with
200 nM BafA1, 10mM NH4Cl, or 0.2% DMSO for 1 h
and subsequently infected with the ZIKV strains
shown in the presence of the above treatments. (B)
Indicated ZIKV strains were incubated in buffers
between pH 4.4–7.0 for 40min. The pH of virus-
containing buffers was adjusted to pH 7.0 with 1M
pH 8 HEPES and virus inactivation was assessed by
infection of Huh7.5 cells. Calculated logEC50 values
are shown. (C, Top) Huh7.5 cells were infected with
R18 labelled PRVABC59 for 15 min, fixed, stained
with WGA-AF488, and z-stacks acquired on a con-
focal microscope. (Bottom) Enlarged z-stack cross
sections in the X-Z direction. (D) Pearson correlation
coefficients for R18-ZIKV (N = 68) and PM-GFP
control (N = 50) colocalization with WGA.
Infections were quantitated 24 h post-infection by
4G2 staining and flow cytometry. In A, data re-
presents means of three independent experiments
performed in technical triplicate. In B, data re-
presents means of three independent experiments
performed in technical singlet or duplicate. In C,
representative images from one of three independent
experiments are shown. In D, data was collected from
three independent experiments. Error bars represent
SD. (* P ≤ 0.05, ** P ≤ 0.01, **** P ≤ 0.0001).
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ZIKV escapes from endosomes as they are maturing from early to
MVBs/late endosomes. The GFP-Rab experiments corroborate our
dominant negative and knockout data that indicate that Rab5 is ne-
cessary for optimal ZIKV infection while Rab7 perturbation has a milder
impact on ZIKV infection (Fig. 3). Additionally, the pH range of early
endosomes is 6.8–6.2. This decreases to pH 6.2–5.0 in MVBs/late en-
dosomes during endosomal maturation (Jovic et al., 2010; Scott et al.,
2014; Hu et al., 2015). Our findings indicate that all tested ZIKV strains
except for MR766 are highly sensitive to pH 6.3–6.1. This further
suggests that ZIKV fuses with endosomes as they are maturing into
MVBs/late endosomes.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.virol.2019.04.008.

3. Discussion

ZIKV is an emerging pathogen of worldwide concern due to the
severe neurological disorders associated with infection (Jovic et al.,
2010; Scott et al., 2014; Hu et al., 2015). Understanding the mechan-
isms underlying ZIKV infection and associated neurological disorders is
thus of paramount importance. While at least two lineages of ZIKV
exist, only ZIKV strains originating from Asian lineage ZIKV have been
associated with significant disease in humans (Zhu et al., 2016; Enfissi
et al., 2016; Lanciotti et al., 2016; Haddow et al., 2012; Faye et al.,
2014). Thus, studying the differences between ZIKV lineages may help
to uncover important elements of ZIKV pathogenesis. During viral in-
fection, the first challenge that a virus must overcome is gaining access

Fig. 2. Asian and African Lineage Zika Virus Require Clathrin for Infection. HeLa cells were transfected with a pool of 3 siRNAs targeting CLTC (A–C), RAC1
(D–F), CAV1 (G–H), or nontargeting control. (A,D,G) Transfected cells were infected with indicated ZIKV strains. Infection was quantitated 24 h post-infection by 4G2
staining and flow cytometry. (B) Representative confocal images from siRNA transfected Huh7.5 cells serum starved for 1 h and subsequently incubated with or
without 25 μg/mL transferrin-AF488 for 20 min. (C) CLTC protein expression levels with indicated siRNA treatment. (E) Representative confocal images from siRNA-
transfected Huh7.5 cells that were serum starved for 24 h and subsequently incubated with or without 2 mg/mL 70 kDa FITC-conjugated dextran for 30 min. (F) Rac1
protein expression levels with indicated siRNA treatment. (H) CAV1 protein expression levels with indicated siRNA treatment. In A, D, and G, data represents means
of three independent experiments performed in technical triplicate. In all other panels, representative images from at least three independent experiments are shown.
Error bars represent SD. (*P ≤ 0.05, **P≤ 0.01).
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to the host cell cytoplasm. Previous studies suggest that the African
lineage of ZIKV is endocytosed via clathrin-mediated endocytosis and
fuses with an internal cellular membrane in a Rab5 and pH dependent
manner (Meertens et al., 2017; Savidis et al., 2016; Persaud et al., 2018;
Rawle et al., 2018). However, previously published studies comparing
African and Asian strains identified significant differences in structural
protein function and neurovirulence that were associated with lineage-
specific mutations in structural genes (Yuan et al., 2017; Bos et al.,
2018). While it has been suggested that viral attachment to cells is
significantly different between ZIKV lineages, we have found that the
general process of ZIKV entry is conserved (Fig. 5) (Bos et al., 2018),

and largely mirrors the entry of the flavivirus dengue virus (van der
Schaar et al., 2007, 2008a). The infection of multiple African and Asian
lineage ZIKV strains that we tested was dependent on functional cla-
thrin-mediated endocytosis, endosomal acidification, and Rab-depen-
dent endosomal trafficking. Additionally, we found that all ZIKV strains
tested except for MR 766 are sensitive to pH in the range of 6.1–6.3.
This suggests that pH-induced fusion peptide exposure occurs optimally
in this pH range. Thus, fusion is likely triggered in strongly acidified
early endosomes or recently formed late endosomes. In agreement with
this, we showed that ZIKV can fuse at lower frequency with early en-
dosomes but preferentially fuses with MVBs/late endosomes to enter

Fig. 3. Asian and African Lineage Zika Virus Require
Rab5 for Infection. (A) Huh7.5 cells expressing indicated
constructs were infected with the ZIKV strains shown. (B)
RAB5 and RAB7 loci were targeted with the CRISPR/Cas9
gene editing system in Huh7.5 cells. Cells were subsequently
infected with the ZIKV strains shown. (C) Rab5 or Rab7
protein expression after indicated CRISPR/Cas9 mediated
gene editing. (D) Huh7.5 cells pretreated with indicated
drugs were infected with the ZIKV strains shown. Infections
were quantitated 24 h post-infection by 4G2 staining and
flow cytometry. In A, B, and D, data represents means of
three or four independent experiments performed in tech-
nical triplicate. In C, representative images from at least
three independent experiments are shown. Error bars re-
present SD. (*P ≤ 0.05, **P≤ 0.01).

Fig. 4. Zika Virus Fuses Preferentially with Late
Endosomes. (A–B) Huh7.5 cells expressing doxycy-
cline-inducible EGFP-Rab5a or EGFP-Rab7a were
infected with R18-labelled PRVABC59 for 15 min.
(A) Cells were fixed and imaged with confocal mi-
croscopy. (B) The ratio of colocalizing R18/EGFP-
Rab puncta to the total number of R18 puncta per
cell was quantitated for Rab5 (N = 56) and Rab7
(N = 50). (C) Huh7.5 cells expressing doxycycline-
inducible EGFP-Rab5a or EGFP-Rab7a were infected
with R18-labelled PRVABC59 and imaged in real
time with confocal microscopy. The ratio of coloca-
lizing R18/EGFP-Rab puncta to the total number of
R18 puncta per experiment was quantitated for Rab5
and Rab7. In A, representative images from three
independent experiments are shown. In B, data was
collected from three independent experiments. In C,
data points represent three independent experiments
with N≥ 25 for each data point. Error bars represent
SD. (**P ≤ 0.01, ****P≤ 0.0001).
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the cytoplasm. In addition to pH, the related flavivirus dengue virus is
known to require late endosome associated lipids for efficient fusion
(Zaitseva et al., 2010). Accordingly, it is possible that lipid composition
in addition to pH may similarly factor into the observed preference of
Zika virus to fuse in late endosomes.

The largest difference we observed between ZIKV strains was in the
pH sensitivity of the African lineage ZIKV strains MR 766 and DAKAR
41519 (Fig. 1B). While not significant, MR 766 was also inactivated at a
higher pH than either Asian lineage strain tested. MR 766 has been
passaged over 100 times in tissue culture, and may have adapted dis-
tinct entry mechanisms (Helenius, 2018). Consistent with this, our data
suggests that the cell entry process of MR 766 may not be fully re-
presentative of other ZIKV strains. Additional studies are needed to
determine if the increased pH sensitivity of MR 766 significantly affects
viral fusion.

While the results presented here suggest that ZIKV enters cells via
clathrin-mediated endocytosis, it is intriguing to consider the possibility
that ZIKV might infect neurons through a different pathway. Indeed,
the infection of another neurovirulent flavivirus, Japanese encephalitis
virus (JEV), has been found to be dependent on clathrin-mediated en-
docytosis in Vero and PK15 kidney-derived epithelial cell lines (Nawa
et al., 2003; Yang et al., 2013). However, in neurons, JEV is en-
docytosed via caveolar endocytosis or macropinocytosis-like processes
(Kalia et al., 2013a, 2013b; Zhu et al., 2012). While ZIKV entry me-
chanisms may also be cell-type dependent, a previous study found that
infection of the human microglia-derived cell line CHME3 by a single
ZIKV strain required clathrin and Rab5 function (Meertens et al., 2017),
similar to our findings. Additional studies are needed to delineate and
compare the pathways utilized by African and Asian lineage ZIKV to
enter neurons.

Together, our findings suggest that while individual lineages of
ZIKV may be capable of using distinct processes to attach to cells, entry
into cells is a rather inelastic process (Bos et al., 2018). Our findings

further suggest that ZIKV entry is likely not responsible for the observed
lineage specific differences in vitro or in vivo, as this process is conserved
between lineages. This could make ZIKV entry a more favorable target
for antiviral therapeutics due to its conserved nature.

4. Methods

4.1. Cell lines and viruses

Huh7.5 human hepatoma, HeLa human adenocarcinoma, and
human embryonic kidney-derived 293T cells were grown in DMEM
supplemented with 10% FBS and 0.1mM nonessential amino acids. To
induce Rab expression, pTRIPZ.GFP-Rab stably expressing Huh7.5 cells
were seeded at 4×105 cells/well in 24 well plates in normal growth
media supplemented with 1.5 μg/mL doxycycline. Cells were replated
for experiments 3 days later in doxycycline free media.

ZIKV strain PRVABC59 was obtained from the CDC (GenBank
Accession #KU501215). The virus had been passaged three times in
Vero cells prior to our acquisition. ZIKV strains DAKAR 41519 and PB-
81 were kindly provided by Dr. Kenneth Plante, director of the World
Reference Center for Emerging Viruses and Arboviruses. ZIKV strain MR
766 was purchased from ATCC. Virus was propagated no more than 6
total passages for PRVABC59, 3 total passages for PB-81, and 3 total
passages for DAKAR 41519. MR 766 has been passaged over 100 times
in tissue culture. Viral stocks were prepared by infecting Vero-E6 cells
with 0.01–0.05 MOI ZIKV. Cell supernatant was collected 4 days post-
infection for MR 766 and 6 days post-infection for all other viruses. Cell
supernatant was clarified by centrifugation at 2000×g for 20min to
remove cellular debris. Virus stocks were stored at −80 °C until use.

4.2. Plasmids and cloning

The lentiviral vector pTRIP.EGFP-PM (gift from C. Rice) expresses

Fig. 5. Model of Zika Virus Entry: ZIKV entry is
highly conserved between African and Asian
lineages. Following cell surface attachment, ZIKV
enters cells through clathrin-mediated endocytosis.
Endocytic vesicles containing ZIKV are targeted to
the mildly acidic early endosome compartment
where the viral envelope fuses with the endosomal
membrane at a lower frequency. For the majority of
entry events, ZIKV-containing endosomes mature to
moderately acidic MVBs and late endosomes, where
the viral envelope fuses with the endosomal mem-
brane at a higher frequency. Imaged created with
BioRender.
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EGFP with a 20 amino acid plasma membrane-targeting farnesylation
signal from HRAS fused to the C-terminus (Hancock et al., 1991). The
pSCRPSY control construct was prepared as previously described
(Schoggins et al., 2011). A plasmid containing the WT Rab5a open
reading frame was kindly provided by Dr. Neal Alto. The Rab5a S34N
mutant was generated from WT Rab5a by overlap extension PCR using
primer sets listed in Supplementary Table 1. A DNA fragment con-
taining the Rab7a N125I open reading frame was synthesized. Genes
were amplified by PCR and cloned into pDONR.221 using BP Clonase
(Invitrogen) according to the manufacturer's protocol. Genes were
cloned using LR Clonase II (Invitrogen) into the previously described
lentiviral vector, SCRPSY-DEST, which is puromycin selectable and co-
expressed TagRFP (Evrogen) with a gene of interest (Schoggins et al.,
2012). For CRISPR/Cas9 experiments, pLentiCRISPRv2 plasmids (a gift
from Feng Zhang, Addgene plasmid # 52961) containing Rab targeting
guides were kindly provided by Dr. Neal Alto (see Supplementary
Table 1). The N-terminally linked GFP-Rab5a open reading frame was
PCR amplified with indicated primers (Supplementary Table 1). A DNA
fragment containing the N-terminally linked GFP-Rab7a open reading
frame was synthesized. The doxycycline-inducible pTRIPZ.GFP-Rab
constructs were produced by digesting pTRIPZ (Dharmacon) and above
GFP-Rab inserts with AgeI and MluI (NEB) followed by ligation with T4
DNA ligase (NEB).

4.3. Lentivirus production and transduction

SCRPSY lentiviruses were produced as previously described
(Schoggins et al., 2012). For lentiCRISPRv2 and TRIPZ.RAB lentivirus
production, 293T cells were seeded at 4×105 cells per well into 6-well
plates. The next day, cells were transfected with 1 μg lentiCRISPRv2,
0.2 μg plasmid expressing VSVg, and 0.8 μg plasmid expressing HIV-1
gag-pol using X-tremeGENE 9 (Roche). Media was changed 6 h later
and lentivirus-containing culture supernatants were collected at 48 and
72 h post-transfection. Pooled supernatants were clarified by cen-
trifugation at 800×g for 5min. HEPES was added to a final con-
centration of 25mM. Lentivirus was stored at −80 °C until use.

Cells were seeded at 7× 104 cells per well in 24 well plates. Media
was changed to DMEM supplemented with 4 μg/mL polybrene, 3% FBS,
and 25mM HEPES the next day. Cells were transduced by spinoculation
at 800×g, 45 min, 37 °C. Media was changed 6 h later to 10% FBS
DMEM supplemented with 0.1 mM nonessential amino acids. For Rab
dominant negative experiments, cells were replated at 48 h post-
transduction for subsequent experimentation. For Rab CRISPR/Cas9
targeting and TRIPZ.Rab stable cell line generation, cells were selected
in 4 μg/mL puromycin for 10–12 days before subsequent experi-
mentation.

4.4. Viral infections

Cells were seeded at 1×105 cells per well in 24 well plates 24 h
prior to infection. Cells were infected at a MOI of 2.5 with virus diluted
in 200 μL (total volume) DMEM containing 1% FBS for 1 h at 37 °C.
Afterwards, 500 μL normal growth medium was added to each well.
After 24 h, approximately one viral life cycle, cells were dislodged with
Accumax, centrifuged at 800×g for 2min at 4 °C, fixed in 1% PFA for
10min, and resuspended in PBS with 3% FBS for antibody staining and
flow cytometry analysis (Hanners et al., 2016).

4.5. pH inactivation experiments

Huh7.5 cells were seeded at 1×105 cells per well in 24 well plates
24 h prior to infection. Phosphate-acetate buffer solutions consisted of
0.9 mM CaCl2, 2.6 mM KCl, 0.5 mM MgCl2, 10mM K2HPO4, and 50mM
acetic acid. Buffer solutions were titrated in 0.2 pH unit increments
between pH 4.4 and 7.0 with 5M NaOH. NaCl was added to each so-
lution to bring the final NaCl concentration to 73.5 mM. The pH of

900 μL of each of the above buffers was or was not changed to pH 7 by
addition of 1M, pH 8.2 HEPES buffer. 1% FBS was added to all solu-
tions. ZIKV strains, diluted to 100 μL in DMEM, were added to each
buffer or neutralized control for 40min at 37 °C. Solution pH after ad-
dition of 100 μL DMEM was determined and the adjusted pH was used
for the analysis of the experiment. ZIKV containing solutions were ad-
justed to pH 7 by addition of 1M, pH 8.2 HEPES buffer. Huh7.5 cells
above were infected with 500 μL of the above solutions for 2 h at 37 °C.
Media was subsequently changed to 500 μL normal growth media.
Infection was quantitated 24 h later by flow cytometry. The best-fit
asymmetric 5 parameter curve and corresponding logEC50 value was
determined for each data set using Prism 7.

4.6. Drug treatments

Cells were treated with 2.5 μM nocodazole, 200 nM Bafilomycin A1,
10mM NH4Cl, or 0.1% DMSO in DMEM containing 1% FBS at 37 °C for
1 h before cell infection. Respective drugs were added to infection
media as well as the normal growth media added to each well after
infection.

4.7. ZIKV R18 labelling and infection

PRVABC59 was concentrated with ultracentrifugation through a
20% sucrose cushion in an SW-28 rotor at 110,000×g for 90min.
PRVABC59 was diluted to 100 μg/mL viral protein. 6 μL of a 1mM
octadecyl rhodamine B (R18) stock in EtOH was added per mL of ZIKV
for 2 h at room temperature. The labelling reaction was filtered through
a 0.22 μm filter to remove excess R18. For infections, Huh7.5 cells were
seeded at 1× 105 cells/well in 8 well chamber slides or 35mm glass
bottom dishes (MatTek) the day before infection for fixed or live cell
experiments respectively. For the fixed cell data sets, cells were chilled
to 4 °C for 30min. Labelled PRVABC59 was bound to cells at a MOI of 1
in 200 μL DMEM containing 1% FBS for 1 h at 4 °C. Media was subse-
quently changed to 300 μL DMEM containing 1% FBS warmed to 37 °C.
After 15min, 100 μL 4% PFA was added. For WGA colocalization ex-
periments, cells were then stained with 2 μg/mL Alexa Fluor 488 con-
jugated WGA (ThermoFisher) for 10min. Cells were washed twice with
PBS containing Ca2+/Mg2+ and fixed again with 1% PFA.
Alternatively, uninfected Huh7.5 cells stably expressing TRIP.PM-GFP
were stained with Alexa Fluor 647 conjugated WGA (ThermoFisher) as
above. Slides were mounted with Prolong Gold Antifade Mountant.
Rab-R18 colocalization images for fixed cells were taken on a Zeiss LSM
780 confocal microscope. WGA-R18 colocalization z-stacks were taken
on an FV10i confocal microscope. After image acquisition, colocaliza-
tion of R18 dequenching events and PM-GFP with WGA was quanti-
tated with CellSense Dimension Software. Acquired z-stacks were de-
convoluted using 50 iterations of the constrained iterative approach.
The average Pearson correlation coefficient for all images in deconvo-
luted z-stacks was determined. Due to the limited amount of R18 signal
present in acquired images, Pearson correlation coefficients were de-
termined only for image regions with high R18 signal. For the BafA1
control data set, cells were pretreated with 200 nM BafA1 or 0.2%
DMSO in DMEM containing 1% FBS for 30min. Cells were subsequently
infected with labelled PRVABC59 in 200 μL DMEM containing 1% FBS
and 200 nM BafA1 or 0.2% DMSO for 15min at 37 °C. Afterwards,
media was replaced with 200 μL 4% PFA. Slides were mounted with
Prolong Diamond Antifade Mountant and imaged with a Zeiss LSM 780
confocal microscope. For the live cell data set, cells and virus were
equilibrated to room temperature (23 °C) for 30min. Labelled
PRVABC59 was added to cells at a MOI of 1 in 500 μL DMEM containing
1% FBS. Due to timing constraints, images were taken on an FV10i
confocal microscope starting at 10min post-infection every 26s with
the 5× confocal aperture setting. After image acquisition, R18 de-
quenching events and their colocalization with Rab markers was
quantitated manually.
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4.8. Western blot

Samples were run on a 10% polyacrylamide SDS-PAGE gel, trans-
ferred onto nitrocellulose membrane, and blocked for 30min with 5%
milk in TBS containing 0.1% Tween-20 (TBS-T). Membranes were
probed with one of the following primary antibodies: 1:1000 anti-CLTC
(Sigma, C1860), 1:1000 anti-CAV1 (Sigma, C4490) 1:1000 anti-Rac1
(ThermoFisher, PA1-091), 1:3000 anti-actin (abcam, ab6226), or
1:1000 anti-EGFR (Cell Signaling Tech, 4267). For standard experi-
ments, membranes were washed with TBS-T, probed with goat anti-
rabbit or goat anti-mouse HRP conjugated antibodies (Pierce), in-
cubated with ECL substrate (Pierce) according to manufacturer's in-
structions, and exposed to film. For quantitative experiments, mem-
branes were probed with goat anti-mouse or donkey anti-goat IR Dye
conjugated antibodies (Licor). Membranes were washed with TBS and
signal was detected using a Licor Odyssey system.

4.9. EGFR degradation assay

Huh7.5 cells were plated in 24-well plates at 1× 105 cells per well
with standard growth media the day before. Cells were washed 2 times
with PBS and media was changed to DMEM without serum for 4 h.
Media was changed to DMEM containing 100 nM cycloheximide with or
without 200 ng/mL EGF. At 0, 1, 2, 3, or 4 h later, cells were washed
with PBS and lysed in RIPA buffer containing a 1× protease inhibitor
(Roche). EGFR levels relative to actin were quantitated by western blot
as described above.

4.10. Antibody staining and flow cytometry

For quantitation of ZIKV infections, infected cells were harvested,
permeabilized and stained with 1:2500 anti-Flavivirus Group Antigen
Antibody (D1-4G2-4-15) using the Cytofix/Cytoperm kit according to
the manufacturer's instructions (BD Bioscience). Samples were subse-
quently stained with Alexa Fluor 488 conjugated goat anti-mouse an-
tibody (Invitrogen) and cell fluorescence quantified by flow cytometry.
An S1000 flow cytometer (Stratedigm) was used and data were ana-
lyzed using FlowJo (Treestar). On average a minimum of 10,000 cells
were counted per condition. For the virus pH inactivation experiments
specifically, a minimum of 4000 cells were counted per condition due to
cell loss.

4.11. Immunofluorescence

Wash buffer (WB) consisted of 1% BSA, 0.1% Tween-20 in PBS with
Ca2+/Mg2+. Samples were permeabilized for 10min with 0.2% Triton
X-100 in WB and blocked overnight in WB. Samples were incubated
with 1:1000 anti-α-tubulin (Sigma, T6074) in WB for 1 h, washed 2
times in WB for 1min each, and probed with 1:1000 goat anti-mouse
Alexa Fluor 488 conjugated antibody (Life Technologies) in WB for 1 h.
Samples were washed twice with WB. Samples were mounted with
Prolong Gold Antifade Mountant (ThermoFisher). Immunofluorescence
samples were imaged with epifluorescence microscopy on a Nikon
ECLIPSE Ti.

4.12. siRNA mediated knockdown

HeLa cells were seeded at 5×104 cells/well in 24 well plates 24 h
before siRNA transfection in 500 μL normal growth media. 0.2 μL of
20 μM SMARTpool siRNAs (Dharmacon) targeting CLTC (L-004001-01-
0005), RAC1 (L-003560-00-0005), CAV1 (L-003467-00-0005), or non-
targeting control (D-001206-14-05) were diluted in 100 μL DMEM.
Subsequently, 3 μL HiPerfect transfection reagent was added. After
10min, transfection complexes were added to the above cells. 2 days
later, cells were replated for experimentation.

4.13. Endocytic marker uptake

HeLa cells were seeded at 2× 104 cells/well in 8-well chamber
slides in normal growth media. The next day, cells were washed once
and incubated in serum free DMEM for 1 or 24 h for transferrin or
dextran uptake assays respectively. For transferrin uptake, cells were
incubated with 25 μg/mL Alexa Fluor 488 conjugated transferrin
(ThermoFisher) in DMEM for 20min. For dextran uptake, cells were
incubated with 2mg/mL FITC conjugated 70 kDa dextran
(ThermoFisher) for 30min. Cells were washed once with DMEM and
fixed with 4% PFA for 10min. Slides were mounted with Prolong Gold
Antifade Mountant and imaged with an FV10i confocal microscope.

5. Statistical analysis

For normalized data sets, a ratio paired T test was used to determine
statistical significance. For the EGFR degradation experiments, a two-
way ANOVA was used. For analysis of logEC50 values generated from
the pH inactivation experiment, a one-way analysis of variance
(ANOVA) with Sidak's post-test was used. For all other data sets, sta-
tistical significance was determined using a Student's T test with
Welch's correction.
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