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SUMMARY

Zika virus (ZIKV) can cross the placental barrier, re-
sulting in infection of the fetal brain and neurological
defects including microcephaly. The cellular tropism
of ZIKV and the identity of attachment factors used
by the virus to gain access to key cell types involved
in pathogenesis are under intense investigation.
Initial studies suggested that ZIKV preferentially
targets neural progenitor cells (NPCs), providing
an explanation for the developmental phenotypes
observed in some pregnancies. The AXL protein
has been nominated as a key attachment factor for
ZIKV in several cell types including NPCs. However,
here we show that genetic ablation of AXL has no
effect on ZIKV entry or ZIKV-mediated cell death in
human induced pluripotent stem cell (iPSC)-derived
NPCs or cerebral organoids. These findings call
into question the utility of AXL inhibitors for prevent-
ing birth defects after infection and suggest that
further studies of viral attachment factors in NPCs
are needed.

Zika virus (ZIKV) is an enveloped single-stranded RNA virus in
the flavivirus family. While 80% of adults present as asymptom-
atic when infected (Petersen et al., 2016), ZIKV can cause fever,
rash, conjunctivitis, and more rarely Guillain-Barre Syndrome
(Cao-Lormeau et al., 2016; Malkki, 2016; Oehler et al., 2014).
Pregnant women are an especially vulnerable population (Pe-
tersen et al., 2016), with infection linked to fetal microcephaly
(Mlakar et al., 2016; Rubin et al., 2016; Soares de Oliveira-Szejn-
feld et al., 2016), intracranial calcifications (Brasil et al., 2016),
and fetal death (Sarno et al., 2016).

Early reports have drawn possible links between ZIKV infec-
tion and microcephaly by investigating the cell tropism of the
virus in vitro. ZIKV was found to preferentially target neural pro-
genitor cells (NPCs) (Tang et al., 2016). Studies employing neuro-
spheres and cerebral organoids have also demonstrated the
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susceptibility of NPCs and radial glia to infection (Cugola et al.,
2016; Dang et al., 2016; Garcez et al., 2016; Qian et al., 2016).
Similarly, direct infection of E15 mouse brain resulted in high
concentrations of ZIKV in the radial-glia-rich ventricular zone,
while parallel infections with the closely related West Nile Virus
(WNV) showed increased tropism in neurons of the intermediate
zone and cortical plate regions (Brault et al., 2016). It has been
theorized that these variations in tropism could be explained in
part by the differing expression profiles of the TYRO3-AXL-
MERTK (TAM) family of receptors, which are hypothesized to
be key attachment factors for ZIKV (Hamel et al., 2015; Nowa-
kowski et al., 2016) and other enveloped viruses (Hunt et al.,
2011; Meertens et al., 2012). Importantly, investigations using
non-neuronal cell types have shown that ZIKV infectivity can
be reduced by modulating AXL with siRNA knockdown,
CRISPR/Cas9 deletion, or incubation with neutralizing anti-
bodies (Hamel et al., 2015; Savidis et al., 2016). Though the
evidence implicating AXL in ZIKV pathogenesis is mounting,
the role of AXL in ZIKV entry and cell death in human NPCs
has yet to be directly tested. We therefore investigated whether
targeted disruption of AXL in stem cells, followed by their differ-
entiation, would result in NPCs resistant to ZIKV infection.

To allow rapid deletion of AXL in stem cells, we first inserted
doxycycline-inducible Cas9 (dox-iCas9) into the AAVS1 locus
of a human induced pluripotent stem cell (iPSC) line via TALENs
(Figures S1A and S1B). CRISPR targeting RNAs (crRNAs) were
then designed to target ubiquitously expressed exons within
AXL (Figure S1C, Table S1). Cas9 induction, along with transfec-
tion of crRNAs and trans-activating CRISPR targeting RNA
(tracrBNA), led to successful editing (T7E1; Figure S1D). crRNAs
that targeted exons encoding the transmembrane domain
(9RNA-Tm) and the extracellular domain (QRNA-Ec) were found
to be the most efficient at editing, and were thus selected and
used for human iPSC editing. Next-generation sequencing of
these target regions from the resulting stem cells revealed that
most alleles harbored frameshift mutations (Figure S1E, Table
S2). iPSCs containing no AXL mutations, transmembrane-exon
mutations, or extracellular-exon mutations were designated
AXLYT, AXLKOT™ and AXLKOEC, respectively. Edited cell lines
remained pluripotent and had normal karyotypes.
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Figure 1. Loss of Human AXL Protein Does Not Protect NPCs from ZIKV Infection and Cell Death
(A) gRT-PCR analysis of AXL mRNA throughout NPC differentiation (n = 4). Black asterisks denote significance in AXL"" compared to WT Day 1 values; red
asterisks = AXL"T versus AXLXO-T™ within time point; blue asterisks = AXL"7 versus AXLXCE¢ within time point.
(B) Western blot analysis confirms loss of AXL protein (140 kDa; black arrow head) in AXLX®-"™ and AXL®-E¢ NPCs using antibodies that target the extracellular
and cytoplasmic domains of the protein. GAPDH, loading control.
(C) Representative fluorescent microscopy images of NPCs at Day 13 of the directed differentiation protocol. Images of AXLXOT™ and AXLXO-E¢ PAX6-positive
NPCs confirm the absence of AXL protein.
(D) Quantification of immunofluorescent images indicates increased AXL expression during the NPC stage of directed differentiation and the absence of AXL
protein in the AXLX®-™™ and AXLC-E¢ lines. Black asterisks denote significance in AXL"" compared to WT Day 1 values; red asterisks = AXL"7 versus AXLKO-T™
within time point; blue asterisks = AXL"7 versus AXLXC-E¢ within time point (n = 14 images from two wells per condition).

(legend continued on next page)
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To allow study of the relationship between AXL expression,
genotype, and differentiation state, we subjected AXL mutant
and control iPSC lines to directed neuronal differentiation using
inhibition of SMAD signaling (Chambers et al., 2009). Following
neuralization, a time course of qRT-PCR measures of AXL
mRNA abundance was performed from day 1 to 22. Only negli-
gible levels of AXL transcript were found in the AXLX®™™ and
AXLKO-E¢ differentiating cells at all time points (p = 0.0018; Fig-
ure 1A), suggesting that the induced mutations caused non-
sense-mediated RNA decay. Western blotting using antibodies
targeting the extracellular or cytoplasmic domains confirmed
the loss of AXL protein in AXLKOT™ and AXLXCEc NPCs
(Figure 1B).

We next considered how the expression of AXL changed dur-
ing neural differentiation of control iPSCs. We found an 8-fold
increase in AXL expression between day 1 and the highest
peak of expression at day 13 (AXL"" Day 1 versus AXL"T Day
18, p < 0.0001; Figure 1A). As differentiation proceeded (Day
22), AXL mRNA abundance declined (AXL"" Day 13 versus
AXL"T Day 22, p < 0.0001; Figure 1A). Western blots confirmed
this dynamic AXL expression pattern (AXL"" Day 1 versus
AXL"T Day 13, p = 0.0415; Figure S1F). To determine if AXL
was indeed expressed most prominently in NPCs, we co-stained
differentiating cultures with antibodies recognizing AXL and the
NPC transcription factor PAX6 (Figures 1C and 1D). These
studies confirmed that AXL was present in control PAX6 progen-
itors and absent from AXLXCT™ and AXLXCE¢ mutant NPCs.
Importantly, expression analysis of the NPC marker PAX6 (Fig-
ure S1G-S1l) showed that control and mutant iPSC lines gener-
ated PAX6-positive cells at comparable efficiencies.

To correlate ZIKV pathogenesis with AXL expression, we
measured infectivity rates and cell death in different cell types in-
fected with ZIKV originally isolated in Puerto Rico during the
2015 outbreak (ZIKV-PR). Supporting the importance of AXL in
ZIKV cell entry in human lung A549 cells (Hamel et al., 2015),
we found that siRNA knockdown of AXL reduced ZIKV-PR infec-
tivity in A549 cells (Control versus AXL knockdown, p = 0.024;
data not shown). We also found that iPSCs and post-mitotic neu-
rons showed little to no ZIKV infectivity or cell death, consistent
with previous reports (Tang et al., 2016) (Figure 1E). However, we
found that early-stage NPCs (Day 21-35 of directed differentia-
tion) were susceptible to ZIKV-PR in a dose-dependent manner,
undergoing an 85% reduction in cell viability at a multiplicity of
infection (MOI) of 10 when compared to mock-infected controls
at 72 hr post-infection (hpi; Figure 1E).

We next compared the effects of ZIKV infection on early NPCs
differentiated from the AXL"7, AXLKXOT™ and AXLKCE® iPSC

lines. When we infected these NPCs with either the original
ZIKV strain isolated in Uganda in 1947 (ZIKV-Ug) or the modern
ZIKV-PR strain at a range of MOls (0.1, 1, or 10), we found a
surprisingly comparable decrease in cell viability between geno-
types, suggesting that ablation of AXL confers no protection
from ZIKV-mediated cell death (Figure 1F). In fact, at the lowest
MOI (0.1), AXLKO™™ and AXLKXCE¢ NPCs showed a modest but
significant increase in viral-mediated cell death (ZIKV-Ug AXLWT
versus AXLKOT™ b < 0.0001; ZIKV-Ug AXL"T versus AXLKO-Ee,
p = 0.021; ZIKV-PR AXL"" versus AXLXCE¢, p = 0.028). We then
infected early NPCs with ZIKV-Ug or ZIKV-PR (MOI = 1) and
collected conditioned media from each well at 36 hpi and
72 hpi for gRT-PCR to quantify virus present in the media.
When we compared NPCs derived from all three iPSC lines,
we found similar levels of ZIKV-Ug and ZIKV-PR RNA among
the three genotypes (Figure 1G). To test whether AXL might
function at the level of production of infectious ZIKV particles,
we used conditioned media collected from AXLWT, AXL KO-,
and AXLKOE¢ NPCs at 72 hpi and administered it to Vero cells.
Regardless of the AXL genotype of NPCs from which condi-
tioned media was collected, near 100% secondary infectivity
was observed (Figures S1J and S1K). Finally, we compared
the infectivity rates of NPCs of the three AXL genotypes by quan-
tifying the percentage of PAX6-positive cells that contained the
ZIKV-PR envelope protein and found no differences between
the wild-type and knockout early NPCs (Figures 1H and 1l) or
late-stage radial glia-like NPCs (Day 36-45 of directed differen-
tiation; data not shown).

To investigate the role of AXL in ZIKV-induced cell death in a
model that closely mimics early human brain development, we
generated 3D cerebral organoids from AXLYT and AXLKOT™
iPSCs (Figure 2A). By Day 24 of differentiation, organoids ex-
pressed phospho-vimentin, a marker of radial glia, in highly orga-
nized ventricle-like structures as revealed by light sheet micro-
scopy (Figure S2A). We infected the organoids at MOl = 0.1, 1,
and 10 on Day 24 with ZIKV-PR. Immunohistochemistry of fixed
ZIKV-PR-infected organoid slices confirmed the presence of
viral envelope protein in cells with a radial glial morphology
that had organized into continuous neuroepithelial structures,
as indicated by a rosette morphology and the presence of apical
proliferation as determined by Ki67 staining (Figures 2B and 2C).
These infected cells were observed in both the AXL" and
AXLKOT™ ipSC-derived cerebral organoids, demonstrating that
elimination of AXL was not protective. When the cross-sectional
size of the organoids was analyzed at 72 hpi, we found that while
mock-infected AXL" organoids showed a 37% increase from
their 0 hpi size, ZIKV-PR infected organoids (MOI = 10) increased

(E) ZIKV-PR infection (MOl = 0.1, 1, and 10) resulted in a dose-dependent decrease in the cell viability of early-stage NPCs and late-stage radial-glia-like NPCs,

but not iPSCs and neurons, 72 hr post-infection (n = 8 wells).

(F) Loss of AXL protein did not protect NPCs from ZIKV-Ug-mediated or ZIKV-PR-mediated cell death (n = 8 wells). Red asterisks = AXL"" versus AXLK®-"™; blue

asterisks = AXL"7 versus AXLKO-Ee,

(G) Quantification of ZIKV-Ug and ZIKV-PR viral RNA from conditioned media of infected (MOI = 1) AXL"7, AXLXC™™, and AXLC-E¢ NPCs at 36 hpi and 72 hpi

(n =6 wells).

(H) Representative images of AXL"T, AXLXOT™ and AXLXCE¢ early-stage NPCs infected with ZIKV-PR (MOI = 1). PAX6, red, NPC marker; 4G2, green, ZIKV

envelope.

(I) Quantification of ZIKV-PR (MOI = 0.1, 1, and 10) infectivity of early-stage NPCs.
Two-way ANOVA (A, D, F, G, and I) with Tukey’s multiple comparison tests was used for analysis: *p < 0.05, **p < 0.01, ***p < 0.0001, n.s. = not significant.

Mean + SD.

Cell Stem Cell 19, 703-708, December 1, 2016 705

CellPress




Cell’ress

AXLKO-Tm

A

Day 0: iPS cells

20

Day 4: iPS
aggregates

Day 12: Early
neuroectoderm

Day 24: Cerebral

G C}
ZIKV  KI67

organoid
D E 72 hoi
1
AXLWT AXLKOTm T +80% p .
Mock MOI 10 Mock MOI 10 o . = AX
€ +60%
2
= +40%
3
ZIKV Mock ‘:T +20%
‘° 0%
3 e
£ 20
(3] Mock 0.1 1 10
Multiplicity of infection (MOI)
F ZIKV-PR
_ 144 hpi
_g- +150%
wrt
3 = ! - AXL
‘ g +100% - px KO-Tm
! = +50%
g
© 0%
£
g’ -50%
c
£ -100% v r v v
o Mock 0.1 1 10
Multiplicity of infection (MOI)
G H ZIKV-PR
600% - °
= AXLYT Mock 300% - TYRO3
§A ©  AXL"T Infected . - AXLYT
k] = AXLKOT™ Mock B = AXLKOTm
X
g 24000/ ©  AXLKOTM Infected S _ = AXLKOF
ce ] o o R'=03815 8 = i HeBs
& (o o e O © 200% -
%2 -0 aQ *
-] PPN X - *
08 4 - S °3 ns. ns. ns.
29 = - < n.s.
o= o o %— —%6' R’=03599 ] —_—
S 5000 5w .- o
O 2 200%- ge % ' Q- o Eo
o 2 _0‘0'_‘_—‘ 090, 8 o 5 100% ...
o - o © o= x
>3 mB o O x o
s S 100%]ccecee- Qu e |>: -
o ¥ n O
n O f
0%

T T T T 1
0% 100% 200% 300% 400% 500%

1 4 7 10 13 16 19 22
Days of directed differentiation

4G2 Viral Envelope, normalized intensity (relative to mock)

Figure 2. Knockout of Human AXL Does Not Prevent ZIKV Infection and Cell Death in Cerebral Organoids

(A) Schematic depicting the production of cerebral organoids from iPSC starting material. Cerebral organoids were infected with ZIKV-PR (MOl = 0.1, 1, and 10) at

Day 24 and measured at Days 27 and 30.

(B and C) Immunohistochemistry of cryosectioned organoids 6 days after infection. Large, continuous neuroepithelial structures contained high levels of ZIKV-PR

in both the (B) AXLYT and (C) AXLKX®-™™ cerebral organoids.

(D) Representative bright field images of mock and ZIKV-PR-infected (MOI = 10) AXL"T and AXLXC-™™ cerebral organoids. Images were collected immediately

following infection (Day 0), as well as 3 and 6 days post-infection.

(E and F) Quantification of cross-sectional organoid size at (E) 72 hpi and (F) 144 hpi. Over this time, mock-treated AXL"" and AXLX®-™™ organoids increased in

size while ZIKV-PR-infected organoids from both genotypes decreased in size. Data are presented as change in size compared to the size at time of infection

(0 hpi) (n = 6 for each condition).

(G) Quantification of mock and infected (MOI = 0.1) organoid cryosections shows an increase in cleaved caspase-3 in response to increased viral presence.

Samples were taken each day after infection for 8 days, and data shown is an aggregate of all time points. Each point represents the average cleaved caspase-3
(legend continued on next page)
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by only 2% (Figures 2D and 2E). By 144 hpi, mock-infected
AXL"T organoid size increased 70% over this time course, while
infected organoid size decreased by 36% (Figure 2F). Elimina-
tion of AXL did not protect cerebral organoids from the effects
of infection, as AXLX®-™™ organoids exhibited a similar reduction
in growth. We also found a correlation between the presence of
the apoptotic marker cleaved caspase-3 and the presence of
viral envelope protein in both the AXL"" and AXLXC-"™ organoids
(AXLWT R? = 0.3599; AXLKOT™ R2 = 0.3815; Figure 2G, Fig-
ure S2B). Thus we conclude that ablation of AXL does not confer
protection against ZIKV-PR in 2D NPC culture or 3D cerebral-
organoid culture.

As removal of AXL was insufficient to inhibit ZIKV entry or cell
death in NPCs, we considered the expression of additional
candidate attachment factors. Analysis of gene expression in
differentiating stem cells (Yao et al., 2017) revealed that in addi-
tionto AXL (Figure S2C), the candidate attachment factor TYRO3
was expressed in NPCs (Figure S2D). In contrast, the additional
candidate flavivirus attachment factors DC-SIGN, TIM1, and
TIM4 showed little to no expression in this cell type (Figure S2E).
While gRT-PCR analysis revealed that TYRO3 expression
peaked at roughly twice that of iPSC levels at Day 10 before
decreasing (Day 1 versus Day 10, p < 0.0001; Figure 2I), expres-
sion levels were also high in iPSCs, which are relatively recalci-
trant to infection. There was no persistent difference in TYRO3
expression between mutant AXL and control iPSC NPCs, sug-
gesting that these cells did not further induce TYRO3 expression
as a compensatory mechanism in response to reduced AXL
levels.

Our findings indicate that AXL is not essential for ZIKV infec-
tion of human NPCs and suggest that therapeutic inhibition of
AXL alone would likely not be sufficient to mitigate ZIKV patho-
genesis in developing brain tissue. Other studies have recently
called into question the role of AXL in ZIKV infection of neural
cell types. Multiple retinal cell types in Ax/ knockout mice (AxI~7)
were not protected from ZIKV infection in vivo and ZIKV RNA
levels in the brains of infected Ax/~'~ mice were comparable to
that of wild-type animals, though the cell type specificity of infec-
tion was not investigated (Miner et al., 2016). Given the lack of
protection conferred by the genetic ablation of AXL, further in-
quiries into potential ZIKV attachment factors in human NPCs,
such as TYROG3, are needed. Overexpression of TYRO3 in
HEK?293 cells rendered this normally resistant cell type suscep-
tible to ZIKV infection (Hamel et al., 2015). Interestingly, TYRO3
expression is low or absent in A549 and Hela cells (http://
www.proteinatlas.org/ENSG00000092445-TYRO3/cell), which
could explain why disruption of AXL is sufficient to significantly
reduce ZIKV infectivity in these cells. Given that human NPCs
co-express AXL and TYRO3 (Onorati et al., 2016), it is possible
that the targeted inhibition of both receptors might be required
to protect these cells from ZIKV infection. It should be noted,

however, that ZIKV-resistant iPSCs express relatively high levels
of TYRO3 (>50 TPM), calling into reasonable question the poten-
tial role of this protein in viral attachment. Efforts to identify the
factors involved in ZIKV pathogenesis of human NPCs, through
both targeted TAM receptor knockout studies and unbiased
screening for factors that render NPCs resistant to ZIKV, will
shed light on ZIKV tropism and lead to new therapeutic targets
to protect against ZIKV infection.
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versus AXLXOE€ within time point. Two-way ANOVA (E, F, and H) with Tukey’s multiple comparison tests was performed: *p < 0.05, **p < 0.01, ****p < 0.0001,

n.s. = not significant. Mean + SD.
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