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SUMMARY

The TAM receptor, Axl, has been implicated as a candidate entry receptor for Zika virus (ZIKV) infec-

tion but has been shown as inessential for virus infection in mice. To probe the role of Axl in murine

ZIKV infection, we developed a mouse model lacking the Axl receptor and the interferon alpha/

beta receptor (Ifnar�/�Axl�/�), conferring susceptibility to ZIKV. This model validated that Axl is

not required for murine ZIKV infection and that mice lacking Axl are resistant to ZIKV pathogenesis.

This resistance correlates to lower pro-interleukin-1b production and less apoptosis in microglia of

ZIKV-infected mice. This apoptosis occurs through both intrinsic (caspase 9) and extrinsic (caspase

8) manners, and is age dependent, as younger Axl-deficient mice are susceptible to ZIKV pathogen-

esis. These findings suggest that Axl plays an important role in pathogenesis in the brain during

ZIKV infection and indicates a potential role for Axl inhibitors as therapeutics during viral infection.
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INTRODUCTION

First discovered in Africa in 1947 (Dick, 1952; Dick et al., 1952), Zika virus (ZIKV) is a positive-sense envel-

oped flavivirus that is primarily transmitted by the Aedes aegyptimosquito (Li et al., 2012). Unlike other fla-

viviruses, ZIKV is capable infecting the male reproductive organs, leading to testicular atrophy (Govero

et al., 2016; Ma et al., 2016; Uraki et al., 2017) and sexual transmission (Hastings and Fikrig, 2017). Most in-

fections with this virus are asymptomatic (Duffy et al., 2009), and the majority of symptomatic infections

result in a mild and self-limiting febrile illness (Simpson, 1964; Bearcroft, 1956). Rare cases of more severe

illness have been reported including Guillain-Barré syndrome (GBS), marked by subacute flaccid paralysis

(Oehler et al., 2014; Ioos et al., 2014) in infected adults, and infection of pregnant women has been asso-

ciated with severe birth defects, including congenital malformations and severe birth defects in newborns

(World Health Organization, 2016; Ventura et al., 2016; Schuler-Faccini et al., 2016).

Upon ZIKV infection, ZIKV is present in a variety of tissues and body fluids including the central nervous sys-

tem (Tang et al., 2016), saliva (Musso et al., 2015), blood (Musso et al., 2016), urine (Zhang et al., 2016), and

semen (Atkinson et al., 2016), many of which are unique among flaviviruses. Similar to other flaviviruses,

ZIKV targets dendritic cells and macrophages in the skin and other tissues for replication (Wu et al.,

2000; Jurado et al., 2016; Hamel et al., 2015), and replication of the virus in the testes (Govero et al.,

2016; Ma et al., 2016; Uraki et al., 2017) and brain (Li et al., 2016a; Meertens et al., 2017) results in apoptosis

of important cell types driving pathogenesis. This difference in tissue tropism for ZIKV compared with

related flaviviruses has led to significant efforts to identify the entry receptor for this virus. One of the lead-

ing candidate proteins implicated as facilitating viral entry is a member of the TAM family of receptor tyro-

sine kinases, Axl (Hamel et al., 2015; Liu et al., 2016; Retallack et al., 2016; Meertens et al., 2017; Savidis

et al., 2016). However, work from this group (Hastings et al., 2017) and others (Wang et al., 2017) has shown

that Axl is dispensable in a murine model of ZIKV infection, and genetic ablation of Axl in human neural

progenitor cells and cerebral organoids does not prevent ZIKV infection (Wells et al., 2016).

ZIKV infects several cell types that express high levels of Axl (Lemke and Burstyn-Cohen, 2010; Nowakowski

et al., 2016; Ma et al., 2016; Tabata et al., 2016; Rothlin et al., 2015), and signaling of this protein contributes

to infection of astrocytes by downregulating type I interferon (IFN) signaling (Chen et al., 2018). Axl is a

member of the TAM family of tyrosine kinase receptors. These receptors bind the ligands, Gas6 and Protein

S, which recognize phosphatidylserine present on enveloped viruses and dying cells (Shimojima et al.,
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2007; Lemke and Burstyn-Cohen, 2010). Type I IFN signaling upregulates TAM receptors, which are part of

a negative feedback loop for inflammatory responses and inhibits the Toll-like receptor pathway (Rothlin

et al., 2007; Carrera Silva et al., 2013). In dendritic cells, this inhibition is dependent on a physical interaction

with the type I IFN receptor (Ifnar) (Rothlin et al., 2007). In addition, these receptors contribute to the clear-

ance of apoptotic cells and the differentiation of natural killer cells (Bosurgi et al., 2013; Caraux et al., 2006a,

2006b; Paolino et al., 2014). ZIKV infection is controlled by type I IFN signaling (Lazear et al., 2016) and is

capable of using its NS5 protein to degrade human STAT2 and inhibit this signaling, but not mouse

STAT2 (Grant et al., 2016), requiring the use of immune-deficient mice for assessment of infection in the

mouse model. To further assess the role of Axl, we generated an Ifnar/Axl double knockout mouse, which

is susceptible to infection, and tested ZIKV replication and pathogenesis in this mouse model.
RESULTS

The TAMReceptor, Axl, Is Not Required for Replication of ZIKV In Vivo but Is Involved in Viral

Pathogenesis

To probe the function of the TAM receptor Axl in a holistic murine infection model lacking this protein

(Ifnar�/�Axl�/�), we bred together two existing mouse models. The first, an IFN-ab receptor knockout

(Ifnar�/�), will render this model susceptible to ZIKV infection, and the second, an Axl knockout (Axl�/�),
will allow us to probe the role of Axl in ZIKV pathogenesis and replication in specific tissues (Figure 1A).

To determine if Axl is involved in replication of ZIKV in this model, we subcutaneously inoculated

Ifnar1�/�Axl�/� and Ifnar1�/� mice and show that Axl is not required for ZIKV replication in the blood

at days 2, 4, and 6 as measured by qRT-PCR (Figure 1B), in the brain at day 6 as measured by qRT-PCR

(Figure 1C), or in plaque assay (Figure 1D).

Interestingly, in mice lacking Axl expression ZIKV pathogenesis is significantly decreased, with infected

animals showing a slight decrease in weight around days 6–8 (Figure 1E) but most recovering fully, whereas

the virus is 100% lethal in mice expressing Axl (Figure 1F). The pathogenesis in this model appeared to be

driven by replication of virus in the brain, as the mice that died had hindlimb paralysis and unsteadiness on

their feet. This phenotype appears to be age dependent, as Axl knockout weanlingmice (3 weeks old) show

no difference in ZIKV pathogenesis compared with those expressing Axl (Figures 1G and 1H). These data

indicate that although ZIKV does not require Axl to replicate in the mouse model, this protein is important

for driving severe disease in vivo.
Axl Expression Is Important for IL-1b Expression during ZIKV Infection

To attempt to determine the mechanism underlying the increased pathogenesis of ZIKV in Axl-competent

mice, we collected brains from Ifnar1�/� and Ifnar1�/�Axl�/� mice and isolated RNA to determine the

expression of important inflammatory cytokines during viral infection. Using qRT-PCR, we show that the

levels of transforming growth factor-b, tumor necrosis factor-a, IFN-g, and IL-6 are not different between

Axl�/� and Axl wild-type mice (Figures 2B–2E), but that Ifnar1�/�Axl�/� mice had significantly lower pro-

IL-1b levels when compared with Ifnar1�/� mice (Figure 2A). Interestingly, no differences in the expression

of inflammatory cytokines were observed between 3-week-old IFNAR�/�Axl�/� mice and Axl-competent

mice of the same age during ZIKV infection (Figure S1).

To determine if this increased inflammatory response in 6-week-old Axl knockout mice is a result of enhanced

inflammatory cell recruitment or proliferation in the brains of ZIKV-infected mice, we examined the number of

immune cells in the brain at day 6 of ZIKV infection using flow cytometry (Figure S2). There is a robust expansion

or infiltration of monocytes (Figure 3A), neutrophils (Figure 3B), macrophages (Figure 3C), dendritic cells (Fig-

ure 3D), microglia (Figure 3E), and bothCD4+ (Figure 3G) andCD8+ (Figure 3H) T cells in infectedmice, whereas

there are no significant differences between Ifnar1�/� and Ifnar1�/�Axl�/� mice (Figure 3). Intriguingly, there

was a trend toward slightly fewer CD11c+ activatedmicroglia in Ifnar1�/�Axl�/� mice (Figure 3F), but this differ-

ence was not significant. IL-1b is highly expressed during apoptosis, so we hypothesized that Axl could instead

be playing a role in driving apoptosis during ZIKV infection.
Axl Drives Apoptosis in Microglia in the Brains of ZIKV-Infected Mice

To examine if Axl plays a role in driving apoptosis in the 6-week-old animals, we dissected brains from ZIKV-

infected Ifnar1�/� or Ifnar1�/�Axl�/� mice at day 6, and performed a TUNEL assay, which selectively marks

cells with breaks in DNA indicating apoptosis, on fixed brain sections. It is evident that Axl-competent mice
340 iScience 13, 339–350, March 29, 2019



Figure 1. The TAM Receptor Axl Is Not Required for Replication of ZIKV In Vivo but Is Involved in Viral Pathogenesis

(A–H) (A–F) Six-week old or (G and H) three-week old Ifnar1�/� or Ifnar1�/�Axl�/� mice were subcutaneously infected via footpad injection with 105 plaque-

forming unit Cambodian strain of ZIKV. (A) Diagram of Axl knockout mousemodel describing the purpose of gene ablation. (B) Whole blood was collected at

days 2, 4, and 6 post-ZIKV infection from both groups and analyzed by qRT-PCR. (C and D) At day 6, when mice begin to show viral pathogenesis, mice were

sacrificed, brains were collected, and ZIKV levels were analyzed using (C) qRT-PCR and (D) plaque assay. (E and G) Both groups were weighed daily for two

weeks or until sacrificed due to severe pathogenesis, and data were graphed as a percentage of original body. (F and H) Mice were also monitored for

survival for two weeks after ZIKV infection. ZIKV RNA levels were normalized to mouse b-actin (ACTB) RNA levels. (n = 8–10/group for each genotype).

Significance was tested by (B) two-way ANOVA with a post-hoc Tukey test, (C and D) Student’s t test, or (F and H) log rank (Mantel-Cox) test. Error bars

represent SEM.
have markedly increased apoptosis across several regions of the brain, including the ventral striatum

(Figure 4A), the cerebellum (Figure 4B), and the hippocampus (Figure 4C).

By co-staining these tissue sections with TUNEL and NeuN (neurons, Figure 5A), glial fibrillary acidic

protein (GFAP) (astrocytes, Figure 5B), or Iba1 (microglia, Figure 5C), we can clearly show that microglia

represent the main apoptotic cell type present in the brain. As these cells are capable of phagocytosing
iScience 13, 339–350, March 29, 2019 341



Figure 2. Axl Expression Is Important for IL-1b Expression during ZIKV Infection

Six-week old Ifnar1�/� or Ifnar1�/�Axl�/� mice were subcutaneously infected via footpad injection with 105 plaque-

forming unit Cambodian strain of ZIKV.

(A–E) At day 6, when mice begin to show viral pathogenesis, they were sacrificed, brains were collected and (A) pro-IL-1b,

(B) TGF-b, (C) TNF-a, (D) IFN-g, and (E) IL-6 levels were analyzed using qRT-PCR. ZIKV RNA levels were normalized to

mouse b-actin (ACTB) RNA levels. Data are expressed as a percentage of the average expression in the Ifnar1�/� group.

Significance was tested using Student’s t test (n = 8–10/group for each genotype).
dead cells, we cannot rule out the possibility that some of the microglial cells appear TUNEL positive owing

to phagocytosis of other cell types; however, the majority of these cells show TUNEL staining in the nucleus

(co-localizing with DAPI staining) and not in the cytoplasm (Figure 5C), which indicates that these cells are

undergoing apoptosis themselves. When TUNEL+ microglia were quantified, significantly more TUNEL+
342 iScience 13, 339–350, March 29, 2019
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Figure 3. Axl Expression Does Not Drive Differences in Immune Cell Infiltration during ZIKV Infection

Six-week old Ifnar1�/� or Ifnar1�/�Axl�/� mice were subcutaneously infected via footpad injection with 105 plaque-forming unit Cambodian strain of ZIKV.

(A–H) At day 6, when mice begin to show viral pathogenesis, mice were sacrificed, brains were collected, and (A) monocytes, (B) neutrophils, (C)

macrophages, (D) dendritic cells, (E) microglia, (F) activated microglia, (G) CD4+ T cells, and (H) CD8+ T cells were analyzed using flow cytometry. Data are

expressed as total number of cells present in the brain. Significance was tested by two-way ANOVA with a post-hoc Tukey test. No significant differences

were detected among any groups. Error bars represent SEM (n = 8/group for each infected group and n = 2/group for each uninfected group).
microglia were observed in the brains of Axl-competent mice compared with Axl�/� mice (Figure 5D),

further suggesting a role of Axl in driving apoptosis in these cells.

The canonical apoptosis pathway is caspase 3 dependent and can be either extrinsic through death recep-

tor (like tumor necrosis factor-related apoptosis-inducing ligand receptor) signaling and caspase 8, or

intrinsic through mitochondrial-associated Bcl-2 homology proteins and caspase 9. Downstream of both

these pathways is cleavage of poly (ADP-ribose) polymerase (PARP), which is responsible for repairing

DNA. Six-week-old Axl-deficient mice have significantly lower levels of cleaved PARP shown by western

blot analysis of whole ZIKV-infected brain homogenates of ZIKV-infected mice, and there was significantly

higher caspase 8 and cleaved caspase 9, and a trend toward higher caspase 3, cleaved caspase 3, and cas-

pase 9, in the Ifnar1�/�mice when compared with the Axl-deficient mice, which indicates that the observed

apoptosis is induced both through the intrinsic and extrinsic pathways (Figures 6 and S3). Caspase 12 is

involved in a less common apoptotic pathway, and whereas less caspase 12 expression was seen in the

Axl-deficient group (Figure 6H), no change in cleaved caspase 12 was observed (Figure 6I). This suggests

that Axl signals through a caspase-dependent PARP-dependent manner leading to apoptosis in microglia.
DISCUSSION

Axl has been shown to be involved in the immune response during ZIKV infection and has been implicated

as an entry factor for specific cell types. To further examine the role of Axl in replication and pathogenesis in

mice, we generated amouse lacking Axl that was also deficient in the Ifnar protein, rendering these animals

highly susceptible to ZIKV infection. Using this model, we demonstrate that although, similar to our previ-

ous work, ZIKV replication levels are unaffected by the lack of Axl, the loss of this molecule protected mice

from severe viral pathogenesis in the brain. This protection coincided with significantly lower inflammatory

pro-IL-1b expression and a decrease in apoptosis, specifically in glial cells, in the brains of Axl-deficient

mice. These data suggest that Axl present on microglia is involved in facilitating ZIKV pathogenesis by

inducing apoptosis in these cells.

Small-molecule inhibition of Axl in human cell lines (Hamel et al., 2015; Liu et al., 2016; Retallack et al., 2016;

Meertens et al., 2017; Savidis et al., 2016), small interfering RNA knockdown of Axl human alveolar basal

epithelial carcinoma cells (A549) (Hamel et al., 2015), and CRISPR knockout of Axl in human cervical adeno-

carcinoma cells (HeLa) (Savidis et al., 2016), a human glioblastoma line (U87) (Retallack et al., 2016), a human

microglial cell line (CHME3) (Meertens et al., 2017), and human embryonic kidney cells (293T) (Liu et al.,

2016) has been shown to block or reduce ZIKV infection, but Axl is not necessary for replication of ZIKV

in the mouse model (Hastings et al., 2017; Wang et al., 2017). Intriguingly, our group has shown that murine

Axl is capable of acting as an entry factor by using a transcomplementation assay (Hastings et al., 2017). This

raises the possibility that this protein is important for entry into specific cell types, but these cell types are

not a major contributor to overall ZIKV replication in the mouse model. Meertens et al. demonstrated that

Axl can mediate ZIKV infection of astrocytes and microglia in vitro and that the subsequent signaling in

these cells through Axl dampens type I IFN signaling and increases viral replication in glial cells. As the

mouse model that we generated is deficient in Ifnar, any phenotype observed in these mice is independent

of Axl’s role in the regulation of type I IFNs. Therefore the lack of difference in viral titer suggests that if Axl

is indeed involved in entry to these cells, these cells do not represent a major source of viral replication in

the mouse model. The data presented here are consistent with Axl facilitating entry into microglia and indi-

cate that the inflammatory response by these cells is critical for the pathogenesis of ZIKV in the brain.

Theapoptosisobserved inourhistology (TUNEL)andwesternblot (cleavedPARP)experimentsappears tobeAxl

dependent.Canonical apoptosis is induced throughanextrinsic pathway, dependent ondeath ligandsor recep-

tors and caspase 8, or an intrinsic pathway, dependent onmitochondrial changes and caspase 9 (Elmore, 2007).

To determine if this phenomenon is due to an increase in components of canonical apoptosis pathways, we

performed western blot analysis of various proteins involved in intrinsic and extrinsic apoptosis. Interestingly,
344 iScience 13, 339–350, March 29, 2019



Figure 4. Axl Drives Apoptosis in the Brain of ZIKV-Infected Mice

Six-week old Ifnar1�/� or Ifnar1�/�Axl�/� mice were subcutaneously infected via footpad injection with 105 plaque-

forming unit Cambodian strain of ZIKV.

(A–C) At day 6, when mice begin to show viral pathogenesis, mice were sacrificed, brains were collected, fixed in buffered

formalin, and prepared for histology. Slides were stained using the TUNEL assay, and the entire brain was imaged at 203.

Shown are (A) the ventral striatum, (B) the cerebellum, and (C) the hippocampus (n = 4/group for each genotype). Scale

bar, 500 mM in main image and 100 mM in inset image.
Axl-deficient mice had slightly lower levels of these proteins when compared with Axl-competent mice. Axl

expression appears to increase both intrinsic and extrinsic apoptosis during ZIKV infection, and it is possible

that thedifference in apoptosis is causedby adifference in viral entry and infection in a specific cell type, perhaps

glial cells, or the mechanistic role of Axl in specific functions of microglia.

ZIKV is capable of targeting and replicating in both developing neural stem cells and to a lesser extent in

mature neurons (Nowakowski et al., 2016; Tang et al., 2016; Onorati et al., 2016). In addition, the symptoms

of GBS that have been associated with acute ZIKV infection are likely related to infection or autoimmune-

mediated death of neurons or glial cells (do Rosario et al., 2016; Siu et al., 2016). Susceptible knockout mice

infected with ZIKV are marked by acute and severe neuropathology and hindlimb paralysis (Li et al., 2016b),

and the data here indicate that this pathogenesis is related to Axl expression and apoptosis of microglia.

Interestingly, microglia have been shown to undergo a process termed phagoptosis, in which they become

activated and phagocytose live neurons, or other cells (Brown and Neher, 2014). This process is directly

related to the expression of TAM receptors including Axl (Fourgeaud et al., 2016). It is possible that the

neuropathogenesis observed during ZIKV infection could be related to the phagoptosis of ZIKV-infected

neurons by activated microglia.
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Figure 5. ZIKV Induces Apoptosis in Microglia

Six-week old Ifnar1�/� or Ifnar1�/�Axl�/� mice were subcutaneously infected via footpad injection with 105 plaque-

forming unit Cambodian strain of ZIKV.

(A–C) At day 6, when mice begin to show viral pathogenesis, mice were sacrificed, brains were collected, fixed in buffered

formalin, and prepared for histology. Slides were stained using the TUNEL assay and antibodies toward (A) NeuN

(neurons), (B) GFAP (astrocytes), or (C) Iba1 (microglia) and imaged at 203. Insets are digitally enlarged by 33 to show

individual cells. Scale bar is 100 mM in main image. Shown is representative image from Ifnar1�/� mice.

(D) Percent microglia that were TUNEL+ were quantified and graphed from two to three random fields in the brains of

each genotype. Significance was tested by two-way ANOVA. Error bars represent SEM (n = 4/group for each genotype).
It is also possible that the increase in pathogenesis observed in the presence of Axl is related to uncon-

trolled inflammatory responses. Neuropathogenesis in Japanese encephalitis virus, another flavivirus,

has been attributed to inflammation in the brain, including excessive IL-1b expression (Myint et al.,

2014), and expression of this inflammatory cytokine is also responsible for pathogenesis in the brains of pa-

tients infected with HIV (Yang et al., 2010) and Alzheimer disease (Shaftel et al., 2007). Counterintuitively,

Axl kinase signaling has been shown to suppress inflammation and IL-1b expression (Ganesh et al., 2012;

Han et al., 2016), but we hypothesize that the difference observed in inflammation and pathogenesis in our

experiments is due to decreased infection of, or phagocytosis of virus and virally infected cells by, microglia

lacking Axl. This would be consistent with studies showing that entry via clathrin-mediated endocytosis of

ZIKV into glial cells is decreased when Axl is blocked (Meertens et al., 2017).

Taken together, these data suggest an important role for Axl in the pathogenesis of ZIKV in the brain. In

addition, using a susceptible mouse model lacking Ifnar we further corroborate our previous work showing

that Axl is not necessary for ZIKV infection. The similarity between ZIKV levels in wild-type and Axl knockout

mice indicate that, whereas Axl is important for entry into cell types, like microglia, that are crucial for viral

neuropathogenesis, it is dispensable for entry and replication into cell types that are major producers of

virus in vivo. Therefore pharmacological agents that have been developed to target Axl as therapeutics

for ZIKV could represent an effective strategy for combatting ZIKV pathogenesis.
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Figure 6. ZIKV Induces Apoptosis by a PARP-Dependent Caspase-Dependent Mechanism

Six-week old Ifnar1�/� or Ifnar1�/�Axl�/� mice were subcutaneously infected via footpad injection with 105 plaque-forming unit Cambodian strain of ZIKV.

(A–J) At day 6, when mice begin to show viral pathogenesis, they were sacrificed, brains were collected in radioimmunoprecipitation assay (RIPA) buffer with

protease inhibitor, and a western blot was performed. Membrane was probed with antibodies toward proteins involved in apoptosis. Protein expressions of

(A) PARP, (B) cleaved PARP, (C) caspase 3, (D) cleaved caspase 3, (E) caspase 8, (F) caspase 9, (G) cleaved caspase 9, (H) caspase 12, and (I) cleaved caspase 12

were quantified using ImageJ. Data shown are representative of at least two independent experiments. Significance was tested with two-tailed Mann-

Whitney U test. Error bars represent SEM (n = 4/group for each genotype).
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Limitations of Study

These experiments were performed in IFNAR knockout mice, which allows us to not only infect with ZIKV

and observe IFN-independent effects of Axl but also reduce the physiological relevance of this model.

We have not fully characterized the phenotype of microglia, astrocytes, and neurons in the IFNAR knockout

model, and it is possible that some other virally independent phenotype could drive the striking difference

in survival that we observed. It would also be particularly interesting to generatemicroglia-specific (or other

cell-type-specific) knockouts of Axl to observe if these effects are driven by Axl on these cells or on others.

This study uses the pre-pandemic Cambodian strain of ZIKV, and it is possible that this phenotype would

change with a pandemic strain. We did infect thesemice with a pandemicMexican strain of virus (MEX2-81),

but we did not observe the same severe pathogenesis in IFNAR knockout mice.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.03.003.
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Transparent Methods 

Contact for reagent and resource sharing 

Further information and requests for resources and reagents should be directed to and will be fulfilled by 

the Lead Contact, Erol Fikrig (erol.fikrig@yale.edu) 

Ethics Statement 

All experiments were performed in accordance with guidelines from the Guide for the Care and Use of 

Laboratory Animals of the NIH. Protocols were reviewed and approved by the IACUC at Yale University 

School of Medicine (Assurance number A3230-01). Every effort was made to reduce distress in animals. 

Viruses, cell lines and titration 

Vero cells (ATCC) were maintained in DMEM containing 10% FBS and antibiotics at 37°C with 5% 

CO2 and have been routinely confirmed to be mycoplasma free. Aedes albopictus midgut C6/36 cells 

were grown in DMEM supplemented with 10% FBS, 1% tryptose phosphate, and antibiotics at 30°C with 

5% CO2 air atmosphere. Cambodia (FSS13025) strain ZIKV were obtained from the University of Texas 

Medical Branch at Galveston’s World Reference Center for Emerging Viruses and Arboviruses and 

propagated in C6/36 insect cells or Vero cells. Viral titers were determined utilizing plaque assays as 

described below. 

Mouse Experiments 

Ifnar1-/-Axl-/- mice were generated through breeding two previously described mouse strains (Lu and 

Lemke, 2001, Muller et al., 1994). For the analysis of ZIKV pathogenesis in the brain, 3-week old or 6-

week old mice were subcutaneously injected in the footpad with 105 PFU of Cambodian ZIKV in a 

volume of 10uL. Serum was collected every other day by retroorbital bleed. Weights were measured daily 

for two weeks or until mice had to be sacrificed due to humane concerns, such as paralysis or loss of more 

than 20% of body weight. At day 6, just before Ifnar1-/- generally succumb to infection with Cambodian 

mailto:erol.fikrig@yale.edu


strain ZIKV, brains were collected and processed as previously described (Hastings et al., 2017). An 

equal mix of male and female mice were used for these experiments.  

Viral Burden Analysis 

Tissues were homogenized using ceramic beads in either 10% DMEM (plaque assay), TRIzol, or PBS 

(qRT-PCR), homogenized tissue was centrifuged for 10 minutes at 13,000 RPM and supernatant was 

transferred to new tubes. For plaque assays, supernatant was incubated on Vero cell monolayers in 10-

fold serial dilutions for 1 hour at 37°C and overlaid with a mixture of 2% agarose and 2× media. 3 to 4 

days post infection, cells were fixed by 10% formalin, stained with 0.005% amido black and PFU were 

counted. For tissues and whole blood, total RNA was extracted using the Qiagen RNeasy Mini Kit and 

reverse-transcribed using the iScript cDNA Synthesis Kit (Bio-rad) according to manufacturer’s protocol. 

IQ SYBR Green Supermix (Bio-Rad) was used along with ZIKV-specific primers designed to amplify the 

NS5 protein (forward: GGCCACGAGTCTGTACCAAA; reverse: AGCTTCACTGCAGTCTTCC), and 

ZIKV replication was calculated using the 2-∆∆CT method normalized to β-actin RNA. 

Cytokine Analysis 

Tissues were homogenized using ceramic beads in TRIzol, homogenized tissue was centrifuged for 10 

minutes at 13,000 RPM transferred to new tubes. Total RNA was extracted using the Qiagen RNeasy 

Mini Kit and reverse-transcribed using the iScript cDNA Synthesis Kit (Bio-rad) according to 

manufacturer’s protocol. IQ SYBR Green Supermix (Bio-Rad) was used along with specific primers to 

pro-IL1β, TGFβ, TNF𝑎, IFNγ and IL6 and cytokine levels were calculated using the 2-∆∆CT method 

normalized to β-actin RNA. The qRT-PCR primer sequences are available upon request. 

Brain Sectioning and Immunostaining 

Brains from intracranially infected mice were collected in 10% Buffered Formalin (Thermo Scientific™ 

Richard-Allan Scientific™) and fixed overnight after fixation, brains were embedded in paraffin, cut 

sagitally and slices were mounted on slides by Yale Pathology Tissue Services. Sections underwent 



antigen retrieval (10mM sodium citrate buffer), permeabilization (0.25% TritionX-100), and were 

blocked in 3% BSA with 0.05% Tween20. The following primary antibodies were incubated overnight: 

For TUNEL staining we used the Apoptag Red In Situ Apoptosis Detection Kit per manufacturer’s 

protocol (Millipore) (Cat # S7165). For co-staining, the following primary antibodies were used Iba1 

(1:500, Wako 019-19741), GFAP (1:500, Dako Z0334), NeuN (1:50, Cell Signaling 24307). After rinsing 

with PBS, samples were probed with goat anti-rabbit antibody conjugated to Alexa488 (1:1000 Life 

Technologies). Samples were mounted in Prolong Gold containing DAPI (4’6’-diamidino-2-phenilindole) 

(Life technologies). 

Antibodies and immunoblotting 

Antibodies against the following proteins were used: PARP (Cell Signaling Technology, #9542), Cleaved 

PARP (Cell Signaling Technology, #9548), Caspase 3 (Cell Signaling Technology, #9665), Cleaved 

Caspase 3 (Cell Signaling Technology, #9664), Caspase 8 (Cell Signaling Technology, #4927), Caspase 9 

(Cell Signaling Technology, #9504), Cleaved Caspase 9 (Cell Signaling Technology, #9509), and 

Caspase 12 (Cell Signaling Technology, #2202). HRP-conjugated anti-mouse and anti-rabbit antibodies 

were used, respectively. For immunoblotting, tissue was lysed on ice with RIPA buffer supplemented 

with a protease inhibitor cocktail (P8340) (Sigma-Aldrich) and phosphatase inhibitors (Roche 

Diagnostics). Lysates were subjected to SDS/PAGE followed by blotting with the indicated antibodies. 

Signal detection was achieved using Clarity Western ECL substrate (Bio-Rad). Western blot bands were 

quantified using densitometry according to previous described methods (Miller, 2010). Briefly, 

rectangular sections were drawn around each band and a profile plot of each band was generated 

representing density of the image. Each specific antibody for caspase related genes was quantified and 

normalized against the blot of β-actin for each sample. All samples were run on the same blot for each 

comparison. 

Flow Cytometry 



Single cell suspension of brain tissue was obtained by mincing and incubating with 2mg/mL collagenase 

for one hour before passing through a 100uM sterile cell strainer. Cells were stained with the following 

fluorescently labeled antibodies and then ran on a BD LSRII flow cytometer: CD45 (Biolegend #103126), 

Ly6C (Biolegend #128006), Ly6G (Biolegend #127624), CD11b (Biolegend #101228), CD11c 

(Biolegend #117318), CD3 (Biolegend #100328), CD4 (Biolegend #100527) and CD8 (Biolegend 

#100714).  

Data Analysis 

GraphPad Prism software was used to analyze all data. Log10 transformed titers were used for plaque 

assays and β actin-normalized viral or cytokine RNA was analyzed. Statistics were measured using one-

way ANOVA and post-hoc Tukey test for multiple comparisons, Student T test, or Mann Whitney U test. 

Statistical test is listed in each figure legend A p value of <0.05 was considered statistically significant 

and all significant p values are listed in figures. 

 

 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains  

ZIKV Mexican KX446950 MEX2-81 Strain World Reference Center for 

Emerging Viruses and 

Arboviruses at University of 

Texas Medical Branch, 

Galveston 

 

KX446950 

ZIKV Cambodian FSS13025 Strain World Reference Center for 

Emerging Viruses and 

Arboviruses at University of 

Texas Medical Branch, 

Galveston 

 

FSS13025 

Antibodies 

HRP-conjugated goat anti-mouse IgG antibody Millipore 12-349 

Alexa488 goat anti-rabbit antibody  Life Technologies A-11008 

Apoptag Red In Situ Apoptosis Detection Kit Millipore S7165 

Anti-Iba1 antibody Wako  019-19741 



Anti-GFAP antibody Dako Z0334 

Anti-NeuN antibody Cell Signaling  24307 

Prolong Gold containing DAPI (4’6’-diamidino-2-

phenilindole) 

ThermoFisher P36931 

Anti-PARP antibody Cell Signaling 

Technology 

9542  

Anti-Cleaved PARP antibody Cell Signaling 

Technology 

9548  

Anti-Caspase 3 antibody Cell Signaling 

Technology 

9665  

Anti-Cleaved Caspase 3 antibody Cell Signaling 

Technology 

9664  

Anti-Caspase 8 antibody Cell Signaling 

Technology 

4927  

 Anti-Caspase 9 antibody Cell Signaling 

Technology 

9504  

 Anti-Cleaved Caspase 9 antibody Cell Signaling 

Technology 

9509  

Anti-Caspase 12 antibody Cell Signaling 

Technology 

2202  

CD45  Biolegend  103126 

 Ly6C  Biolegend  128006 

 Ly6G  Biolegend  127624 

 CD11b  Biolegend  101228 

 CD11c  Biolegend  117318 

 CD3  Biolegend  100328 

CD4  Biolegend  100527 

CD8  Biolegend  100714 

Chemicals, Peptides, and Recombinant Proteins 

Amido Black MP Biochemicals 1064-48-8 (02100563) 

RNase A QIAGEN 19101 

Brewer’s Yeast Bioserv 1710 

Liver Powder Bioserv 1320 

Protease inhibitor cocktail  Sigma-Aldrich P8340 

Phosphatase inhibitors Roche Diagnostics 4906845001 

Clarity Western ECL substrate  Bio-Rad 1705061 

Critical Commercial Assays 

RNeasy Mini Kit QIAGEN 74106 

DNeasy Blood and Tissue Kit QIAGEN 69504 

Trizol Thermo Fisher 15596026 

iScript cDNA synthesis kit Bio-Rad 1708891 

Experimental Models: Cell Lines 

Vero Cells ATCC ATCC: CCL81 

C6/36 Aedes albopictus mosquito cells ATCC ATCC: CRL1660 

Experimental Models: Organisms/Strains 

AG129 (IFN Receptor/IFN Receptor Knockout – SV129 

background) 

Dr. S. Sujan at La Jolla 

Institute 

N/A 



Oligonucleotides – Primers 

ZIKV E protein (F: TTGGTCATGATACTGCTGATTGC 

R: CCTTCCACAAAGTCCCTATTGC) 

(Lanciotti et al., 2008) N/A 

TNF-α (F: TGGAACTGGCAGAAGAGGCACT  

R: GAGATAGCAAATCGGCTGACGG) 

(Chattopadhyay et al., 2013) N/A 

IL-1b (F: GCTTCAGGCAGGCAGTATCAC  

R: CGACAGCACGAGGCTTTTT) 

(Negishi et al., 2008) N/A 

IL-6 (F: ATGAAGTTCCTCTCTGCAAGAGACT 

R: CACTAGGTTTGCCGAGTAGATCTC) 

(Galdiero et al., 1999) N/A 

IFN-γ (F: TGAACGCTACACACTGCATCTTGG  

R: CGACTCCTTTTCCGCTTCCTGAG) 

(Huang et al., 2000) N/A 

TGF-b (F: TGGAGCAACATGTGGAACTC 

R: CGTCAAAAGACAGCCACTCA) 

(Xiong et al., 2013) N/A 

mouse βactin (F: GATGACGATATCGCTGCGCTG 

R: GTACGACCAGAGGCATACAGG) 

(Hida et al., 2000) N/A 

Software and Algorithms 

Prism 7 GraphPad https://www.graphpad.co

m  
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