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Targeting ABCG1 and SREBP-2 mediated
cholesterol homeostasis ameliorates
Zika virus-induced ocular pathology

Sneha Singh,1 Robert E. Wright III,1 Shailendra Giri,2 Vaithilingaraja Arumugaswami,3 and Ashok Kumar1,4,5,*
SUMMARY

Zika virus (ZIKV) infection during pregnancy causes severe neurological and ocular abnormalities in in-
fants, yet no vaccine or antivirals are available. Our transcriptomic analysis of ZIKV-infected retinal
pigment epithelial (RPE) cells revealed alterations in the cholesterol pathway. Thus, we investigated
the functional roles of ATP binding cassette transporter G1 (ABCG1) and sterol response element binding
protein 2 (SREPB-2), two key players in cholesterol metabolism, during ocular ZIKV infection. Our in vitro
data showed that increased ABCG1 activity via liver X receptors (LXRs), reduced ZIKV replication, while
ABCG1 knockdown increased replication with elevated intracellular cholesterol. Conversely, inhibiting
SREBP-2 or its knockdown reduced ZIKV replication by lowering cholesterol levels. In vivo, LXR agonist
or SREBP-2 inhibitor treatment mitigated ZIKV-induced chorioretinal lesions in mice, concomitant with
decreased expression of inflammatory mediators and increased activation of antiviral response genes.
In summary, our study identifies ABCG1’s antiviral role and SREBP-2’s proviral effects in ocular ZIKV infec-
tion, offering cholesterol metabolism as a potential target to develop antiviral therapies.

INTRODUCTION

Zika virus (ZIKV) is a mosquito-borne viral infection that belongs to the Flaviviridae family. Despite its first identification in 1947, it has mostly

caused sporadic outbreaks in various parts of Africa and Asia. However, it gained international attention during a large outbreak in Brazil in

2015–16 whenWHOdeclared it as a public health emergency. Since then ZIKV transmission has been reported in several countries at variable

rates, indicating the need for continued surveillance to track disease and ensure preparedness for early detection and response. Over the last

decade, extensive research efforts were made to better understand ZIKV, its transmission, and its impact on human health. Moreover, the

COVID-19 pandemic and rapid deployment of its vaccine has propelled the vaccine development for other RNA viruses, including ZIKV,

with several candidates under investigation. However, currently, there are no approved antiviral therapies or vaccines for ZIKV.

While the majority of ZIKV infections remain asymptomatic, the acute phase of infection is associated with mild fever, maculopapular rash,

myalgia, joint pain, headache, and retro-orbital pain. These symptoms usually last for a few days to a week. However, one of the most con-

cerning aspects of ZIKV infection is its association with congenital ZIKV syndrome in babies born to infected mothers during pregnancy. This

syndrome can lead to severe birth defects, including microcephaly, brain damage, vision and hearing impairment, and other developmental

issues. In adults, severe ZIKV infection can cause Guillain-Barre syndrome, a neurological disorder.1–3 In the eye, ZIKV infection causes

conjunctivitis, uveitis, maculopathy,macular edema, chorioretinal atrophy, hypertensive iridocyclitis, macular pigmentmottling, iris coloboma

along with changes in the retinal vasculature, and optic neuropathy.4–10 However, the pathogenesis of these ocular complications of ZIKV

remains elusive. Because of our interest in ocular infectious diseases, including those caused by RNA viruses (ZIKV and severe acute respira-

tory syndrome coronavirus 2 [SARS-CoV-2]), our laboratory has developed experimental models to study host-pathogen interactions in

the eye.

Earlier, we reported that ZIKV infects the cells lining the blood-retinal barrier (BRB), composed of retinal pigment epithelial cells (RPE) and

retinal vascular endothelial cells.11,12 The BRB protects the eye from blood-borne pathogens, including ZIKV. To get better insights into the

pathogenesis of ocular ZIKV infection,13,14 we performed a transcriptome analysis of ZIKV-infected RPE cells. We observed that ZIKV alters

various metabolic pathways, including those involved in energy metabolism, specifically glycolysis. Moreover, the meta-analysis of transcrip-

tomic profiles of ZIKV-infected RPE and cells infectedwith DENV (Dengue virus), WNV (West Nile virus), JEV (Japanese encephalitis virus), and

HCV (Hepatitis C virus), led to the identification of lipid/cholesterol metabolism as one of the key pathways impacted during ZIKV infection.15
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Figure 1. ZIKV infection upregulates ABCG1 expression and induces cholesterol efflux in RPE cells

human RPE (ARPE-19 cell line) cells infected with ZIKV strain PRVABC59 at MOI 1 for 48 h were subjected to RNAseq and heatmap (A) and volcano plot (B) were

generated to visualize the expression pattern of genes regulating cholesterol and lipidmetabolism. In another experiment, a time course study was performed by

infecting RPE cells with indicated time points. ThemRNA levels of the indicated genes were quantified using qPCR (C) whereas protein levels of ABCG1 and ZIKV

viral protein NS3 were detected by western blotting (D). RPE cells were infected with ZIKV at MOI 1 for 48 h and immunostained for ZIKV envelope (red) and

ABCG1 (green) and the nuclei were counterstained using DAPI (blue) and the images were captured at 20x and 60x magnification (E). The cell culture

supernatant from mock-infected and ZIKV-infected RPE cells at 48 hpi was used for the estimation of cholesterol efflux expressed as percentage. Scale bar:

50 mm (F). The values represent mean G SD from three independent experiments and the p value was calculated using one-way ANOVA with Dunnett’s test.

****p < 0.0001, ***p < 0.001, **p < 0.01.
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The host cell lipids and cholesterol play an essential role in various stages of viral replication, including entry, uncoating, assembly, and

release.16 However, the role of cholesterol metabolism in ZIKV infection remains elusive. In this study, we sought to investigate whether tar-

geting ATP binding cassette transporter G1 (ABCG1) and sterol response element binding protein 2 (SREBP-2), the key genes involved in

maintaining cholesterol homeostasis, modulates ZIKV-induced pathology in the eye.
RESULTS

ZIKV infection increases the expression of genes regulating cholesterol homeostasis

In our prior microarray study,15 we reported that ZIKV readily infects human RPE and alters various metabolic pathways, including lipid meta-

bolism. In this study, we performed RNAseq analysis (NCBI: PRJNA1032054) which further confirmed that genes/pathways regulating lipid

and cholesterol metabolism were significantly upregulated in ZIKV-infected primary RPE cells (Figure 1A). Among the multiple genes, the

expression of ABCG1, a cholesterol efflux transporter was the highest (Figure 1B), so we sought to investigate its role during ZIKV infection.

First, we performed a time-course study and checked the expression pattern of ABCG1 and other genes involved in innate antiviral response.

Our data showed that ZIKV significantly upregulated the expression of ABCG1 (�150-fold) at 12 h post-infection (hpi) followed by a gradual
2 iScience 27, 109088, March 15, 2024



Figure 2. Knockdown of ABCG1 increases ZIKV replication and lipid droplet distribution in RPE cells

(A) ARPE-19 cells transduced with ABCG1-shRNA lentivirus were infected with ZIKV at MOI 1 for 48 h. The cell culture supernatant was collected and the

cholesterol efflux was estimated and expressed as percentage age.

(B) Under similar experimental conditions, cells were live stained for lipid droplets (green) using a specific dye and visualized at 600x magnification. Scale bar:

50 mm.

(C) The intensity of lipid droplets wasmeasured in each cell and represented as ROImeasurement (arbitrary units, AU) using ImageJ software. (meanG SD; n = 80)

(D)The whole cell lysates were used for immunoblot to assess the expression of ABCG1, ZIKV NS3, and actin.

(E) The cells were immunostained for ZIKV envelope (red) and the nuclei were counterstained using DAPI (blue), 200x magnification. Scale bar: 100 mm.

(F) The cell culture supernatant from the infected wild-type (WT) and ABCG1-shRNA transduced (ABCG1 kd) RPE cells were used for plaque assay to quantify the

viral titer and expressed as PFU/mL on a logarithmic scale.

(G) qPCR was performed to quantify the relative expression of ZIKV RNA and (H) genes involved in pattern recognition (TLR3), inflammatory (TNFa), IFNs (IFNa,

IFNb), and IFN-inducible genes (ISG15). The values represent meanG SD from three independent experiments, and the statistical analysis was performed using

one-way ANOVA with Tukey’s test. ****p < 0.0001, ***p < 0.001.
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decline until 72 hpi. However, the expression of genes regulating the antiviral response (e.g., ISG15 and OAS2) showed a time-dependent

increase (Figure 1C), concomitant with temporal ZIKV replication as reported in our previous study.13 The expression of ABCG1 at the protein

level was induced at 24 hpi but mainly elevated at 48 hpi coinciding with increased viral replication indicated by viral NS3 protein levels (Fig-

ure 1D). These results were further confirmedby immunofluorescence assay wherein, the expression of ABCG1 increased in ZIKV-infected RPE

cells in a time-dependent manner (Figure 1E). Since ABCG1 is involved in the efflux of cholesterol outside the cell, we performed cholesterol

efflux assay using a kit-based method. We observed that ZIKV-infected RPE had a relatively higher percentage of cholesterol in the culture

supernatant (Figure 1F). Overall, these results show that ZIKV infection induces the expression of ABCG1 and increases cholesterol efflux in

RPE cells.

ABCG1 knockdown or inhibition promotes ZIKV infection and reduces antiviral response

Previously, we reported that cholesterol supplementation enhances ZIKV infection, indicating its proviral role. Since ABCG1 regulates

cholesterol efflux, we hypothesized that increased ABCG1 activity during ZIKV infection will reduce the availability of intracellular cholesterol

resulting in reduced viral replication.17 To test our hypothesis and to determine the specific role of ABCG1 on ZIKV infection, we performed
iScience 27, 109088, March 15, 2024 3
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shRNA-lentivirus-induced knockdown (KD) of ABCG1 in RPE cells. Our data showed that cholesterol efflux was significantly reduced in both

mock and ZIKV-infected ABCG1 knockdown cells whereas expected the cholesterol efflux was higher in ZIKV-infected wild-type (WT) cells

(Figure 2A). Moreover, ABCG1 knockdown increased lipid droplets in themock and ZIKV-infected cells (Figure 2B), indicating the intracellular

accumulation of lipid/cholesterol contents (Figure 2C). The western blot analysis revealed that ABCG1 protein levels were significantly

reduced in ABCG1 knockdown RPE cells with a corresponding increase in NS3 levels, indicatingmore ZIKV infection (Figure 2D). These results

were further confirmedby immunofluorescence staining (Figure 2E), plaque assay (Figure 2F), and viral RNA copy number (Figure 2G) showing

increased ZIKV replication in ABCG1 knockdown cells. Together, these results indicate an antiviral role of ABCG1 against ZIKV.

The excessive accumulation of cholesterol or hypercholesteremia alters immune response with abrogated TLRs, pro-inflammatory cyto-

kines, and reduced interferon response.18 Hence, we evaluated the effect of ABCG1 knockdown on ZIKV-induced innate antiviral response.

We performed qPCR analysis of viral recognition receptors (TLR3, RIG-I,MDA5), inflammatory mediators (TNFa, CXCL10, CCL5), interferons

(IFNs) (IFNa, IFNb, IFNg), and IFN-inducible genes (OAS2, ISG15, MX1). Our data showed that ZIKV infection increased the expression of

these innate inflammatory and antiviral response genes in WT RPE cells. However, in ABCG1 knockdown cells, the overall expression of in-

flammatory mediators increased whereas except IFNa, antiviral response declined, in response to ZIKV infection (Figures 2H and S1). Thus,

these findings implicate ABCG1 in regulating innate antiviral response in RPE during ZIKV infection.

Because the ABCG family of transporters is involved in maintaining cholesterol homeostasis in the retina, their direct knockdown or inhi-

bition under normal physiological conditions might be detrimental. As the liver X receptor (LXR) pathway is integral to regulating lipid meta-

bolism and inflammatory signaling,19 upon excessive cholesterol accumulation, LXRs get activated to promote cholesterol efflux by regu-

lating the expression of ABCG1 and ABCA1. Thus, we sought whether the LXR pathway can be targeted to modulate ABCG1 expression

and its antiviral properties by using LXR agonist (LXR-623) and LXR antagonist (SR-9238),20,21 which did not exhibit cytotoxicity at the used

concentrations (Figure S4). Treatment of ZIKV-infected cells with LXR-623 significantly reduced ZIKV infection (Figure 3A) and viral progeny

production (Figure 3B). However, antagonist (SR-9238) treatment alone did not significantly affect viral replication but attenuated the antiviral

effects of LXR-623 resulting in reduced cellular infectivity and viral titers.

To confirm whether the antiviral activity of LXR-623 against ZIKV infection is mediated via ABCG1, LXR-623 treatment was performed in

ABCG1 knockdown cells followed by immunofluorescence staining of viral antigen and plaque assay. Our data showed that LXR-623-treated

ABCG1 knockdown cells exhibited higher ZIKV infection (Figure 3C) and increased production of viral progeny (Figure 3D). Collectively, these

observations indicated that LXR agonist exerts antiviral activity against ZIKV via enhancing ABCG1-mediated cholesterol efflux (Figure 3E).

ZIKV infection induces cholesterol synthesis to support viral replication

The cholesterol homeostasis in the cells is tightly regulated by its synthesis, extracellular uptake, and efflux of excess cholesterol. As our tran-

scriptome analysis indicated an alteration in cholesterol metabolism, we assessed the effect of ZIKV infection on cholesterol synthesis in RPE

cells. First, we checked the expression of genes encoding key enzymes regulating lipid and cholesterol synthesis (Figure 4A). Our data showed

that ZIKV induced the temporal expression of HMGCR (HMG-CoA reductase), HMGCS (3-hydroxy-3-methylglutaryl-CoA synthase), SCD

(stearoyl-coa desaturase), and FASN (fatty acid synthase) (Figure 4B). This response coincided with increased accumulation of lipid droplets

in ZIKV-infected RPE cells with relatively higher levels at 48 and 72 hpi (Figure 4C). The intracellular levels of cholesterol are regulated by sterol

sensors, such as the SREBP-2. We observed that ZIKV induced the expression of SREBP-2 as evidenced by immunofluorescence (Figure 4D) and

western blot (Figures 4E and 4F) analyses. Overall, these results indicate that ZIKV infection enhances cholesterol synthesis.

Earlier, we reported that cholesterol supplementation increased ZIKV replication in RPE.15 Thus, we hypothesized that inhibition of SREBP-2

activity would decrease cholesterol levels, resulting in reduced ZIKV replication. To test our hypothesis, we used fatostatin, a pharmacological

inhibitor of both SREBP-1 and SREBP-2.22 Moreover, fatostatin is known to exert anti-inflammatory effects without affecting cell viability.23 Our

data showed that fatostatin reduced ZIKV-induced SREPB-2 levels in RPE. NS3 viral proteins were also drastically reduced in fatostatin-treated

ZIKV-infected cells (Figure 5A). Moreover, fatostatin treatment reduced the expression of cholesterol synthesis genes (Figure 5B). Furthermore,

immunofluorescence (Figure 5C) and plaque assay (Figure 5D) revealed a significant reduction in viral replication as well as viral progeny pro-

duction by fatostatin treatment. Interestingly, fatostatin treatment increased the expression of viral recognition receptors (TLR3, RIG-I,

MDA5), IFNs (IFNa, IFNb, IFNg), and IFN-inducible genes (OAS2, ISG15, MX1) whereas the inflammatory genes (TNFa, CXCL10, CCL5) were

significantly reduced (Figures 5E and S2). It is important to note that fatostatin at the used concentrations did not cause cytotoxicity (Figure S4).

These results indicate that inhibition of SREBPs reduces ZIKV replication and enhances antiviral innate immune response in RPE cells.

SREBP-2 knockdown attenuates ZIKV replication in RPE cells

The aforementioned results demonstrated a reduction in ZIKV replication, in part by reducing cholesterol synthesis using a well-studied

SREBP inhibitor, fatostatin. Therefore, to specifically investigate the role of SREBP-2 in ZIKV infection, we used a lentivirus-mediated knock-

down approach. We observed that the knockdown of SREBP-2 resulted in significantly reduced puncta of lipid droplets in the mock-infected

as well as ZIKV-infected RPE cells (Figure 6A). The knockdown of SREBP-2 was confirmed by western blotting showing a reduction in SREBP-2

andNS3 levels (Figure 6B). Similarly, SREBP-2 knockdown in RPE exhibited reduced ZIKV replication and progeny production as evidenced by

immunofluorescence staining for viral envelope protein (Figure 6C) and plaque assay (Figure 6D). The assessment of antiviral innate response

revealed results consistent with fatostatin treatment, SREBP-2 knockdown resulted in attenuation of inflammatory mediators (TNFa,CXCL10,

CCL5) and elevated levels of antiviral response genes e.g.,OAS2, ISG15,MX1, IFNa, IFNb, and IFNg (Figures 6E and S3). Collectively, these

findings indicate a proviral role of SREBP-2 during ZIKV infection.
4 iScience 27, 109088, March 15, 2024



Figure 3. Pharmacological inhibition of ABCG1 promotes ZIKV replication in RPE cells

(A) RPE cells were infected with ZIKV at MOI 1 for 48 h in the presence or absence of LXR agonist (LXR-623) and inverse agonist (SR-9238). The cells were

immunostained for ZIKV envelope 4G2 (red), and the nuclei were counterstained using DAPI (blue), 200x magnification. Scale bar: 100 mm.

(B) Culture supernatants were collected, and viral titers were estimated by plaque assay. The values were plotted on a logarithmic scale (mean G SD; n = 6).

(C) ARPE-19 (WT) and ABCG1-shRNA transduced (ABCG1 kd) cells were infected with ZIKV at MOI 1 and treated with LXR-6233and immunostained for ZIKV

envelope (red) and the nuclei were counterstained using DAPI (blue), 200x magnification. Scale bar: 100 mm.

(D) The WT and ABCG1kd RPE cells were infected with ZIKV and treated with LXR-623 followed by plaque assay to quantify progeny virions expressed as log10

PFU/mL (mean G SD; n = 3).

(E) A schematic representation of the effect of LXR on the expression of ABCG1, cholesterol efflux, and ZIKV replication was created using BioRender. The values

represent meanG SD from three independent experiments, and the statistical analysis was performed using one-way ANOVA with Tukey’s test. ****p < 0.0001,

ns, non-significant.
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Fatostatin and LXR-623 ameliorate ZIKV-induced ocular pathology in mice

Our in vitro studies show that both SREBP inhibitor, fatostatin, and LXR agonist, LXR-623, restricted ZIKV replication in RPE cells. To determine

their in vivo therapeutic effects, we employed amousemodel of ZIKV-induced chorioretinal atrophy by intravitreal administration of drugs 6 h

post-ZIKV infection (Figure 7A). As anticipated, fundus imaging showed the development of chorioretinal lesions in ZIKV-infected C57BL/6

mice eyes whereas the mock-infected eyes had clear fundus.13 In contrast, eyes treated with either LXR-623 (30 mM/eye) or fatostatin

(15 mM/eye) had reduced lesions (Figure 7B). The viral copy number also decreased in eyes treated with fatostatin or LXR-623 as compared

ZIKV-infected untreated group (Figure 7C). The qPCR analysis of retinal tissue showed upregulation of antiviral response genes Isg15 and

Oas2 and a reduction in Ccl5 expression in the treatment group (Figure 7D). Collectively, these findings indicate that the inhibition of choles-

terol synthesis or induction of cholesterol efflux reduces ZIKV-induced ocular pathology.
DISCUSSION

Systemic viral infections cause vision impairment by disrupting the BRB, leading to infiltration of immune cells and intraocular inflammation.

The RPE cells forming the outer BRB are the primary target of blood-borne viral pathogens. Therefore, in addition to their barrier properties,
iScience 27, 109088, March 15, 2024 5



Figure 4. ZIKV infection increases cholesterol biosynthesis and induces SREBP-2 expression in RPE

(A) Schematic of genes/enzymes involved in cholesterol/lipid pathways.

(B) ARPE-19 cells were infected with ZIKV at MOI 1 for different time points. The cells were live stained for lipid droplets (green), 600x magnification. Scale bar:

50 mm.

(C) The mock-infected and ZIKV-infected cells were collected in Trizol for RNA isolation at different time points. cDNA was prepared for qPCR analysis of

cholesterol biosynthesis genes (HMGCR, HMGCS, SCD, FASN).

(D) The cells were mock-infected or ZIKV-infected at different time points. The cells were fixed and immunostained for SREBP-2 (green) and ZIKV envelope 4G2

(red) while the nuclei were counterstained using DAPI (blue), 600x magnification. Scale bar: 50 mm.

(E) The whole cell lysate of mock-infected (C) and ZIKV-infected RPE cells at different time points post-infection was immunoblotted for SREBP-2 premature (pre),

mature, and actin.

(F) The expression levels of mature/pre SREBP-2 were quantified by densitometry and plotted. Band densities of the mature and pre-SREBP-2 proteins were

normalized to the respective loading control, b-actin. The values represent mean G SD (n = 3), and the statistical analysis was performed using one-way

ANOVA with Tukey’s test. ns non-significant, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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RPE cells orchestrate both, innate and adaptive responses during infection, autoimmunity, and retinal degeneration.24 The high permissive-

ness of RPE to ZIKV makes it an appropriate cell type to study host-virus interactions in the eye.13,15,25 Here, using both in vitro and in vivo

models of ZIKV infection and pharmacological inhibitors and gene knockdown approaches, we report that cholesterol metabolism regulates

ZIKV replication and host antiviral response in RPE cells. Together, our study demonstrates that ABCG1-mediated cholesterol efflux exerts

antiviral effects whereas increased SREBP-2 activity promotes viral replication.
6 iScience 27, 109088, March 15, 2024



Figure 5. Inhibition of SREBP-2 reduces ZIKV replication and induces antiviral innate immune response

(A) ARPE-19 cells were mock-infected or infected with ZIKV at MOI 1 for 48 h and treated with 1mMof fatostatin (F). The whole cell lysate was used for the western

blot detection of SREBP-2 precursor (pre) and mature protein, ZIKV NS3, and actin.

(B) Under similar conditions, the cells were collected in Trizol for RNA isolation and cDNA preparation followed by qPCR analysis of cholesterol biosynthesis

genes (HMGCR, HMGCS, SCD, and FASN).

(C) The cells were immunostained for ZIKV envelope 4G2 antigen (red) and the nuclei were counterstained using DAPI. Scale bar: 100 mm.

(D) The cells were infected with ZIKV at MOI 1 for 48 h and treated with varying concentrations of fatostatin. The cell culture supernatant was used to perform

plaque assay and viral titer was expressed on a logarithmic scale as PFU/mL.

(E) qPCR was performed to quantify the relative expression of genes involved in pattern recognition (TLR3), inflammatory (TNFa), IFNs (IFNa), and IFN-inducible

genes (ISG15). The values represent mean G SD (n = 3), and the statistical analysis was performed using one-way ANOVA with Tukey’s test. ns non-significant,

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Cholesterol is a vital ingredient for the replication of flaviviruses within the host cells. Thus, host cholesterol metabolism can potentially

modulate ZIKV replication.26–30 Our meta-analysis of transcriptomic profiles of ZIKV, DENV, JEV, WNV, and HCV indicated the dysregulation

of lipidmetabolic pathways with a significant alteration ofABCG1, as one of the ZIKV-core signature genes.15 ABCG1 is localized on the endo-

plasmic reticulum (ER) as well as the plasma membrane of the cells31,32 involved in cellular lipid transport and cholesterol homeostasis. How-

ever, there is limited knowledge on the role of ABCG1 in the context of viral replication and host immune response. Our data showed an

increased level of ABCG1 expression as well as cholesterol efflux in ZIKV-infected RPE cells. ABCG1 expression has been shown to limit

the replication of enveloped RNA viruses due to cholesterol efflux from intracellular compartments and interference with the viral replication

and assembly process.33,34 Thus, we hypothesize that increased cholesterol efflux upon ZIKV infection might be a defense mechanism of RPE

cells to deplete cholesterol, an essential ingredient for the formation of viral replication complexes (VRCs) during flavivirus infection.35,36
iScience 27, 109088, March 15, 2024 7



Figure 6. SREBP-2 knockdown reduces cholesterol synthesis and ZIKV replication in RPE cells

(A) ARPE-19 cells transduced with SREBP-2-shRNA lentivirus and mock-treated (WT) cells were infected with ZIKV at MOI 1 for 48 h. The lipid droplets were live

stained and the images were visualized at 600x magnification. Scale bar: 50 mm.

(B) Under similar conditions, the whole cell lysate was collected in RIPA buffer and immunoblotted for SREBP-2 precursor (pre) and mature SREBP-2, ZIKV NS3,

and actin.

(C) The cells were fixed and immunostained for SREBP-2 (green), ZIKV envelope antigen (red) while the nuclei were counterstained using DAPI (blue), 600x

magnification. Scale bar: 50 mm.
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Figure 6. Continued

(D) The cell culture supernatant from the SREBP-2 kd and mock-infected wild-type (WT) cells were used for plaque assay. The viral titer was expressed on a

logarithmic scale of PFU/mL.

(E) qPCR was performed to quantify the relative expression of genes involved in pattern recognition (TLR3), inflammatory (TNFa), IFNs (IFNa), and IFN-inducible

genes (ISG15). The values represent mean G SD (n = 8), and the statistical analysis was performed using one-way ANOVA with Tukey’s test. ***p < 0.001.
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The de novo synthesis, import and export of cholesterol are tightly regulated to control the intracellular cholesterol levels wherein a key

transcription factor to regulate cholesterol homeostasis is the LXRs targeting ABCG1 and ABCA1.37–39 Agonists of LXRs have been shown

to attenuate RNA virus replication (HCV, HIV, POWV (Powassan virus), ZIKV, and CHIKV (Chikungunya virus)) via upregulation of ABCG1

and/or ABCA1 expression.40,41 The LXR pathway is known to modulate lipid metabolism and innate immune response along with the

reduction of inflammation in multiple human and mouse cells.42,43 Likewise, our results demonstrate that induction of LXRs attenuates

ZIKV replication in RPE cells and mice retinal tissue which corroborates with a recent study wherein ZIKV infection in human neuroblastoma

cells was inhibited by LXR-623.41 However, unexpectedly LXR antagonist SR-9238 did not increase ZIKV infection in the presence of LXR-

623. The observed effect could be due to its cell or tissue specific action of SR-9238 in activating LXRs such as those expressed in liver

hepatocytes vs. peripheral LXRs in retinal cells.21,44

Our transcriptomic study showed the upregulation of ABCG1 with no significant alteration in ABCA1 expression in ZIKV-infected RPE.

Therefore, we hypothesized that the antiviral effect of LXR agonist against ZIKV is likely to be mediated via ABCG1. This was supported

by our data showing increased ZIKV replication in LXR-623-treated ABCG1 knockdown cells. Our results show that the knockdown of

ABCG1 correlated with higher ZIKV replication due to the increased availability of cholesterol-loaded lipid droplets to form viral replication

complexes (VRCs). Our study demonstrates that ZIKV induces the expression of ABCG1 and cholesterol efflux and the use of LXR agonist to

boost ABCG1 attenuates ZIKV replication. Therefore, pharmacological stimulation of cholesterol efflux can be considered as an anti-ZIKV

therapeutic strategy. We observed that ABCG1 knockdown attenuated ZIKV-induced expression of antiviral immune response genes but

increased levels of inflammatory genes. Although the underlying mechanism of this differential innate response needs further investigation,

the reduction in antiviral molecules (e.g., ISG15) might have contributed to enhancing ZIKV replication whereas elevated inflammatory me-

diators can cause retinal cell death. Among the antiviral molecules, the expression pattern of IFNa was opposite i.e., its levels increased in

ABCG1 deficient cells, indicating its ABCG1 independent modulation. The higher levels of inflammatory mediators, in ABCG1 deficient RPE

could be due to increased accumulation of intracellular cholesterol. Studies have shown that flavivirus non-structural proteins inhibit type I IFN

response to facilitate their replication and high cholesterol promotes poor IFN response.17,18 Thus, reduction of cholesterol levels during ZIKV

infection could enhance IFN response resulting in a decreased ZIKV infectivity as evident in ABCG1 knockdown RPE cells. These results indi-

cate an antiviral role of ABCG1 expression in RPE and warrant further investigations to target the cholesterol efflux pathway during viral

infection.

The cholesterol biosynthesis pathway is a complex series of enzymatic reactions and forms a crucial part of cholesterol homeostasis in the

cells. SREBP-2 is a key transcription factor and a master regulator of cholesterol homeostasis45–47 and plays a central role in coordinating the

expression of genes involved in cholesterol synthesis including HMG-CoA reductase (HMGCR). SREBP-2 activation has been linked to

induced expression of ISGs while its inhibition attenuates flavivirus (HCV, DENV, and ZIKV) replication.45,48–51 However, the crosstalk between

SREBP-2 and antiviral immune response during flavivirus infection has not been studied in depth. HCV and HIV increase the expression and

proteolytic activation of SREBP-1 and SREBP-2, promoting cholesterol synthesis and facilitating viral replication. Our data showed that ZIKV

infection of RPE causes lipid accumulation and increased expression of genes regulating cholesterol biosynthesis like other flaviviruses.45,51–53

The inhibition of ZIKV replication has been shown using SREBP inhibitors—nordihydroguaiaretic acid (NDGA), and its methylated derivative

tetra-O-methyl nordihydroguaiaretic acid (M4N), PF-429242, DMHCA, and fatostatin.51,54 Similarly, we found that inhibition of SREBPs in-

creases IFNs and ISGs which contribute to resistance against ZIKV infection whereas reduced inflammatory cytokines aid in attenuating vi-

rus-induced cytopathic effects. The reduction in cholesterol levels during flavivirus infection enhances the IFN response.18 Moreover,

SREBP-2 can modulate the transcription of genes encoding antiviral response including TLRs, pro-inflammatory cytokines, and chemo-

kines.47,55 The HCV viral proteins (Core, NS4B, NS5A) and 30 UTR have been found to activate the SREBP signaling pathway and induce lipid

biosynthesis.45 The involvement of specific ZIKV proteins in modulating the SREBP pathway needs to be further studied. During DENV infec-

tion, cholesterol synthesis is increased via upregulation of HMGCR and downregulation of AMP-activated protein kinase (AMPK).56,57 More-

over, apart from statins, metformin, a drug commonly used to treat diabetes, also inhibits the cholesterol synthesis enzyme, HMGCR.58 We

showed that metformin reduces ZIKV infection by activation of AMPK, a sensor of cellular energy, as an alternative to inhibit cholesterol syn-

thesis.17,59 In our previous study, we reported that ZIKV infection of retinal endothelial cells reduces AMPK as well as ACC (acetyl CoA carbox-

ylase) levels, which otherwise would increase lipid and cholesterol synthesis via increased SREBP-2 activity.59 Therefore, modulating SREBP-2

activity can be harnessed as a therapeutic strategy against enveloped viral infections.

The lipid homeostasis and antiviral response against enveloped RNA viruses is not well studied with several open questions to be

explored. Several human miRNAs (miR24, miR33, miR148a, and miR29) have been known to regulate lipid metabolism including the

ABCG1/ABCA1 pathway and SREBP pathway wherein their role in altering ZIKV and other enveloped RNA virus replication needs to be

explored for therapeutic antiviral manipulation.28,45,60 Also, in COVID-19 patients, SREBP-2 is highly activated with an elevated level of circu-

lating SREBP-2 C-terminal fragment. This raises the possibility of whether SREBP-2 levels can be used to gauge the severity of RNA virus infec-

tion.61 SREBP-2 and ABCG1 have an intricate relationship in regulating cholesterol metabolism39 and SREBP-2 activation increases the

expression of ABCG1 in macrophages and other cell types suggesting that SREBP-2 may directly promote cholesterol efflux via ABCG1,
iScience 27, 109088, March 15, 2024 9



Figure 7. Treatment with LXR-623 and fatostatin reduces ZIKV induced chorioretinal lesions in mice eyes

(A) Schematic of experimental design involving intravitreal injection of ZIKV in C57/BL6 WT (4-to 6-week) mice eyes, intraocular injection of SREBP-2 inhibitor,

fatostatin (F) or LXR agonist, LXR-623, followed by fundus imaging using Micron III system and quantification of viral RNA and antiviral immune genes in the

retinal tissue.

(B) Representative funduscopic images showing the time course of retinal lesion/chorioretinal atrophy and RPE mottling in WT mice post ZIKV (104 PFU/eye).

(C) qPCR analysis of intracellular viral RNA in WT mouse retinas at day 6p.i. upon treatment with fatostatin or LXR623 as compared to mock-treated and ZIKV-

infected mice eyes.

(D) qPCR was performed to quantify the relative expression of antiviral response genes (Isg15,Oas2, andCcl5). The values represent meanG SEM (n = 3), and the

statistical analysis was performed using one-way ANOVA with Tukey’s test. ****p < 0.0001, **p < 0.01, *p < 0.05.
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potentially contributing to maintaining cellular cholesterol levels.62 The inter-dependency of ABCG1 and SREBP-2 needs to be explored

further to dissect their role during ZIKV infection.

In summary, our study demonstrates the role of ABCG1 and SREBP-2, the two arms of the cholesterol/lipid homeostasis pathway in regu-

lating the innate antiviral response in RPE during ZIKV infection. Thus, ABCG1 and SREBP-2 regulated cholesterol homeostasis can be tar-

geted to mount antiviral innate response during ocular ZIKV infection.
Limitations of the study

SREBP-2 is known to regulate the transcription of ABCG1 expression to maintain cholesterol homeostasis and vice-versa. However, their

cross-talk during ZIKV infection has not been investigated in the present study. Also, the molecular mechanism of how ABCG1 and
10 iScience 27, 109088, March 15, 2024
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SREBP-2 regulate antiviral innate immune response needs further investigation. Here, we primarily focused on cholesterol, the role of other

lipids produced by the activation of SREBP-2 upon ZIKV infection also needs to be evaluated. The drugs were administered via intravitreal

injections in our infectionmodel; however, the systemic route of injection of the drugs for the treatment of ZIKV-induced retinal lesions would

be interesting.
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M.A.W., Ramos, R.C.F., Dhalia, R., França,
R.F.D.O., Marques Júnior, E.T.D.A., and
Rodrigues, L.C. (2016). Initial Description of
the Presumed Congenital Zika Syndrome.
Am. J. Publ. Health 106, 598–600. https://doi.
org/10.2105/AJPH.2016.303115.

9. Ventura, C.V., Maia, M., Ventura, B.V., Linden,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-ABCG1 Mouse mAb (2E11) Millipore Cat#ST1606; RRID: AB_10682907

Purified Mouse Anti-SREBP-2 BD Pharmingen Cat#557037; RRID: AB_396560

Anti-b-Actin antibody, Mouse monoclonal Sigma-Aldrich Cat#A1978; RRID: AB_476692

Zika virus NS3 protein antibody GeneTex Cat#GTX133309; RRID: AB_2756864

Bacterial and virus strains

Zika virus: PRVABC59 BEI repository Cat#NR-50684

ABCG1 lentivirus SantaCruz Biotechnologies Cat#sc-41138-V

SREBP-2 lentivirus SantaCruz Biotechnologies Cat#sc-36559-V

Chemicals, peptides, and recombinant proteins

TRizol reagent Life Technologies Cat#15596018

FBS (Fetal Bovine Serum) CPS Serum Cat#FBS-500-HI

Fatostatin Cayman chemical Cat#13562

LXR-623 Cayman chemical Cat#21117

SR-9238 Cayman chemical Cat#18771

Critical commercial assays

Micro BCA Protein Assay kit Thermo Fisher Scientific Cat#23235

Supersignal West Femto Maximum Sensitivity

Substrate

Thermo Fisher Scientific Cat#34096

Maxima First strand cDNA synthesis kit for RT-

qPCR

Thermo Fisher Scientific Cat#K1641

Radiant Green HiROX qPCR kit Alkali Scientific Cat#QS2050

Deposited data

RNA sequencing data NCBI PRJNA1032054

Experimental models: Cell lines

ARPE-19 cell line ATCC Cat#CRL-2302

Primary RPE cells Lonza Cat#00194987

Experimental models: Organisms/strains

Mouse: C57/BL6J The Jackson Laboratory https://www.jax.org/strain/000664

Software and algorithms

Prism 9 GraphPad https://www.graphpad.com

R version 3.6.3 R project https://www.r-project.org/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ashok Kumar

(akuma@med.wayne.edu).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� The transcriptomics data generated from this study is deposited in the NIH Sequence Read Archive (SRA) data. The accession number

for the raw data is PRJNA1032054 (https://dataview.ncbi.nlm.nih.gov/object/PRJNA1032054?reviewer=8tpoe62pk8l8rrmrcsjgu2656g).
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice and ethics statement

Wild-type (WT) C57BL/6 mice (both male and female, aged 6-8 weeks) were purchased from the Jackson Laboratory and/or bred in-house in

the Division of Laboratory Animal Resources facility at Kresge Eye Institute. Mice were maintained in a 12h light/dark cycle at 22�C and fed

LabDiet rodent chow (Labdiet Pico lab Laboratory, St Louis, MO) and water ad libitum. All experimental procedures were performed in

compliance with the Animals in Ophthalmic and Vision Research (ARVO) statement for the use of animals and were approved by the institu-

tional animal care and use committee (IACUC) of Wayne State University.

Cells and virus strains

Primary human retinal pigment epithelial cells (Pr. RPE) were grown in RtEBMmedia (Lonza) supplemented with growth factors and 2% FBS.

Human retinal pigment epithelial ARPE-19 cell line (ATCC CRL-2302), derived from normal eyes of a 19-year old male who died from head

trauma in a motor vehicle accident63 was grown in DMEM/F12 media (Invitrogen) and Vero cells were grown in Dulbecco’s minimal essential

medium (DMEM, Invitrogen) complemented with 10% Fetal bovine serum (FBS), respectively with 1% penicillin-streptomycin (P/S) solution

(Invitrogen). Cells were grown at 37�C in 5% CO2 with 95% humidity (Fisherbrand).

Zika virus strain PRVABC59 (NR-50240), initially isolated from human blood in Puerto Rico in December 2015 was acquired through BEI

Resources, National Institute of Allergy and Infectious Diseases (NIAID), NIH.

Mouse model of ZIKV-induced chorioretinal atrophy

Mice were injected with ZIKV (�13104 PFU/eye) intravitreally in the right eye. The contralateral eyes were injected with the vehicle and served

as mock control. The drugs were administered 6 hours post-infection using the same site of injection. At the desired time points after infec-

tion, funduscopic analysis was performed using Micron III (Phoenix Research Lab). The animals were then euthanized, and enucleated eyes

were subjected to viral burden estimation by plaque assay while the retinal tissue was used for inflammatory cytokine/chemokine assays and

viral RNA quantification as described in the following sections.

METHOD DETAILS

Immunofluorescence assay

Cells were seeded in four-well chamber slides (Fisher Scientific) and infected with ZIKV at MOI 1 at 90% confluency. The cells were fixed with

4% paraformaldehyde in 1X PBS overnight at 4�C and washed thrice with 1X PBS. The cells permeabilized and blocked using 1% BSA, and

0.4% Triton X-100 in 1X PBS for 1 hour at room temperature. The cells were then incubated with primary antibody (mouse anti-Flavivirus 4G2

IgG (1:100), anti-ABCG1 (1:100), anti-SREBP2 (1:100)) in the dilution buffer in a humidified chamber overnight at 4�C followed by three washes

with 1X PBS. The cells were incubated with secondary antibodies (anti-mouse Alexa Fluor 594, anti-rabbit Alexa Fluor 594, and anti-goat Alexa

Fluor 594, Invitrogen) for 1 hour at room temperature in a humidified chamber followed by three washes with 1X PBS and mounted in Vecta-

shield anti-fade mounting medium (Vector Laboratories). The cells were visualized using the Keyence fluorescence microscope (Nikon).

RNA extraction and qPCR

Total cellular RNA was extracted from the RPE cells and mice retinal tissue infected and treated with the drugs/shRNA-lentivirus as specified

using Trizol (Invitrogen) reagent as per the manufacturer’s instructions. The cDNAwas prepared using 1 mg of total RNA using a Maxima First

Strand cDNA Synthesis kit (Thermo Scientific) according to the manufacturer’s directions. qRT-PCR was performed using gene-specific

primers using a StepOnePlus Real-time PCR system (Applied Biosystems). Quantification of gene expression was determined via the compar-

ative DDCT method and expressed as relative expression.

The viral RNA transcripts were measured using a TaqMan probe–based qRT-PCR assay to detect the ZIKV envelope gene by plotting a

standard curve produced using serial 10-fold dilutions of ZIKV RNA as described previously (57, 64, 65) on a StepOnePlus Real-Time PCR sys-

tem (Applied Biosystems). The viral RNA was expressed as log10 viral RNA copies/ug of total RNA. The viral copy number was calculated with

reference to the house-keeping gene GAPDH to assess viral replication per cell.

Immunoblotting

For immunoblotting analysis, cells were lysed in RIPA lysis buffer (Thermo Scientific), and the protein concentration was quantified using a

BCA assay kit (Thermo Scientific) as per the manufacturer’s instructions. The whole cell denatured proteins were resolved on 10% SDS-

PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and transferred onto 0.45 mm nitrocellulose membranes (Bio-Rad,
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Hercules, CA). The nitrocellulose membrane was blocked with 5% non-fat skim milk followed by a wash with 1X TBST (Tris-glycine buffer with

0.5% Tween 20). Blots were incubated with the primary antibody in 5% BSA overnight at 4�C with shaking. Membranes were then washed

thrice with 1X TBST followed by incubation with the secondary antibody at room temperature for two hours. Themembrane was then washed

thrice with 1X TBST and the protein bands were visualized using Supersignal West Femto chemiluminescent substrate (Thermo Scientific,

Rockford, IL). The densitometry values were obtained using ImageJ software.
Virus infection and plaque assay

The RPE cells were seeded at 70–80% confluence at 37�C in a humidifiedCO2 incubator. Cells werewashedwith 1X PBS and infectedwith ZIKV

at a multiplicity of infection (MOI) of 1 or mock-infected in serum-free media. The cells were incubated with the virus for 2h with intermittent

shaking every 15min. The culturemediumwas removed and complementedwith DMEM/F12media with 2% FBS (Fetal bovine serum) and 1%

P/S solution for the preferred period of incubation time. The cell culture supernatant was collected at different time points for the estimation

of virus titer by plaque assay.

For plaque assay, Vero cells were seeded at the confluence in 12-well tissue culture plates and washed once with 1X PBS after adherence.

Serial dilutions of culture supernatants were prepared in serum-free DMEM media and added to the cells for 2 hours. The virus media was

removed, and an equal mixture of 2X EMEM and 2% CMC (Carboxymethyl cellulose) was added onto the monolayer and incubated for

5 days (37�C in a CO2 incubator with humidity). The cell monolayer was fixed with 4% paraformaldehyde (PFA) for 4 to 6 hours followed by

careful removal of the solution and the overlay media. The cells were stained using a crystal violet solution for 4 to 6 hours and washed

with distilled water to visualize the plaques. The plaques were counted, and the viral titer was expressed as log10 PFU/ml. The experiment

was conducted in triplicates and represented with statistical analysis.
Cell viability assay

The RPE cells were treated with the drugs at different concentrations and incubated for 48h followed byMTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) assay. Briefly, the MTT reagent (0.5mg/mL), in the cell culture medium was added to the cells for 4 hours fol-

lowed by lysis of the cells using 20% SDS (Sodium dodecyl sulfate) in 50% DMF (Dimethylformamide) solution. The readings were collected at

570nm and the values were plotted with reference to the untreated control as cell viability (%).
Cholesterol efflux assay

The RPE cells were seeded onto the 96-well plates and upon 80% confluency, the cholesterol efflux assay was performed as per the manu-

facturer’s instructions (Abcam). Briefly, the cells were allowed to attach to the wells for 4 to 6 post seeding followed by a PBS wash to remove

the media. The labeling medium was added to the wells (1:1 volume of labeling media and RPMI media serum-free) for an hour followed by

the addition of equilibrationmedia (1:1 volume of equilibrationmedia and RPMI serum-free) overnight. The cells were treated with virus infec-

tion and/or drugs for 24 hours post-infection. The supernatant was transferred to a white 96-well plate and the fluorescence was measured at

an excitation/emission of 485/523 nm. Similarly, the cells were lysed using cell lysis buffer followed by 30 minutes of incubation along with

shaking. The cell lysate was transferred to a white 96-well plate and the fluorescence was measured. The net % cholesterol efflux was

measured as per the manufacturer’s provided equation: % cholesterol efflux = RFU of supernatant / ((RFU of cell lysate + RFU of supernatant)

*100).
Lipid droplet staining

The RPE cells were seeded onto 4 well chamber slides and were infected with ZIKV at 90% confluency. The cells were washed with 1X PBS

followed by the addition of BioTracker 488 Green Lipid Droplet dye (EMD Millipore Sigma) for the live staining of cells (1:1000 dilution in

1X PBS) for 30 minutes. The cells were visualized using a Keyence fluorescence microscope (Nikon).
Preprocessing and annotation of transcriptomic data

For transcriptomic data analysis, the original Affymetrix data was pre-processed using an oligo R package and later normalized and log-trans-

formed using amulti-array average (RMA)method. Further, the CDFpackagewas used for probe annotation of Affymetrix data. The probes of

the normalized data were successfully mapped to Entrez Gene IDs and Gene Symbols by annotation package (annotate) in R. Wherever mul-

tiple probes matched a single gene symbol, we calculated the median values of those probes as the expression value for that gene.
Transcriptomic data analysis

For Affymetrix gene expression data, all statistical analyses were performed using the multiple R Bioconductor packages (http://www.

Bioconductor.org). For analysis, the P-values were adjusted for multiple testing with Benjamini and Hochberg’s method to control for false

discovery rate (FDR). Probe sets showing at least aG 2.5-fold change and an FDR < 0.05 were considered significant for the analysis. ggplot2

was used to generate the plots, and R package heatmap.2 was used for heatmap generation from fold changes value.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The data used in the study have been expressed as mean G SD for cell-based assays while the animal tissue-based studies have been

expressed as mean G SEM. Statistical differences between the experimental groups were calculated using Graph Pad Prism 8.1 soft-

ware. A value of p<0.05 was considered statistically significant. All experiments were performed at least three times unless mentioned

otherwise.
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