
1 
 

MITOCHONDRIAL ANTIVIRAL PATHWAYS CONTROL ANTI-HIV RESPONSES AND 
ISCHEMIC STROKE OUTCOMES VIA THE RIG-1 SIGNALING AND INNATE 

IMMUNITY MECHANISMS 
 
 

Silvia Torices*1, Thaidy Moreno2, Sita Ramaswamy1, Oandy Naranjo1, Timea Teglas1, 
Olivia M. Osborne1, Minseon Park1, Enze Sun1, and Michal Toborek*1 

 

1University of Miami Miller School of Medicine, Department of Biochemistry and Molecular 

Biology, Miami, FL 
2Department of Radiation Oncology, UCSF, San Francisco, California, USA 

 

Abbreviated title: Innate immunity and HIV-associated stroke 

 
Corresponding Authors: *Silvia Torices, PhD (sxt736@med.miami.edu) and *Michal Toborek, 

MD, PhD (mtoborek@med.miami.edu). Department of Biochemistry and Molecular Biology, 

University of Miami Miller School of Medicine, 528E Gautier Bldg. 1011 NW 15th Street, Miami, 

FL 11336 Phone: +1-305-243-0261 

 

 

 

 

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 8, 2024. ; https://doi.org/10.1101/2024.06.07.598027doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.07.598027
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

SUMMARY  
Occludin (ocln) is one of the main regulatory cells of the blood-brain barrier (BBB). Ocln silencing 

resulted in alterations of the gene expression signatures of a variety of genes of the innate 

immunity system, including IFN-stimulated genes (ISGs) and the antiviral retinoic acid-inducible 

gene-1 (RIG-1) signaling pathway, which functions as a regulator of the cytoplasmic sensors 

upstream of the mitochondrial antiviral signaling protein (MAVS). Indeed, we observed 

dysfunctional mitochondrial bioenergetics, dynamics, and autophagy in our system. Alterations of 

mitochondrial bioenergetics and innate immune protection translated into worsened ischemic 

stroke outcomes in EcoHIV-infected ocln deficient mice. Overall, these results allow for a better 

understanding of the molecular mechanisms of viral infection in the brain and describe a 

previously unrecognized role of ocln as a key factor in the control of innate immune responses 

and mitochondrial dynamics, which affect cerebral vascular diseases such as ischemic stroke.  

 

Keywords: Occludin, RIG-1, mitochondria, HIV, ischemic stroke, BBB, pericytes.   
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INTRODUCTION 

 

Following viral infection, the innate immune system employs pattern recognition receptors 

(PRRs), including transmembrane toll-like receptors (TLR) and RIG-I-like receptors (RLRs), to 

recognize extracellular and intracellular viral RNA, respectively 1-4. After binding with the ligand, 

the RLRs, such as the retinoic acid-inducible gene I (RIG-I) and the melanoma differentiation-

associated protein 5 (MDA5), translocate to mitochondria to interact with the mitochondrial 

antiviral signaling protein (MAVS). MAVS activation results in the formation of the prion-like 

filament structure 5-7 and the activation of the downstream molecules TANK binding kinase-1 

(TBK1) and interferon regulatory factor 3 (IRF3), which induce transcriptional expression of 

alpha/beta interferon (IFN-α/β) 5,8. Interestingly, MAVS activation is correlated with mitochondrial 

morphological changes and membrane disruption due to its pro-apoptotic function 9-13. 

Alterations in mitochondrial dynamics have been shown to affect the RLR signaling pathway, 

highlighting the role of mitochondria as a regulator of the immune response 14-17. 

 

HIV-1 infection is often accompanied by a spike in IFN-α/β production 18-20. IFNs bind to their 

receptor complexes, which activate the signaling cascade through the Janus kinase signal 

transducer and activator of transcription (JAK/STAT) pathway that initiates the transcription of the 

IFN-stimulated genes (ISGs). ISGs play vital antiviral roles by inhibiting viral replication and 

production 21-24. Recently, our laboratory demonstrated that the ISG family 2´,5´-oligoadenylate 

synthetases (OAS) genes can regulate HIV-1 replication in BBB pericytes. However, the specific 

role of ISGs in HIV infection of this cell type remains largely unknown 25. 

 

Human brain pericytes are key cells involved in the maintenance and regulation of the blood brain 

barrier (BBB) 26-29. Recent evidence indicates that BBB pericytes can be involved in immune 

responses, and that they can be infected by a variety of neurotropic viruses. Among them, brain 

pericytes can be infected by HIV-1, facilitating the release of the viral particles into the central 

nervous system (CNS) 25,30-36. Among several host factors involved in HIV infection, the protein 

occludin (ocln) has recently been shown to play a key role in regulating the extent of HIV-1 

infection 25,31,35.  
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Ocln is a 65-kDa transmembrane protein formed by 522 amino acids (aa) 37. Although it is 

primarily known for its role in tight junction (TJ) assembly and function in barrier-generating cells, 

ocln is expressed as multiple spliced variants and has been shown to be a multifunctional protein 

whose barrier function is influenced by its phosphorylation status 38,39. It is formed by a long C-

terminal cytoplasmic domain, four transmembrane domains, two extracellular loops, one 

intracellular loop, and a short N-terminal cytoplasmic domain 39,40. It has been reported that the 

N- terminus of ocln interacts with the WW domains of the E3 ubiquitin-protein ligase Itch, a target 

in MAVS for K48-linked polyubiquitination and degradation 41,42. Results from our laboratory 

have shown that ocln is present primarily in the cytoplasm in human brain pericytes 31,35, and 

may influence cellular metabolism by its function as an NADH oxidase and by modulating AMPK 

protein kinase activity 31,43. Being an important protein in preserving BBB integrity, ocln is a 

critical player in multiple brain disorders, such as ischemic stroke 44-48 as BBB damage is a 

common pathological feature in acute or chronic neurological disorders 49-52. Recently, altered 

ocln levels have been linked to psychiatric disorders such as bipolar disorder or autism spectrum 

disorder (ASD) 53,54.  

 

In this study, we focus on the novel mechanisms regulating the impact of ocln on innate immune 

responses via modulating the IFN and the RLR signaling pathways both in vivo and in vitro. We 

demonstrate that ocln regulates HIV-1 infection by inducing the expression of antiviral ISGs and 

RIG-I, affecting MAVS activity, mitochondrial bioenergetics, and apoptosis in human brain 

pericytes. We also provide novel results that ocln deficiency worsens ischemic stroke outcomes 

in HIV-infected brains. Collectively, our findings establish ocln as a key regulator of the innate 

immune responses and HIV-1 infection. Moreover, our results point to ocln as a critical player in 

controlling cerebrovascular diseases such as ischemic stroke, providing a potential therapeutic 

target in these diseases. 
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MATERIAL AND METHODS 
 
Cell Culture 
Primary human brain vascular pericytes (ScienCell, Carlsbad, CA, USA, Cat#1200) 

corresponding to six various lot numbers were cultured in pericyte growth medium (ScienCell, 

Cat#1201). The medium was enriched with fetal bovine serum (FBS, 2%), 100 units/mL penicillin, 

100 µg/mL streptomycin, and pericyte growth factors. Cells from passages 2 to 7 were utilized. 

Additionally, human embryonic kidney HEK293T/17 cells (ATCC, Manassas, VA, USA, Cat# CRL-

11268) were grown in DMEM media (Thermo Fisher Scientific, Carlsbad, CA, USA, Cat#11995-

065) supplemented with FBS 10% (ScienCell, Cat# 0500), 100 units/mL penicillin, and 100 ug/mL 

streptomycin (Thermo Fisher Scientific, Cat#15140-122). All cells used were maintained at 37°C 

with 5% CO2. 

 

HIV-1 infection and quantification 

HIV-1 pNL4-3 strain was obtained from the NIH AIDS Reagent Program (Division of AIDS, NIAID, 

National Institutes of Health). EcoHIV/NDK, created by replacing the viral gp120 protein with gp80 

from murine leukemia virus 101, was a gift from Dr. David Volsky’s laboratory (Icahn School of 

Medicine at Mt. Sinai, New York, NY). The pNL4-3 and EcoHIV/NDK plasmid amplification was 

accomplished using Stbl3 competent cells (Thermo Fisher Scientific, Cat# C737303). A total of 

50 µg of proviral plasmid was transfected into 107 HEK293T/17 cells for virus production using 

Lipofectamine 2000 (Thermo Fisher Scientific, Cat# 11668-027). The next day, cell media was 

replaced with fresh Opti-Mem (Thermo Fisher Scientific, Cat# 11058-021). After 48 hours of 

incubation, the supernatant was filtered using 0.45 µm-pore size filters (Millipore Sigma, 

Massachusetts, MA, USA, Cat# 430314) and concentrated using 50 kDa molecular weight 

exclusion columns (Millipore Sigma, Cat# UFC905024). Aliquots were stored at -80°C, and virus 

level production was assessed by quantification of p24 using the HIV-1 p24 Antigen ELISA 2.0 

assay (Zeptometrix, Buffalo, NY, USA, Cat# 0801008). The levels of p24 were calculated in pg/ml. 

For in vitro HIV-1 infection, human brain pericytes were incubated with 60 ng/ml of HIV-1 p24. 

The cells were then extensively washed with PBS to remove the unbound virus, and fresh pericyte 

medium was added.  
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Ocln deficient mice and EcoHIV infection 
Ocln+/- mice (Kumamoto University, Center for Animal Resources and Development, Kumamoto, 

Japan) were bred in the University of Miami animal facility, authenticated by genotyping, and 

assigned to the ocln-/-, ocln+/-, or ocln+/+ groups. Age-matched mice were used in all experiments. 

All animal experiments were consistent with the National Institutes of Health (NIH) guidelines, and 

all procedures were performed following the protocols approved by the University of Miami 

Institutional Animal Care and Use Committee (IACUC).  

 

For in vivo EcoHIV infections, virus (1 µg of p24) was infused via the internal carotid artery as 

previously described 55. Briefly, the common carotid artery and its branching toward the internal 

and external carotid arteries were exposed. A cannula was inserted into the external carotid artery 

and EcoHIV was infused directly into the internal carotid artery. The animals were sacrificed one 

week after the surgery, and the tissue was harvested at the same time. Mouse EcoHIV infection 

rates were measured by q-PCR using the following primers and probe: NDKgag_F 5′-GAC ATA 

AGA CAG GGA CCA AAG G-3′; NDKgag_R 5′-CTG GGT TTG CAT TTT GGA CC-3′; 

NDKgag_Probe 5′-AAC TCT AAG AGC CGA GCA AGC TTC AC-3′. Normalization was performed 

based on HBB for DNA: MGBF 5′-CTG CCT CTG CTA TCA TGG GTA AT-3′, MGBR 5′-TCA CTG 

AGG CTG GCA AAG GT-3′; MGBP_Probe 5′-TTA ACG ATG GCC TGA ATC-3′. EcoHIV and 

mHBB standard curves were performed in parallel to evaluate copy numbers. 

 

Middle cerebral artery occlusion (MCAO)  
An ischemic stroke was induced by the middle cerebral artery occlusion (MCAO) technique one 

week after mock or EcoHIV-infection. Briefly, middle cerebral artery blood flow was blocked by 

inserting a silicon-coated suture as previously described 87. After 60 minutes, the silicone suture 

was removed, and reperfusion was allowed for 24 h. The harvested brains were then sectioned 

using a 1 mm brain matrix and stained with 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma, St. 

Louis, MO, Cat# T8877-10G). Stroke infarct volume was measured using Image J and corrected 

for edema using the following formula: Infarct size = [ipsilateral volume × infarct 

volume]/contralateral volume 87,102. 
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Brain microvessel isolation 
Briefly, mice were sacrificed, and the brains were immediately immersed in an ice-cold 

preservation solution (NaCl 5.98 g/L, KCl 0.35 g/L, KH2PO4 0.16 g/L, MgSO4 0.144 g/L, CaCl2 

0.30 g/L, HEPES 3.9 g/L, Glucose 1.8 g/L, NaHCO3 2.10 g/L, and sodium pyruvate 0.11 g/L). 

Brains were homogenized using a Con-Torque Tissue Homogenizer (Eberbach, Van Buren 

Charter Township, MI, Cat# E2355.00). The resulting homogenized samples were filtered through 

a 300 μm nylon mesh filter (Fisher Scientific, Cat# NC1480938), gently agitated with 26% dextran, 

and centrifuged at 5800g for 30 min at 4 °C. The pellet was resuspended in an ice-cold 

preservation solution, passed through a 120 μm nylon mesh filter (Merck, St. Louis, MO, Cat# 

NY2H09000), and centrifuged at 1500g for 10 min at 4 °C. The pellet was resuspended in 

adequate RNA extraction buffer, and RNA was isolated as previously explained. 

 

Neurodeficit testing  
Neurological outcome after ischemic stroke was measured using a scale adapted from Cuomo et 

al 56. This scale allows for the evaluation of motor function and behavior recovery. To avoid 

variability in the experiments, the investigators were blinded, and all tests were performed in the 

same dedicated laboratory and at the same time of the day.  

 
RNA libraries and sequencing 
For the RNAseq analysis, five independent replicates were prepared separately for non-specific 

small interfering RNA (siRNA) controls and ocln siRNA. Total RNA was isolated using the iPrep 

PureLink Total RNA kit (Thermo Fisher Scientific, Cat#12183018A) according to the 

manufacturer’s instructions. RNA quantitation and quality were assessed using the Qubit RNA 

HS Assay Kit (Thermo Fisher Scientific, Cat#Q32855) and the Agilent RNA 6000 Pico Kit (Agilent, 

Santa Clara, CA, USA, Cat#5067-1513). RNA-Seq libraries were prepared using the TruSeq 

mRNA Library Prep Kit (Illumina, Madison, WI, USA). To evaluate fragment libraries, an Agilent 

2100 Bioanalyzer, a High Sensitivity DNA Kit (Agilent, Cat#5067-4626), and a qPCR-based KAPA 

library quantification kit (KAPA Biosystems, Wilmington, MA, USA, Cat#KK4600) were employed. 

Libraries were pooled into a 20 pM final concentration and submitted to the sequencing reaction 

using the MiSeq Reagent Kit (Illumina) and the MiSeq Sequencing System (Illumina). 
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RNA-seq data analysis 

Illumina reads were trimmed to remove low-quality bases from the ends and aligned using the 

CLC Genomics Workbench platform (Qiagen, Hilden, Germany, EU). The total gene hit counts 

and reads per kilobase million (RPKM) were calculated using the same platform. To determine 

differential gene expression associated with ocln silencing, comparisons were performed between 

the five replicates from cells transfected with ocln siRNA and the five replicates from controls 

transfected with non-specific siRNA. Differential gene expression (DEG) analysis was performed 

using the DESeq2 R package 103. An adjusted p-value of 0.05 and an absolute log2 fold change 

of 1 were considered cut-offs to generate the differentially expressed gene list 104. Computed z-

scores of significant genes are represented in the heatmap. The heatmap was plotted using the 

pheatmap R package version 1.0.12. (https://CRAN.R-project.org/package=pheatmap). 

 

The DEG list was employed to perform pathway enrichment and interaction network analysis 

using the g:GOSt tool from the g:Profiler web (https://biit.cs.ut.ee/gprofiler/). Only annotated 

genes were used to define background genes for comparison; multiple testing corrections were 

performed with g:SCS (p-value threshold = 0.05) for reducing significance scores as g:SCS takes 

into account the unevenly distributed structure of functionally annotated gene sets. In order to 

represent statistically significant related pathways, the pathway definition file and the output 

results from the g:Profiler tool were used as input in Cytoscape 105 (http://www.cytoscape.org/) 

and Enrichment Map 106 plugging (http://www.baderlab.org/Software/EnrichmentMap) to create 

the network visualization of pathways on Figure 1, laying out and clustering automatically by group 

of similar pathways into major pathways and reactions, following a previously published protocol 

107. Reactome pathway terms were visualized as a chord plot using GOplot R 108.  

 

Real-Time PCR 

To assess individual gene expression, mRNA isolation from human brain pericytes was performed 

using the Rneasy mini Kit (Qiagen, Cat# 74104) according to the manufacturer’s instructions. 

Genomic DNA from the mouse brain and spleen was isolated with the QIAmp DNA Mini Kit 

(Qiagen, Cat# 51304), mRNA from the plasma was isolated using the QIAamp MinElute Virus 

Spin Kit (Qiagen, Cat# 57704), and mRNA from brain microvessels was isolated using the 

QIAamp Lipid Tissue Mini Kit (Qiagen, Cat# 74804). Total RNA was quantified using Nanodrop 
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2000 (Thermo Fisher Scientific). A total of 100 ng of RNA was used in each reaction. Reverse 

transcription and qPCR reactions were performed at the same time by using the qScript XLT 1-

Step RT-qPCR Tough Mix (Quantabio, Beverly, MA, USA, Cat# 89236-676). Gene amplification 

was achieved by employing TaqMan Gene Expression Assays and the following primers (all from 

Thermo Fisher Scientific): human-ISG15:Hs01921425_s1; human-IFIT1: Hs03027069_s1; 

human-MX1:Hs00895608_m1; human-MX2: Hs01550814_m1; human-

HERC5:Hs00180943_m1; human-IRF7: Hs01287244_cn; human-IRF3: Hs01510490_cn; 

human-RIG-1: Hs01061433_m1; human-USP18:Hs00276441_m1; human-IFIH1: 

Hs00223420_m1; human-TRAF3: Hs00936781_m1; human-MAVS: Hs00920075_m1; human-

MFN2: Hs00208382_m1; human-OPA1: Hs01047019_m1; human-FIS1: Hs00211420_m1; 

human-MIFF: Hs00697394_g1; human-PPARGC1α: Hs00173304_m1; human-CALCOCO2: 

Hs00977443_m1; human-P62: Hs01061917_g1; human-TJP1/ZO-1: Hs01551867_m1; human-

OCLN: Hs05465837_g1; human-BCL2: Hs00608023_m1; human-BAX: Hs00180269_m1 and 

mouse-INFα5: Mm00833976; mouse-INFβ1:Mm00439552; mouse-INFɣ: Mm01168134; mouse-

ISG15: Mm01705338; mouse-IFIT1: Mm07295796; mouse-RIG-1: Mm00487934; mouse-IFIH1: 

Mm00459183; mouse-FIS1: Mm00481580; mouse-BAX: Mm00432051; mouse-MFF: 

Mm00030720_cn; mouse-OPA1: Mm00451274_cn; mouse-BCL2: Mm00529770_cn; mouse-

MAVS: Mm00523170_m1; mouse-TRAF3: Mm00385377_cn;  and mouse-MFN2: Mm00500120. 

 

GAPDH and β-actin mRNA levels were evaluated for sample normalization. Quantitative real-time 

PCR was performed using the Applied Biosystems 7500 system (Applied Biosystems, Foster City, 

CA). Gene expression changes were calculated by the ΔCt method, with Ct representing the cycle 

number at threshold. The desired PCR product specificity was determined based on melting curve 

analysis. 

 

Gene silencing and overexpression 
For gene silencing, pericytes were transfected with the following human siRNAs (all from 

OriGene, Rockville, MD, USA): 3 unique 27-mer occludin-siRNAs (SR303274), 3 unique 27-mer 

TJP1-siRNAs (SR322042), 3 unique 27-mer ISG15-siRNAs (SR322849), 3 unique 27-mer Mx1-

siRNAs (SR303015), 3 unique 27-mer Mx2-siRNAs (SR303016), or 3 unique 27-mer RIG-1-s 

RNAs (SR308383). Trilencer-27-universal scrambled (SCR) silencer siRNA duplex (OriGene, 

Cat# SR30004) was used as a negative control. For ocln overexpression, cells were transfected 
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with the PCMV3-OCLN plasmid (Sino Biological, Wayne, PA, Cat# HG15134-UT) or PCMV3 

(Sino Biological, Cat# CV011) as a negative control. A total of 0.5 µg per 106 of siRNA and 1 µg 

per 106 of DNA were transfected by Amaxa Nucleofector Technology using the Basic Nucleofector 

Kit (Lonza, Switzerland, EU, Cat# VPI‐1001). After 18 h, the cells were washed with PBS and 

allowed to grow in pericyte medium. 

 

Immunoblotting 
Following transfections, pericytes were washed with PBS and lysed with 100 µl/well of RIPA buffer 

containing protease inhibitors (Santa Cruz Biotechnology, Dallas, TX, USA, Cat# sc-24948a). 

Protein levels were quantified by the BCA Protein Assay Kit (Thermo Fisher Scientific, Cat# 

23223). Samples were split and electrotransferred using 4-20% Mini-PROTEAN TGX Stain-Free 

Protein Gels and the PVDF membrane Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, 

Hercules, CA, USA, Cat# 170-4159). Blots were blocked with bovine serum album (BSA) at 5% 

in TBS-0.05% Tween20 for 1 h. Next, they were incubated overnight at 4°C with the following 

primary antibodies (all at 1:1000 in 5% BSA-TBS): anti-occludin (Thermo Fisher Scientific, Cat# 

71‐1500), anti-ISG15 (Thermo Fisher Scientist, Cat# 703131), anti-MX1 (Cell Signaling, Danvers, 

MA, USA, Cat# 37849), anti-MX2 (Cell Signaling, Cat# 43924), anti-IFIT1 (Abcam, Cambridge, 

UK, Cat# ab70023), anti-USP18 (Thermo Fisher Scientific, Cat# PA5-110555), anti-HERC5 

(Thermo Fisher Scientific, Cat# PA5-114382), anti-DRP1 (Cell Signaling, Cat#14647), D-RP1 

(616) (Cell Signaling, Cat# 44945), anti-RIG-1 (Thermo Fisher Scientific, Cat# 700366), anti-

MDA5 (Abcam, Cat# ab283311), anti-MAVS (Thermo Fisher Scientific, Cat# 14341-1-AP), anti-

TRAF3 (Abcam, Cat# ab239357), anti-IRF3 (Thermo Fisher Scientific, Cat# 703682), anti-p-IRF3 

(Ser 396) (Thermo Fisher Scientific, Cat# B5-3195R), anti-TBK (Cell Signaling, Cat# 51872S), 

anti-p-TBK (Ser 172) (Cell Signaling, Cat# 5483S), anti-FIS1 (Abcam, Cat# ab156865), anti-

MFN2 (Cell Signaling, Cat# 11925S), anti-OPA1 (Cell Signaling, Cat# 80471S), anti-MFF (Cell 

Signaling, Cat# 845805), anti-TOMM20 (Thermo Fisher Scientific, Cat# PA5-52843), anti-

LC3BI/II (Cell Signaling, Cat# 4108), anti-P62 (Cell Signaling, Cat# 16177), anti-NDP52 (Cell 

Signaling, Cat# 60732), anti-PGC1α (Cell Signaling, Cat# 2178), anti-BAX (Cell Signaling, Cat# 

2772), anti-BCL2 (Cell Signaling, Cat# 3498). Samples were then washed with TBS-0.05% 

Tween20 three times for 5 min and incubated for 1 h with the secondary antibodies, all from LI-

COR (Lincoln, NE, USA, Cat# 926-32210, Cat# 926-68070, Cat# 926-32211, Cat# 926-68071) at 

1:20000 in 5% BSA-TBS. Anti-GAPDH antibody (1:20000, Novus Biologicals, Woburn, MA, USA, 
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Cat# NB600–502FR or Cat# NB600-5021R) was used to normalize protein levels. Immunoblots 

were washed with TBS-0.05% Tween20 three times and analyzed using the Licor CLX imaging 

system and the Image Studio 4.0 software (LI-COR).  

 

Immunostaining  
Human brain pericytes were cultured on a glass coverslip coated with 10 mg/mL of poly‐L‐lysine 

(Millipore Sigma, Cat# P8920). Cells were fixed and permeabilized with 4% paraformaldehyde for 

15 min, followed by PBS containing 0.2% Triton X‐100 for 15 min. Afterwards, cells were washed 

with PBS and blocked for 1 h with 3% BSA in TBS. The coverslips were then incubated with anti-

TOM20 antibody (1:100 in 3% BSA in TBS; Thermo Fisher Scientific, Cat# PA5-52843) or anti-

occludin (1:100 in 3% BSA in TBS; Thermo Fisher Scientific, Cat# 71‐1500) overnight at 4°C in a 

humidified atmosphere. The next day, coverslips were washed three times with PBS and 

incubated for 1 h with Alexa Fluor 488‐ (Thermo Fisher Scientific, Cat# A12379) or 647‐ (Thermo 

Fisher Scientific, Cat# A31571) secondary antibodies diluted at 1:400 in 3% BSA in TBS. The 

coverslips were washed with PBS and mounted with Vectashield Antifade Mounting Medium with 

DAPI to visualize the nuclei (Vector Laboratories, Burlingame, CA, USA, Cat# H‐1500). All images 

were obtained with the Olympus FLUOVIEW 1200 Laser Scanning Confocal Microscope 

(Olympus, Center Valley, PA, USA). For analysis of mitochondrial footprint and mean branch 

length, the Stuart Lab Mitochondrial Network Analysis 66 (v. 3.0.1, https://github.com/StuartLab) 

plugin was used 109.  

 

Mitochondria functional assessment 
Mitochondrial respiration capacity was assessed by the Seahorse Cell Mito Stress Test Assay 

(Agilent, Cat# 103015-100) using a Seahorse XF24 Analyzer (Agilent Technologies, Inc.). A total 

of 1 × 105 cells per well were seeded on a 24-well Xfe96 Cell culture Microplate (Agilent, Cat# 

100777-004) coated with poly‐L‐lysine (Millipore Sigma, Cat# P8920) and grown overnight in the 

cell incubator. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured at basal levels and after adding the following inhibitors: 1.5 µM oligomycin (ATP 

synthase inhibitor), 1 µM FCCP (mitochondrial uncoupler), and 0.5 µM rotenone (complex I 

inhibitor)/antimycin A (complex III inhibitor). Results were analyzed using the Report Generator 
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software, and values were normalized to total protein per well. Each data point reflected the 

average of six measurements.  

 
Measurement of ROS production 
Mitochondrial ROS production was measured using the MitoSox Red mitochondrial superoxide 

indicator (Thermo Fisher Scientific, Cat # M36008), following the manufacturer’s instructions. 

Briefly, after ocln transfection, cells were seeded at a density of 1.5×105 cells/well on 48-well 

plates. The next day, cells were incubated with 5 μM MitoSOX reagent in Ca/Mg-free HBSS buffer 

for 15 min in the dark, followed by washing three times with DPBS. Fluorescence was recorded 

using the SpectraMax iD3Reader (Molecular Devices, USA) at excitation and emission 

wavelengths of 510 and 580 nm, respectively. 

 

Statistical Analysis 
Except for DESeq2 differential gene expression, statistical analyses were performed using 

GraphPad Prism Software version 6.0 (La Jolla, CA, USA). Statistical significance was 

determined by one- or two-way ANOVA followed by Tukey’s multiple comparisons test or 

Student’s t test. The significance level was set at p<0.05 (****p<0.0001, ***p=0.0002, **p=0.003, 

*p<0.0449).  
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RESULTS 
Cellular ocln levels control the expression of antiviral ISG genes.  
To evaluate the involvement of ocln in cellular functions of BBB pericytes, cells were transfected 

with ocln targeted siRNA for 48 h. Differential gene expression in ocln-silenced cells was analyzed 

via high-throughput RNA sequencing (RNA-seq) and compared to pericytes transfected with 

control siRNA. A total of 14415 genes were analyzed in the obtained dataset. The heatmap and 

volcano plot (Fig. 1A and Suppl. Fig. 1A, respectively) visualized 105 downregulated or 

overexpressed genes with a fold change > 1 in ocln-silenced pericytes as compared to controls. 

The heatmap of RNA-seq expression z-scores clearly identified two major clusters of 

downregulated and upregulated genes. The number of downregulated genes (85 genes) 

markedly exceeded the number of upregulated genes (20 genes) in pericytes with silenced ocln 

gene.  

 

We then performed gene set enrichment analysis (GSEA) to identify pathways affected by ocln 

silencing. The chord diagram summarizes the enriched reactome pathways for target genes 

differentially regulated by ocln silencing (Fig. 1B). Genes contributing to their respective 

enrichment are shown on the left, and enriched reactome clusters are shown on the right. LogFC 

of differentially expressed genes are displayed in shades of red. The following eleven pathways 

were altered after ocln silencing when the analysis was restricted to the genes with a fold change 

higher or equal to 1: IFN-α/β signaling, IFN signaling, cytokine signaling in immune system, 

antiviral mechanism by IFN-stimulated genes (ISG), OAS antiviral response, immune system, 

ISG15 antiviral mechanism, INFɣ signaling, DDX58/IFIH1-mediated induction of IFN-α/β, 

negative regulators of DDX58/IFIH1 signaling, and TRAF3-dependent IRF activation pathway 

(Fig. 1B and Suppl. Fig. 1B). The p-values for these reactome-enriched pathways and the 

specific genes affected in each pathway are summarized in Suppl. Fig. 1B and Suppl. Table 1. 

Fig. 1C illustrates the overlaps among enriched pathways by collapsing node clusters shown as 

circles (nodes), connected with lines (edges) of the reactome pathway sharing genes.  

 

In this initial series of experiments, we identified that silencing cellular ocln levels affected the 

expression of IFN-related genes and pathways. In order to establish the specificity of these 

responses, parallel experiments were performed on pericytes with silenced ZO-1, another TJ 

protein. Pericytes were transfected with ocln siRNA, PCMV3-OCLN vector for ocln 
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overexpression, or ZO-1 siRNA, and the expression levels of selected ISG genes were analyzed 

by q-PCR and immunoblotting. Suppl Figs. 2A-B illustrate the effectiveness of the employed 

manipulation on ocln and ZO-1 expression, respectively. The silencing of ocln resulted in a 

decrease in mRNA expression by 45%; however, ocln overexpression increased ocln level by 

~4000 times at the mRNA level and by 250% at the protein level. In addition, ZO-1 silencing 

decreased ZO-1 mRNA levels by 50%.  

 

Ocln silencing resulted in significantly diminished mRNA expression of the genes of the ISG 

pathway (Figs 2A-H), such as ISG15, IFIT1, MX1, MX2, USP18 and HERC5 when compared 

with control siRNA (Figs 2A, C, E-H). In contrast, no changes were found in the expression of 

these genes following ZO-1 silencing, except for a reduction of MX2 levels (Figs. 2F), illustrating 

the specificity of responses. Moreover, ocln overexpression resulted in a significant increase in 

mRNA levels of ISG15, IFIT1, MX1, MX2, USP18, and HERC5 (Figs. 2A, C, E-H). Ocln 

overexpression also elevated protein levels of ISG15, MX1 and MX2, without changing IFIT1, 

USP18, or HERC5 protein expression (Figs. 2A, C, E-H). We also evaluated the IGS15 and IFIT1 

mRNA expression in cerebral microvessels isolated from the brains of ocln+/+ (wild type controls), 

ocln+/-, and ocln-/- mice. ISG15 mRNA levels were significantly lower in microvessels isolated ocln-

deficient mice as compared to controls with normal ocln expression. However, no changes were 

found in IFIT1 expression levels (Figs. 2B, D). 
 

Given the importance of the ISG15 pathway in immune responses, we next investigated whether 

their altered expression, independent of ocln silencing, can influence HIV-1 infection of human 

brain pericytes. Cells were transfected with siRNA specific for ISG15, MX1, MX2, or ocln (positive 

control) and were either Mock-infected or infected with 60 ng/ml of HIV-1 for 12 h. Suppl. Fig. 2C 
represents the efficiency of gene silencing, which was ~50% for each gene. The next day, cultures 

were washed to remove the unbound virus, and fresh medium was added. The levels of p24 

antigen as a marker of HIV-1 infection were analyzed 48 h post-infection in the cell culture media 

by ELISA. Downregulation of ISG15 and MX2 resulted in enhanced HIV-1 replication. As 

expected, ocln silencing resulted in a comparable elevation of p24 levels. In contrast, no changes 

in p24 levels were detected after MX1 silencing (Fig. 2I).  
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This series of experiments was completed by evaluation of the INF genes in ocln-deficient mice. 

The INFα5, INFβ1, and INFɣ mRNA levels were significantly lower in microvessels isolated from 

ocln-deficient mice when compared to ocln control mice (Figs. 2J-L), confirming the critical role 

of ocln in regulation of interferon signaling and innate immunity responses.  

 

Ocln deficiency and EcoHIV infection worsen ischemic stroke outcomes. 

Reports from our laboratory 25,31,33,35,36, including data presented in Fig 2I, have shown that 

ocln can regulate the extent of HIV-1 infection in various cell types, including brain pericytes. 

However, no studies have been performed in vivo demonstrating the influence of ocln on HIV 

replication in the brain. Therefore, we evaluated the importance of ocln in host defense against 

HIV infection by employing ocln-deficient mice. Briefly, ocln-/-, ocln+/-, and ocln+/+ mice were 

infected with EcoHIV by infusion via the internal carotid artery for one week 55. Mock-infected 

mice were infused with saline using the same procedure (Fig. 3A). A higher HIV load (DNA or 

RNA copies) was detected in the plasma, spleen, and lateral hemisphere (LH) in ocln-/- mice when 

compared with ocln+/- or ocln+/+ mice (Fig. 3B). No changes in HIV load were found between 

genders (Fig. 3C).  

 

Knowing that ocln deficiency increases HIV infection, which is a risk factor for stroke, we then 

evaluated the outcomes of ischemic stroke in EcoHIV or Mock-infected ocln deficient mice. Briefly, 

ocln-/-, ocln+/-, and ocln+/+ mice were infected with EcoHIV, and stroke was induced by occlusion 

of the middle cerebral artery one week after infection (Fig. 3A). HIV infection resulted in a 

significant increase in stroke infarct volume as compared to mock-infected mice. Moreover, stroke 

volume was increased in ocln-/- vs. ocln+/-, and ocln+/+ mice both in the mock and Eco-HIV groups 

(Figs. 3D-E). Next, we evaluated post-stroke motor functions by using a neurodeficit score 56, 

with the values between 0 (the lowest) and 4 (no motor deficit). Behavioral testing was assessed 

24 h post-stoke. Eco-HIV-infected mice exhibited significant neurodeficits when compared with 

Mock-treated mice. In addition, ocln-/- mice had significantly lower motor functionality when 

compared with ocln control mice (Figs 3F).  
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Cellular ocln levels regulate the antiviral RIG-I pathway. 
Next, we focused on the mechanisms that may be responsible for ocln-mediated differential 

expression of the ISG genes and pathways by focusing on the expression of RIG-I, a critical 

pattern recognition receptor (PPR) in antiviral protection (Fig. 4A).  

 

The silencing of ocln markedly decreased the mRNA expression of RIG-I, with ocln 

overexpression having the opposite effects (Fig. 4B, left panel). Moreover, upregulation of cellular 

ocln levels significantly elevated RIG-I protein levels (Fig. 4B, right panel). While the percentage 

of changes in RIG-I expression was much higher after ocln overexpression compared to 

downregulation, these differences reflect a higher efficiency of ocln upregulation by the PCMV3-

OCLN expression vector compared to downregulation by ocln silencing. We also evaluated RIG-

I expression in cerebral microvessels isolated from the brains of ocln+/+ (controls), ocln+/-, and ocln-

/- mice. RIG-I mRNA levels were significantly lower in microvessels isolated from ocln-deficient 

mice as compared to controls with normal ocln expression (Fig. 4C). To confirm these results, we 

measured the input of cellular ocln levels on the expression of another PRR, namely MDA5, which 

is encoded by the IFH1 gene. Similar to changes in RIG-I, overexpression of ocln enhanced both 

IFH1 mRNA levels and MDA5 protein (Fig. 4D). Moreover, IFH1 mRNA was decreased in 

microvessels of ocln-deficient mice (Fig. 4E). The importance of these findings stems from the 

fact that RIG-I and MDA5 are key molecules in the innate immune system. Specifically, they act 

as PRRs by recognizing pathogen-specific ligands, such as double stranded RNA and CpG DNA. 

PRRs can activate interferon regulatory factors (IRFs; IRF3 and 7) and induce the expression of 

type I IFNs 3,4,57. Downregulation of PRRs after ocln silencing is consistent with antiviral 

protection of this protein.  

 

Because the signaling pathway downstream from RIG-I includes activation of MAVS and TNF 

receptor-associated factor (TRAF3) 3,5,7,58, we evaluated if ocln is involved in the regulation of 

these downstream proteins in BBB pericytes. Ocln overexpression did not affect MAVS 

expression levels; however, it significantly increased the expression of TRAF3 at mRNA and 

protein levels (Figs. 4F and H, respectively). No changes were found in TRAF3 and MAVS mRNA 

in microvessels of ocln-deficient mice when compared with control mice (Figs. 4G, I). We also 

investigated the downstream events of these events and analyzed changes in the phosphorylation 
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of IRF3 and TBK1. Consistent with upregulation of TRAF3, both total protein levels and the levels 

of phosphorylated IRF3 (pIRF3) and phosphorylated TBK (pTBK) were elevated as the result of 

ocln overexpression (Fig. 4J, K).  
 

In order to confirm the importance of these events in HIV infection, pericytes were transfected 

with RIG-I siRNA, followed by HIV infection. Diminished RIG-I expression markedly enhanced 

HIV replication (Fig. 4L) by ~100% as measured by p24 levels in cell culture media and compared 

to cells transfected with control siRNA. Next, non-manipulated pericytes and pericytes with 

overexpressed ocln levels were either Mock-infected or infected with HIV-1 and the levels of IRF3 

and 7 were analyzed. Upregulation of IRF3 mRNA levels in ocln-overexpressing cells was further 

increased when cells were infected with HIV-1 (Fig. 4M). Similar patterns of responses, but to a 

higher extent, were observed for IRF7 mRNA expression (Fig. 4N). Altogether, these results 

indicate that ocln levels not only positively regulate the expression of RIG-I but also the 

downstream antiviral effectors of the RIG-I pathway.  

 

Ocln modulates mitochondrial dynamics and respiration. 
Knowing that a) mitochondrial dynamics is implicated in the regulation of the RIG-I signaling 

responses 14-17, b) MAVS is a mitochondria-associated protein and when activated, can 

influence mitochondrial dynamics and homeostasis 9,17, and c) ocln levels influences both the 

RIG-I signaling and MAVS activation (Fig. 4), we then evaluated if cellular ocln could influence 

the expression of the main mitochondrial dynamics regulatory proteins in human brain pericytes.  

 

We first evaluated the impact of ocln on mitochondrial dynamics in the context of HIV infection by 

focusing on the genes that regulated mitochondria fusion and fission in human pericytes and 

cerebral microvessels of mice with altered ocln expression (Fig. 5). An increase in ocln levels 

resulted in a significant upregulation of mitochondrial fission regulatory protein FIS1 at both the 

mRNA and protein levels (Fig. 5A). Similarly, ocln overexpression increased MFF (mitochondria 

fission factor) mRNA (Fig. 5C) and mitochondrial fusion genes, such as MFN2 (mitofusin 2) and 

OPA1 (optic atrophy 1) (Figs. 5E and 5G, respectively). Except for an increase in FIS1 protein, 

no differences in protein levels of MFF, MFN2 and OPA1 (Figs. 5C, E, G) were found in pericytes 

overexpressing ocln. Additional HIV infection of pericytes did not result in altered expression of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 8, 2024. ; https://doi.org/10.1101/2024.06.07.598027doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.07.598027
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 
 

any of the studied genes related to mitochondrial fission and fusion in BBB pericytes. These 

results were confirmed in animal experiments. Microvessels isolated from the brains of mice 

deficient in ocln were characterized by decreased levels of FIS1 mRNA; however, no changes 

were found in MFF, MFN2 and OPA1 mRNA levels and infection with EcoHIV did not result in any 

changes in expression of this gene (Figs. 5B, D, F, H). 

 

In the following series of experiments, we analyzed mitochondrial bioenergetics, metabolic stress, 

and subsequent ATP production in brain pericytes overexpressing different levels of ocln by using 

the Seahorse XF24 Analyzer and the Cell Mito Stress Test (Figs. 6A-B). Quantification of the 

oxygen consumption rate (OCR; Fig. 6A) indicated that there was an occludin-dependent 

decrease in basal respiration levels but no changes in non-mitochondria-related respiration when 

compared with control cells (Fig. 6B). These results were consistent with a gradually lower 

maximal mitochondrial respiration, ATP-production, proton leak, and spare respiratory capacity in 

pericytes overexpressing different levels of ocln (Fig. 6B). Overall, these novel results suggested 

that ocln overexpression suppresses mitochondrial oxidative electron transport chain-dependent 

respiration. Therefore, we then analyzed the impact of cellular ocln levels on mitochondrial 

morphology by performing TOM20 immunostaining in pericytes overexpressing ocln (Fig. 6C). 

Upregulation of ocln resulted in a significant decrease in the mitochondrial branch length (Fig. 
6D), with no changes in mitochondrial footprint analysis (Fig. 6E). Nevertheless, an increase in 

ocln levels resulted in a significant elevation of mitochondrial ROS as assessed by MitoSox Red 

(Fig. 6F). No changes were found in the overall protein levels of TOM20, a general marker of 

mitochondrial mass (Fig. 6G). 

 

Ocln promotes cellular autophagy and apoptosis. 
Dysregulation in mitochondrial function has been linked to alterations in autophagy and apoptosis 

59-62 pathways. Additionally, an association between activation of the RIG-I signaling pathway, 

MAVS, and autophagy has been reported 12,13,63. Therefore, we investigated whether the 

modulation of ocln expression can alter autophagy and/or apoptosis in human brain pericytes. 

Autophagy activation was assessed by analyzing the protein levels of microtubule-associated 

protein 1 light chain 3B (LC3B) and the conversion of LC3B-I to LC3B-II, p62/sequestosome 1 

(SQSTM1), and the autophagic receptor NDP52.  
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After autophagy induction, the cytoplasmic form of LC3 (LC3-I) is cleaved and translocates to the 

membrane, forming LC3-II and joining with autophagic vesicles 64-66. When compared to 

controls, LC3-I conversion to LC3-II was significantly enhanced after ocln upregulation, indicating 

autophagosome formation (Fig. 7A). In line with these results, p62, a protein known to interact 

with L3CB and to promote ubiquitination of target substrates in autophagosomes 67,68, was also 

increased at both mRNA and protein levels in ocln overexpressing cells (Fig. 7B). Consistently, 

the expression of the gene CALCOCO2, which encodes for the Nuclear Domain 10 Protein 52 

(NLP52), a receptor implicated in directing autophagy targets to autophagosomes 69, was 

increased at the mRNA and protein levels (Fig. 7C). The peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), a transcriptional coactivator involved in 

mitochondrial biogenesis 70,71, was upregulated at the protein levels in ocln-overexpressing 

pericytes. In contrast, the expression of the gene PPARGC1A, which encodes for PGC-1α was 

unchanged in these cells at the studied time point (Fig. 7D).  

 

The expression levels of proapoptotic BAX and antiapoptotic BCL2 genes and proteins were 

assessed by q-PCR and immunoblotting as early markers of apoptosis. Even though ocln 

overexpression increased the BAX mRNA expression, this effect was not observed at the protein 

levels (Fig. 7E). Moreover, BAX protein levels were unchanged in microvessels isolated from the 

brains of ocln-deficient mice as compared to controls (Fig. 7F). No differences were found at the 

mRNA and protein levels of BCL2 in ocln-overexpressing pericytes or ocln-deficient mice (Fig. 
7G-H). Taken together, these results suggest that ocln can alter mitochondrial dynamics and 

modulate autophagy, with a limited impact on pro-apoptotic-associated responses. 
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DISCUSSION 

Emerging evidence indicates that occludin is a multifunctional protein with a key role in regulating 

human brain pericyte metabolism. Our laboratory has previously shown that ocln can act as a 

NADH oxidase and modulate AMPK protein kinase activity in BBB pericytes 31,43. Taking the 

importance of cellular ocln levels into consideration, we performed a transcriptome analysis to 

identify changes in gene expression related to ocln downregulation. Our results (Fig. 1) identified 

that among differentially altered cellular pathways, eleven were related to IFN signaling. The 

importance of these observations stem from the fact that IFN signaling and ISG expression levels 

have been associated with antiviral functions in several viral infections, including HIV-1 21-24,72.  

 

While the majority of HIV-1 replication in the brain appears to occur in microglial cells and 

perivascular macrophages 73-75, growing evidence indicates that specific cell types of the BBB, 

such as astrocytes 74,76 and brain pericytes 30-35 can be infected by HIV-1. Canonical HIV-1 

infection uses both the main HIV-1 receptor, CD4, and the co-receptors, primarily CXCR4 and 

CCR5. Therefore, it is important that pericytes express high levels of HIV-1 co-receptors, CCR5 

and CXCR4, and also CD4 77. Importantly, HIV-1-mediated alterations of ocln expression have 

been linked to the regulatory mechanisms of HIV-1 infection 25,31,35. Specifically, a decrease in 

cellular ocln levels results in enhanced HIV-1 replication, and the opposite effect is observed upon 

overexpression of ocln 31,35. At least part of this effect is related to ocln having NADH oxidase 

activity, which can influence the expression and activation of the class-III histone deacetylase 

SIRT-1 31. Moreover, ocln can regulate HIV-1 budding from the infected cells by forming a 

complex with caveolin-1 and ALIX 35. While the majority of research on the regulatory role of ocln 

on HIV-1 infection was performed on brain pericytes 25,31,35, the findings were confirmed in 

human primary macrophages, differentiated monocytic U937 cells, and HEK-293 cells 43.  

 

The findings of the present study indicate that ocln levels can regulate HIV-1 infection by impairing 

the function of ISGs 78,79. Indeed, we present novel results that ocln levels can regulate the 

expression of several ISGs and/or proteins such as ISG15, MX1, MX2, IFIT1, HERC5, and 

USP18. In support of the findings on the interrelationship between ocln and ISG, we demonstrated 

that ocln can regulating the OAS ISG family in BBB pericytes 25. Moreover, a study has been 

published showing that IL-22 could increase MX2 and ocln expression levels in end1/E6E7cells 
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80. Confirming the impact of ocln on the IFN-related pathways, our novel results indicated that 

the expression levels of IFNα5, IFNβ1, IFNɣ, and ISG15 were significantly lower in ocln-/- mice 

when compared with ocln+/+ mice (Fig. 2).  

 

Our novel findings demonstrated that downregulation of ISG15 and MX2 can result in a significant 

increase in the rate of HIV-1 infection in pericytes, as determined by p24 levels. Supporting these 

findings, it was shown that lower levels of ISG15 enhance HIV-1 replication 22, and MX2 has 

been recognized as a key host factor protecting against HIV-1 replication 21,81,82. Conversely, 

despite potent antiviral activity of MX1 against several viruses, such as the Thogoto virus 83, 

hepatitis B virus 84, and influenza A virus 85, its role in HIV-1 infection remains controversial, with 

several studies failing to show any HIV-1-specific antiviral activity 86. In line with these reports, 

our results indicate that silencing MX1 did not affect HIV-1 replication in pericytes (Fig. 2).  

 

The impact of ocln on HIV infection was next confirmed in animal studies in ocln-deficient mice. 

Mice were infected with EcoHIV for one week, followed by the measurement of p24 levels in 

plasma, spleen, and LH. We indicated for the first time that ocln-/- mice expressed a significantly 

higher number of copies of mRNA and DNA compared to ocln+/- or ocln+/+ mice. However, no 

changes in HIV load were found when comparing between genders (Fig. 3). Several studies have 

described that the risk and the severity of cerebrovascular diseases, and particularly ischemic 

stroke, are significantly higher in people living with HIV 87. Since ocln deficiency increases HIV 

infection, we next evaluated the outcomes of ischemic stroke in EcoHIV or Mock-infected ocln-

deficient mice. The present study is the first to demonstrate that ocln-/- mice display a significantly 

larger infract volume after HIV infection when compared to ocln+/+-infected mice (Fig. 3). These 

results are important since little is known about the mechanisms by which HIV worsens 

cerebrovascular diseases such as ischemic stroke. 

 

The present study also reports that the RIG-I and MDA5 genes, two key molecules in the innate 

immune system, were altered as the result of ocln overexpression in human brain pericytes. 

Moreover, our data show that ocln can regulate RIG-1 and MDA5 in vivo. RIG-I and MDA5 mRNA 

levels were significantly lower in microvessels isolated in ocln-deficient mice as compared to 

controls with normal ocln expression. Both RIG-I and MDA5 are cytosolic pattern recognition 
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receptors (PRR) involved in the IFN1-mediated responses after virus infection 3,4,7,58. Following 

the downstream pathway, ocln overexpression also activated MAVS and induced TBK1 and IRF3 

phosphorylation. Interestingly, there was also upregulation of IRF3 and IRF7 in response to ocln 

overexpression (Fig. 4), with this effect being increased when cells were infected with HIV-1. 

These results are consistent with the notion that IRF3 and IRF7 are key regulators of type I IFN 

gene expression in response to viral infections 88. Although IRF3 has limited DNA binding, it can 

induce the transcription of IFNβ, IFNα4 and IFNα1 genes. Moreover, IRF3 can bind to IRF7, 

regulating in concert IFNα/β induction. IRF7 has broader DNA specificity and is able to induce the 

production of several IFNs, including IFNα2, IFNα5, IFNα6, INFα8, IFNβ2 and IFNβ3 89,90. These 

results are novel since no previous studies have shown a relationship between ocln and the 

antiviral RIG-I signaling pathway.  

 

Knowing that MAVS activation can influence mitochondrial dynamics 9,17, while ocln can alter 

RIG-1 like receptor signaling, we then evaluated the role of ocln in mitochondrial dynamics, a 

process that allows mitochondria to regulate and maintain their integrity and homeostasis. 

Mitochondrial dynamics is established through the processes of fusion and fission where 

dysregulation of this process has been linked to several diseases such as neurodegenerative and 

cardiovascular diseases 91. We indicated that modulation of ocln resulted in significant changes 

in the expression of FIS1 at mRNA and protein levels both in vitro and in vivo (Fig. 5), a key 

protein in maintaining mitochondrial fission 92. This dysregulation of mitochondrial dynamics was 

associated with impaired mitochondrial bioenergetics (Fig. 6), indicating that alterations of ocln 

levels can induce mitochondrial stress and metabolic dysfunction. This conclusion is in line with 

the observations that ocln can promote AMPK expression and activation, influencing the 

expression of glucose transporters GLUT-1 and GLUT-4, glucose uptake, and ATP content 43.  

 

Dysregulation in mitochondrial dynamics has been linked to autophagy and apoptosis 59-62. 

While ocln overexpression elevated the expression of cellular markers of autophagy, it had only 

limited impact on activation of apoptosis, suggesting dysregulation of these processes (Figs. 7). 

Although some literature reports have linked ocln levels with both autophagy activation 93-95 and 

apoptosis 96-100, the results are controversial, and this relationship was never studied in 
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microvasculature. In contrast to our findings, a reduction in susceptibility to the induction of 

apoptosis in keratinocytes after ocln downregulation has been previously reported 96.  

 

In conclusion, the present study reveals the significant impact of cellular ocln levels on the 

modulation of autoimmune responses and anti-HIV signaling through the regulation of ISGs, RIG-

I, and MAVS activation. Cellular ocln levels also influence mitochondrial dynamics and 

bioenergetics, as well as autophagy. Overall, these findings establish ocln as an important 

regulator of innate immune responses in the context of cerebrovascular pathology associated with 

HIV infection, including ischemic stroke. 
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Figure Legends 
 
Figure 1. Ocln silencing displays distinct RNA-seq transcriptome signatures. (A) Heatmap 

of RNA-Seq expression z-scores computed for genes that are differentially expressed (p < 0.05, 

|log 2 (foldchange)| > 1) between the five replicates of ocln siRNA samples and the five replicates 

from the negative siRNA controls. (B) Chord diagram showing enriched Reactome clusters for 

the differentially expressed genes. Genes contributing to their respective enrichment are shown 

on the left, and enriched Reactome clusters are shown on the right. LogFC differentially 

expressed genes are displayed in shades of red. Each Reactome term is represented by one 

colored line. (C) The enrichment map is summarized by collapsing node clusters shown as circles 

(nodes), connected with lines (edges) of the Reactome pathways sharing genes. The network 

was manually adjusted to reduce node and label overlap.  

 

Figure 2. Ocln regulates HIV-1 infection through the ISG antiviral gene expression. 
Pericytes were transfected with ocln-siRNA, ZO-1 siRNA, or PCMV3-OCLN vector, and the 

expression of ISG15 (A), IFIT1 (C), MX1 (E), MX2 (F), USP18 (G), and HERC5 (H) was evaluated 

by q-PCR and Western Blotting. Pericytes were transfected with ISG15-siRNA, MX1-siRNA, MX2-

siRNA, and ocln-siRNA. Next, cells were either Mock-infected or infected with 60 ng/ml HIV-1 p24 

for 12 hours. p24 levels were analyzed in cell culture media by ELISA as a marker of HIV infection 
(I). n= 4-8 per group. RNA was extracted from isolated microvessels of age- and sex-matched 

ocln-/-, ocln+/-, and ocln+/+ mice (n= 6-8 animals per group). ISG15 (B), IFIT1 (D), IFNα5 (J), IFNβ1 

(K), and IFNɣ (L) mRNA levels were analyzed by q-PCR. Graphs indicate the mean ± SD from 

three independent experiments. Individual animal data points are marked by blue (ocln+/+), green 

(ocln+/-), and red (ocln-/-) dots. ****p < 0.0001, ***p = 0.0002, **p = 0.003, *p < 0.0449.  

 

Figure 3. Ocln-deficient mice exhibit increased infarct size after EcoHIV infection. (A) A 

diagram reflecting the experimental timeline. Age- and sex-matched ocln-/-, ocln+/-, and ocln+/+  

mice were inoculated with EcoHIV (1 µg of p24) via the internal carotid artery or Mock-infected. 

One week post-infection, ischemic stroke was induced by the MCAO for 24h, followed by 

reperfusion for 24h. (B) Levels of mRNA and DNA copies in plasma, lateral hemisphere (LH), and 

spleen were assessed by q-PCR. (C) mRNA and DNA copies from (B) as analyzed by gender of 

infected mice. (D) Representative staining of infarct lesions as determined by TTC staining of 
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brain sections of ocln-/- and ocln+/+ mice, mock, and EcoHIV-infected mice after ischemic stroke. 

Tissue damage is visualized as white areas. (E) Infarct size quantification from (D). (F) 
Assessment of neurological outcome 24h post-stroke. Individual data points are marked by blue 

(ocln+/+), green (ocln+/-), and red (ocln-/-) dots. **p = 0.003, *p < 0.0449, n= 3-11 animals per group, 

7 independent experiments. 

 

Figure 4. Ocln regulates the RIG-1-like receptor pathway signaling. (A) A diagram of antiviral 

RIG-1 pathway. Activated RIG-I and MDA5 molecules translocate to the mitochondria and interact 

with the MAVS adaptor. MAVS activates the downstream molecules TBK1/IKKε kinases, IRF3 

and IRF7 inducing the transcriptional expression IFN-α/β. Pericytes were transfected with ocln-

siRNA, ZO-1 siRNA, or PCMV3-OCLN vector as in Figure 2, and the expression of RIG-1 (B), 
IFIH1 (D), TRAF3 (F), MAVS (H), IRF3 and p-IRF3 (J), and TBK1 and p-TBK1 (K) was evaluated 

by q-PCR and Western Blotting. (L) Pericytes were transfected with RIG-1-siRNA, and p24 levels 

were assessed as in Figure 2. (M-N) Pericytes were transfected with the PCMV3-OCLN vector 

and HIV-1 or mock-infected as in Figure 2. IRF3 and IRF7 mRNA levels were measured by q-

PCR. n= 4-8 per group. (C, E, G, I) RNA was extracted from isolated microvessels of age- and 

sex-matched ocln-/-, ocln+/-, and ocln+/+ mice (n=5-11 animals per group) as in Figure 2. RIG-1 (C), 
IFIH1 (E), TRAF3 (G), and MAVS (I) mRNA expression levels were measured by q-PCR. Graphs 

indicate the mean ± SD from three independent experiments. Individual animal data points are 

marked by blue (ocln+/+), green (ocln+/-), and red (ocln-/-) dots. ****p < 0.0001, ***p = 0.0002, **p = 

0.003, *p < 0.0449.  

 

Figure 5. Impact of ocln on mitochondrial dysregulation. Pericytes were transfected with the 

PCMV3-OCLN vector and HIV-1 or mock-infected as in Figure 2. FIS1 (A), MFF (C), MFN2 (E), 
and OPA1 (G) mRNA and protein levels were measured by q-PCR and Western Blotting. n= 4-8 

per group. In addition, age- and sex-matched ocln-/-, ocln+/-, and ocln+/+ mice (n=4-11 animals per 

group) were EcoHIV or mock-infected and RNA was extracted from isolated microvessels. FIS1 

(B), MFF (D), MFN2 (F) and OPA1 (H) mRNA expression levels were measured by q-PCR. 

Graphs indicate the mean ± SD from three independent experiments. Individual animal data 

points are marked by blue (ocln+/+), green (ocln+/-), and red (ocln-/-) dots. ****p < 0.0001, ***p = 

0.0002, **p = 0.003, *p < 0.0449.  
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Figure 6. Impact of ocln on mitochondrial respiratory function. (A) Seahorse Cell Mito Stress 

Test analysis of OCR after transfecting pericytes with different concentrations of PCMV3-OCLN 

vector. (B) Quantitative measurements of basal respiration, non-mitochondrial oxygen 

consumption, maximal respiration, ATP production, proton leak, and spare respiration capacity 

were performed. (C) Confocal microscopy images of pericytes after ocln overexpression. Cells 

were stained with DAPI (blue), ocln (red.), and TOM20 (green.) for tracking the mitochondrial 

membrane. (D-E) Mitochondria was skeletonized, and mitochondrial mean branch (D) and 

footprint (E) were quantified by using the MiNA plug-in on Image J. (F) Measurement of 

mitochondrial superoxide as determined by MitoSOX Red after transfecting pericytes with 

different concentrations of PCMV3-OCLN vector. Fluorescence intensity of MitoSOX Red was 

normalized to protein levels. (G) Total TOM20 protein levels were measured by Western Blotting. 
Graphs indicate the mean ± SD from three independent experiments. ***p = 0.0002, **p = 0.003, 

*p < 0.0449, n= 4-8 per group; scale bars, 30 μm. OCR: oxygen consumption rate; MiNA: 

mitochondrial network analysis; DAPI: 4′,6-diamidino-2-phenylindole.  

 

Figure 7. Impact of ocln on autophagy and apoptosis regulation. Pericytes were transfected 

with the PCMV3-OCLN vector as in Figure 2. LC3B-I and LC3B-II (A), p62 (B), NDP52 (C), 
PGC1α (D), BAX (E), and BCL2 (G) mRNA and protein levels were measured by q-PCR and 

Western Blotting. n=4-8 per group. BAX (F) and BCL2 (H) mRNA expression levels from extracted 

microvessels isolated from age- and sex-matched ocln-/-, ocln+/-, and ocln+/+ mice (n=7-10 animals 

per group). Graphs indicate the mean ± SD from three independent experiments. Individual 

animal data points are marked by blue (ocln+/+), green (ocln+/-), and red (ocln-/-) dots. ****p < 

0.0001, ***p = 0.0002, **p = 0.003, *p < 0.0449. 

 

Supplemental Table 1. Genes affected in each Reactome pathway after ocln silencing in 
human brain pericytes.  
 

Supplemental Figure 1. Ocln silencing displays distinct RNA-seq transcriptome 
signatures. Related to Figure 1. (A) Volcano plot highlighting the differentially expressed genes 

in pericytes with silenced ocln and controls. Blue dots represent downregulated genes; green 

dots, upregulated genes, and grey dots genes that were not significantly affected. (B) Gene set 
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enrichment analysis (GSEA) was performed using the g: Profiler and Reactome pathways. Figure 

show the p-values for the Reactome-enriched pathways analysis. 

 

Supplemental Figure 2. Effectiveness of silencing procedures employed in the study. 
Related to Figure 2. Pericytes were transfected with ocln-siRNA, ZO-1 siRNA, or PCMV3-OCLN 

vectors, and the expression of genes encoding for ocln (A) and ZO-1 (B) was evaluated by q-

PCR and Western Blotting. (C) Pericytes were transfected with ISG15 siRNA, MX1 siRNA, MX2 

siRNA, and ocln siRNA. The mRNA expression levels of ISG15, MX1, MX2, and ocln were 

evaluated by q-PCR. Graphs indicate the mean ± SD from three independent experiments. ****p 

< 0.0001, ***p = 0.0002, **p = 0.003, n=3-8 per group. 
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Supl Table 1. 

Pathway Genes
Interferon alpha/beta 
signaling

IFI35, XAF1, HLA-F, , ISG20, IRF7, BST2, IFI6, IFI27, SAMHD1, USP18, IFITM1, ISG15, 
OAS3,IFIT3,IFIT1, OAS2, OAS1, IFIT2, MX1, MX2, OASL, RSAD2

Interferon Signaling

GBP4, STAT1, IFI35, XAF1, HLA-F, ISG20, IRF7, BST2, IFI6, IFI27, SAMHD1, DDX58, 
USP18 , IFITM1, ISG15, OAS3, IFIT3, IFIT1, OAS2, OAS1, IFIT2, HERC5, MX1, MX2, 
OASL, RSAD2

Cytokine Signaling in 
Immune system

KIT, GBP4, STAT1, IFI35, CCL5, XAF1, TNFSF13B, LGALS9, HLAF, ISG20, IRF7, BST2, IFI6, 
IFI27, SAMHD1, DDX58, USP18, IFITM1, ISG15, OAS3, IFIT3, IFIT1, OAS2, CXCL10, 
OAS1, IFIT2, HERC5, MX1, MX2, OASL, RSAD2

Antiviral mechanism by 
IFN-stimulated genes STAT1, DDX58, USP18, ISG15, OAS3, IFIT1, OAS2, OAS1, HERC5, MX1, MX2,OASL
OAS antiviral response DDX58, OAS3, OAS2, OAS1, OASL

Immune System

KIT, DTX3L, GBP4, STAT1, IFI35, CCL5, DHX58, XAF1, TNFSF13B, LGALS9, HLA-F, ISG20, 
IRF7, BST2, IFI6, IFI27, SAMHD1, DDX58, USP18, IFITM1, IFIH1, HERC6, ISG15, OAS3, 
IFIT3, IFIT1, OAS2, CXCL10, OAS1, IFIT2, HERC5, MX1, MX2, OASL, RSAD2

ISG15 antiviral mechanism STAT1, DDX58, USP18, ISG15, IFIT1, HERC5, MX1, MX2
Interferon gamma 
signaling GBP4, HLA-F, IRF7, OAS3, OAS2, OAS1, OASL
DDX58/IFIH1-mediated 
induction of interferon-
alpha/beta DHX58, IRF7, DDX58, IFIH1, ISG15, HERC5
Negative regulators of 
DDX58/IFIH1 signaling DDX58, IFIH1, ISG15, HERC5
TRAF3-dependent IRF 
activation pathway IRF7, DDX58, IFIH1

Supplemental Table 1. Genes affected in each Reactome pathway after ocln silencing in human 
brain pericytes.  
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