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ABSTRACT
Sequencing Technologies in Virology: Advancing Pathogen Detection and
Understanding Viral-Host Interactions in Human Retinal Organoids
By

Zachary David Aralis

In virology, the emergence of sequencing technologies has revolutionized our
understanding of viral genetics and epidemiology, marking a significant
advancementover traditional methods. These techniques provide deep insights into
virus genetics, crucial in addressing the challenges of pathogen detection in public
health, such as identifying novel pathogens and monitoring rapid viral mutations that
can evade current treatments.

This work highlights the crucial role of sequencing as a tool for studying virology,
demonstrated through two distinct research approaches. Firstly, we address the
challenge posed by the emergence of the SARS-CoV-2 Omicron variant in 2021,
which led to a global surge of cases. To identify the introduction of novel SARS-
CoV-2 variants in Santa Barbara County, sequencing data was utilized to develop a
guantitative reverse transcription PCR-based assay (RT-gPCR), targeting unique
mutations in the Omicron BA.1/BA1.1 and BA.2 genomes. This assay, tested on 270
clinical samples from Santa Barbara County, accurately and quickly detected the
presence of Omicron variants, showing complete concordance with whole viral
genome sequencing. The study demonstrates that by utilizing sequencing data to

develop RT-gPCR assays offer a rapid and cost-effective solution for virus variant-



specific detection, streamlining the identification of Omicron variants in clinical
samples.

Secondly, the thesis explores the retinal impact of viral infections, focusing on
Zika Virus (ZIKV) and Herpes Simplex Virus 1 (HSV1) interactions with human
retinal organoids (ROs) using single-cell RNA sequencing (scRNA-seq). The
research reveals that early-stage ROs are broadly susceptible to ZIKV, with a robust
upregulation of interferon-stimulated genes and the unfolded protein response,
suggesting a dynamic cellular defense. In contrast, HSV1 infection in mature ROs
suppresses innate immune responses and reduces transcriptomic diversity,
indicating distinct viral pathogenesis mechanisms. These findings, unveiled through
ScRNA-seq, provide crucial insights into the unique mechanisms of ZIKV and HSV1
in the retina, highlighting the value of retinal organoids in ocular virology research
and advancing our understanding of viral pathogenesis in sensory organs.

Together, these studies underscore the versatility and efficacy of sequencing
technologies in virological research, from rapid pathogen detection and variant
identification to understanding complex interactions in viral pathogenesis, thereby

informing public health strategies and potential therapeutic interventions.
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Chapter 1: Introduction

Introduction to Sequencing Methods in Virology

In the rapidly evolving field of virology, sequencing methods have become
indispensable tools, revolutionizing our understanding of viral genetics and
epidemiology. The advent of these technologies marks a significant leap from
traditional virological methods, offering unprecedented insights into the genetic
makeup of viruses. This section provides an overview of the journey from basic
sequencing techniques to the advanced methods currently in use, underscoring their
critical role in contemporary virology research.

The roots of sequencing in virology can be traced back to the latter part of the
20th century, with the development of the first sequencing techniques|[l]. These
early methods, though groundbreaking for their time, were limited by their low
throughput, high cost, and labor-intensive nature. However, they laid the foundation
for the development of more sophisticated sequencing technologies.

The turn of the millennium witnessed a paradigm shift with the introduction of
next-generation sequencing (NGS)[2]. This technology, characterized by its high-
throughput capability, allowed for the sequencing of entire viral genomes rapidly and
cost-effectively. NGS has not only streamlined the process of viral identification but
also enhanced our ability to track viral mutations and understand their implications.

The detailed genetic information provided by NGS plays a crucial role in identifying



viral strains, understanding their evolution, and monitoring their spread across
populations[3,4].

The impact of these advanced sequencing technologies extends beyond
academic research. They are pivotal in clinical virology, aiding in the rapid diagnosis
of viral infections and informing public health responses to outbreaks. For instance,
the recent COVID-19 pandemic highlighted the significance of sequencing in

identifying and tracking the spread of SARS-CoV-2 variants globally[5].

Fundamentals of DNA Sequencing

DNA sequencing technologies are crucial in virological research, offering various
methods for analyzing viral genomes with distinct advantages and limitations (Table
1. Methods for analyzing viral (Table 1).

e Sanger Sequencing: A classical method developed in 1977, known for its
accuracy, but with low throughput and higher per-base cost, limiting its use to
specific genomic regions or targeted gene studies.

e lllumina Sequencing: This next-generation sequencing (NGS) technique
offers high throughput and cost-effectiveness, ideal for whole-genome
profiling, despite some limitations like errors in homopolymeric regions|6].

e SMRT Sequencing (Pacific Biosciences): Provides long-read sequencing,
useful for de novo genome assembly and complex structures, but with a
higher error rate and increased per-base cost[7,8].

e Oxford Nanopore Sequencing: Known for its portability and long reads, this
method is versatile but has a higher error rate, requiring validation for some

applications[9].



Each technology caters to specific virological study needs, with Sanger
sequencing excelling in accuracy, lllumina in high-throughput whole-genome
profiling, and SMRT and Nanopore in long-read sequencing for complex genomic
landscapes[10]. Advances in sequencing technologies continue to enhance the

precision and scope of these techniques in virology.

Chain-termination Exceptional High Low Validation of
method using accuracy; accuracy; throughput; specific
dNTPs and Read lengths Long read Higher per- genomic
fluorescently up to 1,000 lengths. base cost. regions;
labeled ddNTPs. bp; Error rate Targeted
Electrophoretic <0.001%. gene
separation of studies.
terminated

sequences.

Sequencing-by- High Parallel Errors in Whole-
synthesis (SBS) throughput; sequencing homopolymeric genome
approach. DNA Generates of many regions; profiling;
templates are millions of samples; Reduced Large-scale
attached to a solid  short reads Short-read accuracy in sequencing
surface, amplified, (50-300 bp);  accuracy. GC/AT-rich projects.
and incorporated Cost- areas.

with fluorescent effective.

dNTPs.

Real-time Long reads Resolves Higher error Resolving
observation of DNA (10,000- complex rate (~1%); repeats and
polymerase activity 60,000 bp); structures; Increased per- transposons
in zero-mode Real-time De novo base cost. ; Complex
waveguides sequencing. genome genomic
(ZMWs). assembly. structures.
DNA strands Portable; Mobility; Higher error On-site
threaded through Ultra-long Ability to rate (5-15%); sequencing;
protein nanopores; reads (>2 sequence Requires Studies
lonic current Mb); extremely validation for requiring
changes recorded Versatile. long reads. certain ultra-long
as DNA applications. reads.

translocates.

Table 1: Methods for analyzing viral genomes.



The Role of Sequencing in Pathogen Detection

Challenges in Pathogen Detection in Public Health

Pathogen detection in public health faces several key challenges. Firstly,
identifying novel pathogens is difficult due to their unique characteristics and lack of
historical data, often leading to misdiagnosis due to non-specific symptoms[11-13].
Secondly, pathogens, particularly viruses, mutate rapidly, creating new strains that
may evade current treatments and vaccines. This necessitates continuous genetic
monitoring to track pathogen evolution and inform public health strategies.

Another challenge is the speed of diagnostic development. Quick and scalable
diagnostic methods are crucial for effective outbreak management but are often not
developed rapidly enough to keep pace with emerging threats. These diagnostics
must also be accessible in resource-limited settings.[12,13]

The global health impact of these challenges is significant. Delays or
inaccuracies in pathogen detection can overwhelm healthcare systems and affect
public health policies, such as quarantine measures and vaccine distribution.
Therefore, advanced technologies like sequencing have become vital for their ability
to rapidly identify unknown pathogens, monitor genetic changes, and provide
detailed epidemiological data, thus enhancing public health responses to infectious

diseases.

Sequencing as a Tool for Pathogen Detection

Sequencing has become an essential tool in pathogen detection, offering rapid

identification and detailed genetic analysis of pathogens. Its ability to quickly identify



unknown pathogens was crucial in the 2014 Ebola outbreak in West Africa, where
sequencing helped in the prompt recognition of the Ebola virus, aiding containment
and treatment strategies[13].

The ability of sequencing technology to quickly identify unknown pathogens,
especially in the context of novel or rapidly mutating viruses and bacteria, was
notably demonstrated during the outbreak of Severe Acute Respiratory Syndrome
(SARS) in 2003[14]. Traditional methods such as culture and immunoassays were
initially unsuccessful in identifying the causative agent. However, the use of
sequencing enabled researchers to rapidly identify the novel coronavirus (SARS-
CoV) responsible for the outbreak, a task that would have been significantly more
challenging with conventional diagnostic methods.

Sequencing enables the monitoring of genetic changes in pathogens, crucial for
understanding the evolution of viruses such as influenza or SARS-CoV-2, which is
directly linked to vaccine development and treatment effectiveness. For instance,
during the COVID-19 pandemic, sequencing rapidly identified and tracked mutations
in SARS-CoV-2, such as the Delta and Omicron variants, providing essential
information for vaccine development and public health policies[15].

One of the key strengths of sequencing is its high sensitivity, allowing for the
detection of pathogensin samples where they are presentin low abundance. This is
particularly beneficial during the early stages of infection or in cases with low viral
load. This feature was demonstrated in early HIV infections, where sequencing

facilitated detection and treatment initiation[16,17].



Additionally, the specificity of sequencing aids in accurately distinguishing
between closely related pathogens, reducing the likelihood of misdiagnosis. Its
specificity also plays a crucial role in accurately distinguishing between closely
related pathogens, as seen in differentiating drug-resistant and sensitive strains of
Mycobacterium tuberculosis, guiding effective treatment plans[18].

Sequencing provides more than just pathogen detection; it offers a
comprehensive profile of the pathogen's genome. This information is invaluable for
understanding various aspects of the pathogen, including its transmission dynamics,
virulence factors, and mechanisms of drug resistance. During the 2009 H1N1
influenza outbreak, sequencing provided valuable insights into the virus's
transmission dynamics and virulence, critical for vaccine development and outbreak
management[19].

Furthermore, sequencing plays a critical role in public health surveillance. It aids
in tracking the spread and evolution of infectious diseases by analyzing genetic data
from various regions and populations, thereby guiding public health responses and
control measures. In public health surveillance, sequencing has been instrumental in
global poliovirus monitoring, informing vaccination strategies for eradication
efforts[20].

The technology is also highly adaptable and scalable. Advances in sequencing
have led to the development of customizable assays that can target specific
pathogens or a range of potential agents, making it a versatile solution for both
localized outbreaks and global pandemic surveillance. This adaptability was crucial

during the Zika virus outbreak, where sequencing was rapidly adapted to develop



diagnostic tests, especially for monitoring pregnant women due to the virus's
association with birth defects[21]. In summary, the application of sequencing in
pathogen detection marks a significantleap forward in infectious disease diagnostics
and epidemiology, providing a powerful tool for disease management and public

health preparedness.

SARS-CoV-2 Variant Detection in December 2021; A Primer for Chapter 2

In December 2021, the global landscape of the COVID-19 pandemic
encountered a significant shift with the arrival of the SARS-CoV-2 Omicron variant.
This new variant, distinguished by a host of mutations, particularly in the spike
protein, presented challenges distinct from previous variants. Its emergence was not
just a testament to the virus's capacity for rapid evolution but also a critical juncture
in the pandemic's management. The Omicron variant was marked by increased
transmissibility and potential immune evasion, raising concerns worldwide and
necessitating an urgent response from the scientific and medical communities[22—
28].

At that time, sequencing information was crucial in tracking the evolution of
SARS-CoV-2. Labs across the globe were scrambling to scale up their capacity for
sequencing viral genomes, to provide needed data on the mutations and spreading
patterns of different variants. This genomic surveillance would play a crucial role in
understanding the virus's behavior, aiding in the development of vaccines and
therapeutic strategies. Despite its importance, the utility of sequencing in real-time
pathogen detection faced significant limitations. First, the process was time-intensive
and resource-heavy, making it challenging to use sequencing as a standalone tool

7



for rapid, widespread variant detection in clinical settings. This issue was further
exasperated by the fact that the global capacity for sequencing was relatively low in
December 2021[29]. This gap was particularly pronounced in the context of the
rapidly spreading Omicron variant, where timely identification was crucial for
effective public health responses. The turnaround time for sequencing via the state
sponsored sequencing initiative was on the order of weeks, if not longer[29]. To
address these challenges, our group initiated a local sequencing effort in Santa
Barbara County, aiming to provide variant-specific information to our community.

This sequencing data was instrumental in developing rapid, variant-specific
diagnostic tests needed to address the limitations of current sequencing turnaround
time. Insights gained from sequencing the Omicron variant informed the design of
targeted assays. These tests, like the quantitative reverse transcription PCR (RT-
gPCR) assays discussed in Chapter 2, were tailored to detect specific mutations of
Omicron, offering a much-needed solution for rapid and precise variantidentification.
This development marked a significantadvancementin diagnostic capabilities of our
local community, allowing for faster and more efficient tracking of the virus's spread
and informing public health decisions.

Chapter 2 of this thesis outlines how the blend of detailed genomic knowledge
and practical diagnostic tool development led to the creation of a specific RT-gPCR
assay for Omicron, highlighting the synergy between advanced sequencing and
rapid diagnostic technologies. This case study exemplifies the dynamic nature of
pandemic response, where scientific innovation swiftly adapts to emerging

challenges posed by evolving pathogens.



Sequencing in Understanding Viral Pathogenesis

Viral pathogenesis encompasses the complex mechanisms through which
viruses invade and affect host cells, leading to disease. It involves multiple stages:
virus entry into the host, replication, and spread within the host organism, and the
resulting clinical effects[30]. Understanding these mechanisms is critical to virology
and medical research, as it informs vaccine development, therapeutic interventions,
and public health strategies. Studying viral pathogenesis also contributes to broader
scientific knowledge, enhancing our grasp of cellular processes and immune
responses.

Sequencing technologies, particularly RNA sequencing (RNA-seq) and its
derivative, single-cell RNA sequencing (scRNA-seq), play a pivotal role in modern
virology[31-35]. These methods enable detailed analysis of both viral genomes and
host responses at single cell resolution. Through sequencing, researchers can better
understand the complex interplay between viruses and host cells and unravel the
mechanisms behind viral infection and replication. This genomicinsightisinvaluable

in developing effective strategies for controlling and treating viral diseases.

RNA-Sequencing in Viral Research

RNA-sequencing (RNA-seq) has revolutionized virology, offering profound
insights into both viral and host genomics. This technique has been pivotal in
advancing our understanding of viral behavior and interaction with hosts. A critical
application of RNA-seq was evident during the early stages of the COVID-19
pandemic. The technique was instrumental in quickly identifying the genomic

sequence of SARS-CoV-2, facilitating rapid global response efforts. Similarly, RNA-

9



seq has been essential in understanding complex viral replication mechanisms, such
as those observed in HIV[36].

Beyond identifying and analyzing viral genomes, RNA-seq offers a window into
the host's response to infections. For instance, studies on Hepatitis C Virus (HCV)
utilized RNA-seq to explore the host’s transcriptomic response, revealing intricate
virus-host dynamics[37]. This understanding is crucial for developing effective
treatments and vaccines, as demonstrated in Ebola virus research[13,38]. Moreover,
RNA-seq aids in tracking viral evolution and strain diversity, which is particularly vital
for rapidly mutating viruses like influenza. Research has shown how RNA-seq can
monitor influenza virus evolution, contributing to vaccine development strategies[39—
41]. Collectively, these applications highlight RNA-seq's versatility and its crucial role

in virology, shaping our response to both existing and emerging viral threats.

Advancements with Single-Cell RNA Sequencing in Virology

Single-cell RNA sequencing (scRNA-seq) has emerged as a transformative tool
in virology, enabling an unprecedented understanding of viral infections at the
cellular level. This technique allows for the dissection of host responses to viral
infection with remarkable precision, revealing the dynamics of virus-host
interactions.

A primary application of sScRNA-seq is deciphering cell-type-specific reactions to
viral infections, revealing how different cells respond variably to the same virus[42—
44]. This method has uncovered unexpected cellular or tissue targets of viruses,
enhancing our understanding of how viruses function within hosts[45,46].
Additionally, scRNA-seq is crucial in tracing viral replication stages within individual

10



cells, offering insights into the viral life cycle and HSV1 replication processes at the
cellular level[47]. In host-virus interaction studies, SCRNA-seq has been pivotal for
analyzing individual immune responses to viruses[48]. scRNA-seq data are also
essential for developing vaccines and therapeutic strategies, influencing the design
of effective interventions against viral diseases[49,50]. As a vital tool in virology,
scRNA-se('s detailed infection analysis is transforming our comprehension of viral

pathogenesis and driving advancements in targeted treatments and vaccines.

Host-Virus Interactions and Retinal Organoids in ZIKV and HSV1 Infections; A

Primer for Chapter 3

The intricate study of host-virus interactions forms a fundamental pillar of
virology, delving into the complexities of how viruses infect, replicate, and interact
with host organisms. Atthe heart of these interactions lies the process of viral entry,
where viruses specifically attach to receptors on host cells, dictating their range and
tissue targeting. Once a virus enters the cell, it commandeers the cellular machinery
to replicate its genetic material, a process that varies significantly across different
viral types[30].

When a virus invades a host, the innate immune system is the first line of
defense. For instance, upon influenza virus infection, cells recognize viral RNA
through pattern recognition receptors like RIG-I, leading to the production of
interferons[51]. These interferons then activate a cascade of immune responses,
including the upregulation of antiviral genes. Additionally, immune cells are

mobilized, which can recognize and kill virus-infected cells. For example, NK cells
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are known to play a crucial role in controlling herpes simplex virus infections by
targeting cells that express stress-induced ligands[52].

Following the initial innate response, the adaptive immune system generates a
more specific attack. Antibodies are produced by B cells, which can neutralize
viruses like HIV by binding to their surface proteins, preventing them from entering
host cells. T cells, on the other hand, target and kill infected cells. In the case of
hepatitis B virus (HBV) infection, cytotoxic T lymphocytes target infected
hepatocytes and clear the virus[53].

However, viruses are not passive in this interaction. They have evolved
sophisticated mechanisms to evade and suppress the host's immune defenses.
Some viruses, like HIV, mutate rapidly, changing their surface proteins (antigenic
drift) to evade recognition by antibodies[54]. This is why developing an effective
vaccine against HIV has been challenging. Viruses like the human papillomavirus
(HPV) can interfere with the host's apoptotic machinery. HPV produces proteins (E6
and E7) that bind to and inactivate tumor suppressor proteins p53 and
retinoblastoma protein (pRb), respectively, preventing the infected cell from
undergoing apoptosis[55]. Viruses can develop resistance to antiviral drugs, which is
a significant challenge in treatment. For instance, influenza virus can acquire
mutations in its neuraminidase protein, rendering neuraminidase inhibitors less
effective[56].

Viral infections in the retina, an immune privileged tissue, represent a critical area
of study due to the retina's essential role in vision and its susceptibility to various

viral pathogens. The retina, a layer of tissue at the back of the eye, is responsible for
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receiving light and converting it into neural signals for the brain[57]. Viruses can
reach the retina through different routes, including hematogenous spread or direct
extension from neighboring structures, leading to retinal infections[58—-61].

The consequences of viral infections in the retina can be severe, ranging from
mild inflammations to severe conditions that can cause permanent vision loss[62].
Common manifestations include retinitis, choroiditis, and vasculitis, each presenting
unique clinical features and challenges in management. Retinitis, for instance, often
results in the deterioration of the light-sensitive layer of cells in the retina, leading to
visual impairment[63].

The human retina is vulnerable to a variety of viruses, each with distinct
mechanisms of infection and pathogenesis. For example, cytomegalovirus (CMV)
retinitis is one of the most common ocular complications in immunocompromised
individuals, particularly in patients with AIDS[59]. Herpesviruses, such as Varicella-
zoster virus and Herpes Simplex virus, can also cause acute retinal necrosis,
characterized by rapid, progressive inflammation and necrosis of the retina[64,65].

The study of viral infections in the retina is not only important for understanding
and managing these specific conditions but also for gaining insights into broader
mechanisms of viral pathogenesis and host defense. Understanding the complex
interactions between viruses and retinal cells is crucial for developing more effective
treatments and preventive strategies for retinal viral infections.

Zika virus (ZIKV), a member of the Flaviviridae family, has emerged as a
significant public health concern, particularly due to its association with congenital

abnormalities and neurological complications[66]. ZIKV is primarily transmitted to
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humans through the bite of an infected Aedes species mosquito, butit can also be
transmitted through sexual contact, blood transfusion, and from mother to child
during pregnancy.

The connection between ZIKV infection and retinal damage became evident
following the 2015 outbreak in Brazil, where an increase in cases of microcephaly
and other congenital abnormalities in infants was observed[67,68]. These congenital
anomalies included ocular abnormalities, with ZIKV being identified in the retinal
tissues of affected infants[67]. The virus has been shown to target retinal cells,
potentially leading to a range of ocular complications such as chorioretinal atrophy,
optic nerve abnormalities, and maculopathy[69]. The specific mechanisms by which
ZIKV causes retinal damage are not yet fully understood, but research suggests that
the virus may disrupt the development and function of retinal cells, leading to visual
impairment[66]. Given the potential for severe and irreversible ocular damage,
understanding the interaction between ZIKV and retinal cells is crucial.

Herpes Simplex Virus 1 (HSV1), a prevalent pathogen within the human
population, is known for its ability to establish latent infections in nerve cells and
cause recurrent diseases[70]. HSV1, a member of the Herpesviridae family,
primarily infects epithelial cells and then establishes latency in sensory neurons[71].
It can reactivate periodically, leading to symptomatic or asymptomatic viral shedding.

HSV1infection in the retina manifests as Herpes Simplex Retinitis (HSR), which
can be a severe and potentially blinding condition[62]. HSR often presents as acute
retinal necrosis, characterized by rapid, progressive inflammation and necrosis of

the retina, leading to vision loss if not promptly and effectively treated. The virus can
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affect various retinal cell types, causing a range of pathological changes, including
retinal detachment, hemorrhage, and optic atrophy.

The pathogenesis of HSV1in the retina involves both direct viral cytotoxic effects
and immune-mediated damage. During reactivation, the virus travels from the
sensory ganglia back to the oculartissues, causing inflammation and cell death. The
Immune response to the virus, while necessary to control the infection, can also
contribute to tissue damage due to the release of inflammatory cytokines and
recruitment of immune cells[70,72—74]. Understanding ZIKV and HSV1's interaction
with retinal cells is crucial for developing effective treatments and preventative
strategies for retinal diseases caused by this virus.

In the infections of sensory organs like the retina, significant questions remain
unanswered. These questions often revolve around the mechanisms of viral entry,
replication, and pathogenesis in specific cell types within the retina, as well as the
interplay between the virus and the host's immune response. These unanswered
guestions highlight the complex interplay between viral pathogenesis and host
responses in the retina. They underscore the need for advanced research tools and
models to study these interactions in a more detailed and physiologically relevant
manner.

The application of retinal organoids in virological research offers a transformative
approach for studying viral infections in the retina. Simal organoid models have been
used to study ZIKV and HSV1 infections in the brain. Retinal organoids are three-
dimensional (3D) structures derived from human pluripotent stem cells (hPSCs) that

closely mimic the cellular architecture and physiology of the human retina. This
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innovative model overcomes many limitations of traditional two-dimensional (2D) cell
culture systems and animal models, providing a more accurate representation of
human retinal development and disease.

Retinal organoids have several key advantages for studying viral pathogenesisin
the retina. First, they replicate the complex, multi-layered structure of the retina,
including various cell types such as photoreceptors, retinal ganglion cells, and Muller
glia[75,76]. This diversity allows for a comprehensive investigation of how different
viruses interact with and affect specific cell types in the retina. Additionally, these
organoids can be used to model both early developmental stages and mature retinal
structures, making them suitable for studying infections that occur during different
stages of retinal development. Retinal organoids have been used to study a number
of other pathologies including SARS-CoV-2, Retinitis pigmentosa, inherited retinal
dystrophies, age-related macular degeneration [77-80].

Furthermore, retinal organoids are valuable for screening potential antiviral drugs
and therapies. They provide a physiologically relevant platform to test the efficacy
and safety of new treatments for viral infections of the retina, potentially accelerating
the development of targeted therapies[81].

The use of retinal organoids in this study is aimed at advancing our
understanding of ZIKV and HSV1 infections in the retina. By employing these
organoids, we can explore the cellular and molecular dynamics of these infections
with greater precision and relevance to human pathology. This approach promises to
unveil critical insights into the mechanisms of viral pathogenesis in the retina and to

guide the development of effective strategies for prevention and treatment.
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Chapter 3 of this thesis highlights the susceptibility and permissiveness of early-
stage retinal organoids (ROs) to Zika Virus (ZIKV) infection. We demonstrate that
ZIKV can infect a broad spectrum of cell types in immature ROs, mimicking the
developmental stage of the embryonic retina. The transcriptional responses to ZIKV
infection in ROs, as revealed by scRNA-seq, show that ZIKV affects various cellular
pathways, including the interferon system and Unfolded Protein Response (UPR),
significantly altering the cellular transcriptome. In contrast, HSV1 displays a different
interaction pattern, marked by suppression of the innate immune response and a
loss of cellular identity in infected cells. This contrast between ZIKV and HSV1
infections underscores the specificity of viral strategies in modulating hostresponses
and emphasizes the complexity of viral interactions with host cells. The chapter
underscores the utility of retinal organoids as a comprehensive model for studying

ocular viral infections.
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Il. Efficient Tracing of the SARS-CoV-2O0micron Variants in Santa
Barbara County Using a Rapid Quantitative Reverse Transcription

PCR Assay

A. Abstract

The emergence of the SARS-CoV-2 Omicron variantin 2021 is associated with a
global surge of cases in late 2021 and early 2022. Identifying the introduction of
novel SARS-CoV-2 variants to a population is imperative to inform decisions by
clinicians and public health officials. Here, we describe a quantitative reverse
transcription PCR-based assay (RT-gPCR) targeting unique mutations in the
Omicron BA.1/BA1.1 and BA.2 viral genomes. This assay accurately and precisely
detects the presence of these Omicron variants in patient samples in less than four
hours. Using this assay, we tested 270 clinical samples and detected the
introduction of Omicron BA.1/BA1.1 and BA.2 in the Santa Barbara County (SBC)
population in December 2021 and February 2022, respectively. Identifying Omicron
variants using this RT-gPCR assay showed complete concordance with whole viral
genome sequencing; both assays indicated that Omicron was the dominant variant
in SB County. Our data substantiate that RT-qPCR-based virus detection assays
offer a fast and inexpensive alternative to NGS for virus variant-specific detection
approach, which allows streamlining the detection of Omicron variants in patient

samples.
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B. Introduction

SARS-CoV-2, the causative agent of the COVID-19 pandemic, is a single strand
positive RNA virus of the coronavirus family. COVID-19 has caused a devastating
number of cases and deaths since it was officially declared a pandemic on March
11th, 2020. Despite the development of successful vaccines and global vaccination
efforts, SARS-CoV-2 continues to spread globally[82—84]. A challenge in controlling
COVID-19 is the emergence of SARS-CoV-2 variants resulting from mutations that
accumulate in the viral genome. While many of these mutations are of little to no
consequence, others can provide a higher viral fitness by increasing virus
transmission efficiency, conferring resistance to immune responses, and impacting
the severity of the disease[85-87]. SARS-CoV-2 variants that pose a significant risk
to the global community are designated Variants of Concern (VOC) by the World
Health Organization (WHO)[88]. The control of SARS-CoV-2 transmission relies on
our capacity to diagnose COVID-19 efficiently, detect the emergence of new viral
lineages, and determine variant prevalence in the population[89-92].

One of the most infectious SARS-CoV-2 variants identified, Omicron BA.l
(originally B.1.1.529), was initially detected in South Africa in November of 2021,
where it rapidly outcompeted other viral variants in the region[93]. In November
2021, the WHO classified SARS-CoV-2 Omicron as a VOC and linked itto a global
upsurge of cases at the end of 2021[94]. By December 2021, the highly
transmissible Omicron variant had caused more than half of all daily SARS-CoV-2
infections[95]. Omicron carries numerous mutations, including 30 in the Spike (S)

protein, which enhance binding to the cellular receptor ACE2 and increase immune
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evasion[22-27]. The BA.1.1 sublineage shows all the mutations found in BA.1 and
the R346K substitution[96].

The high transmission rates of Omicron forecasted the emergence of
sublineages, for example, BA.2, a highly contagious variant first detected in
December 2021 and classified as a VOC in February 2022 [97]. While the global
prevalence of BA.2 was lower than that of BA.1/BA.1.1 through January and
February of 2022, it accounted for over 50% of the cases sequenced by the first
week of March. Several mutations in the S protein distinguish BA.2 from
BA.1/BA.1.1 and may enhance this variant's transmissibility and immune evasion
[97].

The numerous mutations in the S protein in BA.1/BA1.1 and BA.2 limit the
options for treatment; of the three monoclonal antibody treatments approved for
early use by the FDA, only Sotrovimab is effective against BA.1/BA.1.1 Omicron
variant. However, this monoclonal antibody is ineffective in treating the BA.2
Omicron Variant[98]. Even though testing each patient to identify the infecting viral
variantand tailor individual treatmentis impractical, understanding the prevalence of
specific variants in the community can inform decisions about using monoclonal
antibodies and other COVID-19 therapies.

Next-generation sequencing (NGS) of the viral genome is the standard method to
determine the SARS-CoV-2 variants in a sample. While NGS provides a wealth of
information on the mutations present in an individual strain of the virus, it typically
takes days to weeks to accurately identify viral variants. Rapid and straightforward

methods to identify Omicron and other emerging viral variants are urgently needed
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to provide clinicians and public health officers with essential real-time information on
the prevalence of specific SARS-CoV-2 variants in the population. In response to
this emergency, several groups have developed alternative methods to detect viral
variants in clinical samples (Table 2).

Here we developed an RT-gPCR-based assay to distinguish between the
Omicron BA.1/BA.1.1 and BA.2 variants of SARS-CoV-2 by targeting a set of
variant-specific mutations in the S1 domain. We designed variant-specific RT-gPCR
primers after homing in on viral genomic regions characterized by significant
mutations, insertions, or deletions unique to specific variants. This strategy is
versatile and can be easily adapted to identify emerging variants in the population.
Using this simple RT-gPCR-based assay in residual diagnostic samples, we
identified the BA.1/BA1.1 and BA.2 Omicron variants in patient samples with 100%
accuracy compared to sample-matched NGS results. Our assay also provides a
rapid, cost-effective alternative for SARS-CoV-2 variant identification; the time from
assay design to deployment in patient samples is approximately one week, and its
cost is lower than NGS-based approaches. Notably, the development of our assay
was informed by the needs of our local public health department and hospitals. By
immediately disseminating the results of our assays with health officials and
clinicians, we provided vital information to treat active cases in the region and help

manage the dramatic rise in COVID-19 cases in Santa Barbara County.

Method SARS.'COV'Z Mutations Targeted Reference
Variants
N:S135R; N:1189V; S:A27S;
: S:S371L; N:F108L; S:G446S; :
RT-gPCR Omicron ST547K: S:L981F: N-T24l: Li et al.[99]
N:L1266l; S:V213G; S:R408S
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RT-gPCR

RT-gPCR

RT-ddPCR

High-Resolution
Melting analysis

High-Resolution
Melting analysis

MeltaArray

Multiplex
Fragment
Analysis

Mass
Spectrometry

Omicron

Omicron

Omicron

Omicron

BA1.1/BA1.2

Alpha, Delta,
BA.1, BA.2,
BA.3, and
BA.4/5

Delta, Mu,
Lambda,
Omicron

lota, Alpha,
Delta, and
Omicron

N:31Del; N:32Del; N:33Del;
N:P13L; N:R203K; N:G204R

S:E484A; S:Y505H

S:S477N; S:T478K; S:E484A;
S:G496S; S:Q498R; S:N501Y
S:Y505H

S:G339D; S:N440K; S:G446S;
S:D796Y

S:R408S; S:G446R; S:447N;
S:T448K

S:A67V; S:T95I; S:Del69/70;
S:G142D; S:Del143/145; S:N2111;
S:Del212; S:Ins214EPE; S:G339D;

S:S371L; S:S373P; S:S375F;

S:K417N; S:N440K; S:G446S;
S:S477N; S:T478K; S:E484A,;

S:Q493R; S:G496S; S:Q498R;
S:N501Y; S:Y505H; S:T547K;
S:D614G; S:H655Y; SIN679K;
S:P681H; S:IN764K; S:D796Y;
S:N856K; S:Q954H; S:N969K;

S:L981F;
S:Del69/70; S:Ins146N; S:Del144;

S:Del156/157; S:Del143/145;

S:Del241/243; S:Ins214EPE;
S:Del211; S:Del247/253; S:L452R

S:E484K; S:N501Y;
ORF1A:Del3675/3677;
ORF8:Ins28269/28273;

ORF8:Del119/120;

ORF8:Del31/33;

S:L5F; S:S13I; S:L18F; S:T19R;
S:Del69/70; S:D80A; S:D80G;
S:T95I; S:Dell144; S:W152C;

S:D215G; S:Del242/244;
S:D253G; S:K417N; S:K417T;
S:N439K; S:L452R; S:Y453F,;
S:S477N; S:T478K; S:E484Q;
S:E484K; S:Q493K; S:N501Y;
S:N501T; S:A570D; S:D614G;
S:Q677H; S:Q677P; S:P681H;

S:P681R; S:1692V;

Ippoliti et
al.[100]

Corbisier et
al.[101]

Mills et
al.[102]

Koshikawa
et al.[103]

Aoki et
al.[104]

Yan et
al.[105]

Clark et
al.[106]

Hernandez
et al.[107]
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Table 2: Alternative methods to detect viral variants in clinical samples

Material and methods

Primer Design

The coordinates of all primers and sequences are based on the SARS-CoV-2
Wuhan-Hu-1 (Wu-Hul) genome (accession number NC_044512.2). The primers for
BA.1/BA.1.1 specific targets were designed to target a 3-nucleotide deletion at
position 22194-22196 and a 9-nucleotide insertion previously reported for this
variant[108,109]. For BA.2, specific primers were designed to target a 9-nucleotide
deletion at position 21633-21641 and the lack of a 6-nucleotide deletion at amino
acids 69/70 present in BA.1/BA.1.1 and other VOCs[110]. The positions of the

primers are illustrated in Figure 1, and the primer sequences are shown in Table 3.

Name Bases (5' - 3) Target
S-BA.1/BA.1.1 Fwd | ATTATAGTGCGTGAGCCAGAAGATCT BA.1/BA.1.1
All Other
S-Wu-Hul Fwd ATTAATTTAGTGCGTGATCTCCCT variants
S-Rev GCAAGTAAAGTTTGAAACCTAGTGATT All Variants
S-BA.2 Fwd tcttataaccagaactcaatcatacact BA.2
S-BA.2 Rev ccattggtcccagagacatgta BA.2

Table 3: Primer sequences used in this study

Sample collection and RNA extraction

Clinical samples were acquired as residual NP swabs stored in Universal
Transport Media (UTM) or Viral Transport Media (VTM). Samples were inactivated

at 56 °C for 30 minutes, and RNA was extracted using the QIAamp MinElute Virus
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Spin Kit [Qiagen, 57704] from 140uL of the sample, and eluted in 50 pL. The Santa
Barbara Cottage Hospital IRB reviewed and approved pre-and post-analytical
protocols. This study followed the Strengthening the Reporting of Observational

Studies in Epidemiology (STROBE) reporting guideline for cohort studies.

RT-gPCR

Viral RNA was reverse transcribed by mixing 8 pL of extracted RNA with 2 L of
LunaScript RT SuperMix [NEB, E3010L], followed by incubation using the thermal
profile: 25°C for 2 minutes, 55°C for 10 minutes, and 95°C for 2 minutes. A qPCR
master mix was prepared by combining 5 pl of nuclease-free water, 2 ul of 5uM S-
Omicron or S-Wu-Hul Fwd primer, 2 pl of 5uM S-reverse primer, 10 ul of the
PowerUp™ SYBR™ Green Master Mix [Applied Biosystems, A25741], and 1 pL of
cDNA, for a total reaction volume of 20 uL. All components were gently mixed by
pipetting, and the reactions were collected by centrifugation using a tabletop
centrifuge. The reactions were run on a Bio-Rad CFX96 Touch using the following
thermal protocol: 50°C for 2 minutes; 95°C for 2 minutes; 40 cycles of 95°C for 15
seconds followed by 60°C for 1 minute, and the plate read in the SYBR/Fam
channel. Data were analyzed using the Bio-Rad CFX Maestro software with a single

threshold to determine the quantification cycle.

Data Interpretation

The assay was considered valid if the samples had a Ct value equal to or lower
than 37 in the reactions with the S-BA.1/BA.1.1, BA.2 or S-Wu-Hul reaction. This

cutoff is defined as the Ct value below by which virus variants in all samples could
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be successfully determined via NGS. Samples were defined as SARS-CoV-2
BA.1/BA.1.1 or BA.2 if the Ct value for the sample was equal to or lower than 37 in
the qPCR reaction, including the S-Omicron BA.1/BA.1.1 or BA.2 Fwd primer. In the
gPCR reaction, samples with Ct values above 37, including the S-Omicron or S-Wt
primers, were deemed inconclusive. In limited cases, a small number of samples
with low Ct values for one target had background amplification for one of the other
targets, likely caused by non-specific amplification typically observed in mutation -
specific gPCR assays[111-113]. In these cases, if the difference between Ctvalues
was greater than 10 Ct, the target with the higher value was not considered (i.e.,

undetermined).

Amplicon Library Generation, Next Generation Sequencing, Phylogenetic
Analysis
Viral cDNA was generated using LunaScript RT SuperMix, followed by incubation
using the thermal profile: 25°C for 2 minutes, 55°C for 10 minutes, and 95°C for 2
minutes. The cDNA was amplified using the SARS-CoV-2 genome tiling primer
pools from the UCSF CAT COVID-19 Tailed 275bp ARTIC V3 Protocol.[114] The
PCR reaction was prepared by mixing 5uL of Q5 Hotstart 2X Master Mix [NEB,
M0494S], 1.8uL of primer pool 1 or 2, 2.2uL of nuclease-free water, and 1L of
cDNA per sample. Amplification was carried out at 98°C for 30 seconds, followed by
35 cycles of 95°C forl5 seconds and 63°C for 5 minutes. Pools 1 and 2 were
combined, diluted 100-fold in nuclease-free water, and indexed using NEBNext dual
index oligos for the lllumina [NEB, E6440S]. Equal sample volumes were pooled,
cleaned up with AMPureXP beads, and sequenced on a NextSeq 500 instrument
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using a NextSeq 500/550 Mid Output Kit v2.5 (300 Cycles) kit. The demultiplexed
FASTA files were uploaded to CZ ID for alignment. Consensus sequences were
uploaded to Pangolin COVID-19 Lineage Assigner for variant identification.
Consensus sequences generated by NGS were uploaded to Nexstrain for
phylogenetic analysis[115]. Phylogenetic trees were visualized with the ggtree

package in R[116].

Results

The Omicron variant of SARS-CoV-2 initially reported at the end of November
2021 in South Africa, is characterized by numerous mutations throughout the
genome. Most of these mutations, 30 in BA.1/BA.1.1 and 20 in BA.2, have been
described in the gene encoding the Spike (S) protein gene. To develop a
guantitative reverse transcription PCR (RT-gPCR)-based assay to precisely detect
the Omicron variant sublineages BA.1/BA.1.1 and BA.2 in clinical samples, we
designed primers targeting unique mutations presentin the S gene of each of these
variants. The BA.1/BA.1.1 primers target the N211 deletion (N211del), the L212I
substitution, and the 214 EPE insertion (ins214EPE) (Fig 1A). The BA.2 primers
target the T19I substitution and L24/P25/P26 deletion (Fig 1B). In parallel, we
designed the S-Wu-Hul primer targeting the region in the S gene encoding for
amino acids (AA) 210-217 that would recognize all SARS-CoV-2 variants of concern,
except for Omicron BA.1/BA.1.1 (Fig 1A). Our RT-gPCR assay takes less than 4
hours from RNA extraction to readout (Fig 1C). We successfully designed and
validated the assay and obtained results from patient samples within one week (Fig
2A).
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S-Wu-Hu1 S-Rev
o
Wu-Hu1 22180 gcacacgcctattaatttagtgegt--------- gatcteccctcagggt. . .ccaataggtattaacatcactaggtttcaaactttacttget 22254
H T P I N L VR = = = B & £ Q GuwaP T & EN E T R F @ T &L I A
S-BA.1/BA.1.1 - S-Rev
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S-Wu-Hul S-Rev
o
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S-BA.2-Fwd = S-BA.2-Rev
BA.2 21611 aatcttaTaaccagaactcaat--------- catacactaallcllticacacgl...aalglltactlggllccalgclatacatgtetetgggaccaatggl 21778
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Figure 1. Primer Positions and Method overview. Genomic coordinates of
the primer binding locations in the Wu-Hul, BA.1/BA.1.1, and BA.2 viral variant
genomes for (A) the BA.1/BA.1.1 targets and (B) the BA.2 targets. (C)

Schematic and estimated timeline of RT-gPCR assay.

To validate this assay, we obtained 270 residual SARS-CoV-2 positive
nasopharyngeal swab samples collected for diagnostic purposes between
December 2021 and February 2022 with undetermined viral variants (Fig 2A.
Timeline). As a control, we used 29 retrospective residual SARS-CoV-2 positive
nasopharyngeal swab samples we previously identified by viral genome sequencing
as 20B, 20C, Epsilon (CAL.20C), Gamma (P.1), Lambda (C.37), Alpha (B.1.1.7),

and Delta (B.1.617.2 and AY) (Fig 2B). Using our RT-gPCR assay in this cohort, we
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detected BA.1/BA.1.1 in 164 samples (60.7% of total), BA.2 in 5 samples (1.9% of
total), and other variants in 34 samples (12.6% of total). Our results confirmed the
overwhelming presence of SARS-CoV-2 Omicron in most samples collected in late
2021/early 2022. The 67 remaining samples failed due to a lack of amplification and
detection by RT-gPCR with the S-Omicron or the S-Wu-Hu1l primers, possibly due to
low viral load or poor sample preservation (Fig 2D). The control samples previously
identified to contain viral RNA for the SARS-CoV-2 variants 20B, 20C, Alpha, Delta,
Epsilon, Gamma, and Lambda were all positive by RT-gPCR with the S-Wu-Hu1l but

not with the S-Omicron BA.1/BA.1.1 specific primers (Fig 2C).
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Figure 2. Design timeline and metrics of the Omicron variant-specific RT-
gPCR. (A) Timeline of events around the design, optimization, and
implementation of the Omicron variant-specific RT-gPCR in Santa Barbara
County. (B) Ct values for all samples tested. The red dashed line indicates the
cutoff at a Ct of 37. (C) Ct values of a panel of samples known to be variants

other than Omicron BA.1, BA.1.1, and BA.2. (D) Results of all 270 samples
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tested. (E) Percent concordance and (F) confusion matrix of samples with
whole viral NGS and variant-specific RT-gPCR data. ND: not detected; NT: not

tested.

To confirm the presence of the Omicron variant in these clinical specimens and
evaluate the accuracy of our assay, we sequenced the viral genome in 124 of the
270 patient samples that were tested using our RT-gPCR assay. We identified 83
SARS-CoV-2 Omicron BA.1/BA.1.1 (91.2% of samples successfully sequenced), 5
Omicron BA.2 (5.5%), and 3 SARS-CoV-2 Delta (3.3%) (Fig 2E). Thirty-three
samples failed viral genome sequencing, likely due to low viral load or poor sample
preservation. The identification of the SARS-CoV-2 variants using whole-genome
sequencing showed one hundred percent concordance with our RT-gPCR assay
identifications, highlighting the specificity and accuracy of our assay (Fig 2F).
Genetic and phylogenetic analyses of the sequenced genomes show defining
mutations of the omicron sublineages and the presence of three distinct clusters
corresponding to BA.1, BA.1.1, and BA.2 (Fig 3). The sublineages BA.1 and BA.1.1
were introduced late in 2021 and continued circulating in the Santa Barbara County
(SBC) population throughout early 2022. We detected the introduction of BA.2 in the
6th week of 2022, with sustained transmission until the end of our sampling period
(Fig 4A, 4C). Our phylogenetic analyses support the local transmission of these

variants (Fig 3).
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Figure 3. Phylogenetic analysis based on whole-genome sequences of

SARS-CoV-2 Omicron variants detected in Santa Barbara County.

The presence of Omicron (BA.1, BA.1.1, and BA.2) in the clinical samples from
SBC is linked to a dramatic surge in the number of cases since December of 2021,
mainly in the unvaccinated population (Fig 4A, 4B). The weekly distribution of SARS -
CoV-2 variants in clinical samples, determined by RT-gPCR (Fig 4C) or whole
genome sequencing (Fig 4D), shows the dominance of the Delta variant in SBC
throughout November and the initial detection of Omicron in the week of December
5th, 2021. The rapid expansion of the Omicron variant in the population is seen in
the following two weeks, with the complete replacement of the Delta variant and the

dominance of Omicron found present in 100% of the samples tested by the first
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week of January 2022 (Fig 4C). We detected the BA.2 sublineage during the second

week of February 2022, with low prevalence (below 5%) throughout the rest of the

month.
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Figure 4. Daily cases and relative variant proportions in Santa Barbara County.

(A) Total new COVID-19 cases by episode date and (B) new cases in boosted,

vaccinated, and unvaccinated individuals in Santa Barbara County reported by the
SBCPHDJ[117]. (C) Relative proportion of omicron samples in Santa Barbara County,

determined via variant-specific RT-gPCR and (D) whole viral NGS.

Discussion

As new SARS-CoV-2 variants emerge and fuel COVID-19 cases worldwide, it is

critical to continue developing tools for the rapid identification and characterization of
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viral variants that will inform clinical and public health decisions. In SBC, our early
adoption of next-generation sequencing methods for genomic surveillance of SARS-
CoV-2 became a fundamental part of the local COVID-19 pandemic response. NGS
of viral genomes shed light on the regional distribution and prevalence of viral
variants and informed prevention and clinical intervention strategies[118]. While
informative and critical for early and guided public health responses, state-wide and
local next-generation surveillance initiatives provided results with a one to six weeks
delay. Omicron’s rapid emergence and high transmissibility presented a precipitous
local surge risk, as seen in other communities[94]. Thus, the successful control of
potential Omicron outbreaks required the prompt detection of this variant in patient
samples. From the clinical management perspective, a priori knowledge of the
presence and prevalence of Omicron variants in the patient population can help
guide the selection and use of limited-supply monoclonal antibody therapies[27].
Many groups around the world have responded to the emergence of these highly
infectious variants by developing several assays to detect viral variants of
concern[99-107]. In this study, we collaborated with SBC public health officers and
clinicians to rapidly develop and implement a simple and highly specific RT-qPCR
assay to detect Omicron variants in residual diagnostic clinical samples. The primers
we use in this RT-gPCR assay target unique combinations of mutations in the
BA.1/BA.1.1 and BA.2 viral genomes, which differentiate this assay from others
reported in the literature (see Table 1). With this design, PCR amplification will only
occur when the primer binds the cDNA derived from the target viral variants,

resulting in the accurate identification of specific viral sublineages. This rapid assay
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(4 hours from start to completion) requires basic equipment and reagents commonly
found in molecular biology and clinical laboratories, is scalable, and demands
minimal optimization.

This simple RT-gPCR-based assay allowed us to rapidly identify the introduction
and rapid dominance of Omicron BA.1/BA.1.1 and BA.2 in the SBC community.
These valuable data informed clinicians and discouraged the use of monoclonal
antibodies to manage active cases. Moreover, identifying Omicron in the SBC
population triggered enhanced testing and contact tracing by the SB Department of
Public Health to control viral transmission. The success and rapid identification of
BA.1/1.1 and BA.2 in patient samples highlight this assay's straightforward design
and adaptability. However, the usability of this RT-gPCR-based assay for detecting
other emerging viral variants will require careful selection of the amplification
regions. The design of primers to achieve specific amplification may be challenging,
particularly to differentiate highly similar variants, for example BA.2 and the recently
identified BA.4 and BA.5 sublineages[119].

As the COVID-19 pandemic evolves, rapidly deployable variant detection
methods will remain indispensable to enhance public health. Our results
demonstrate that a simple assay, needing minimal troubleshooting and optimization,
successfully captured the introduction of SARS-CoV-2 variants in the population and
provided valuable real-time data during emerging surges to guide clinical and public
health efforts. Most importantly, this study illustrates the power and impact of
collaborative work and open communication between academic research

laboratories, clinicians at local hospitals, and public health officers to rapidly respond

34



to a public health emergency, significantly improving outbreak control responses and

public safety.

Chapter 2: Differential Cellular Responses to ZIKV and HSV1 in
Human Retinal Organoids Revealed by Single-Cell RNA

Sequencing

Abstract

Understanding the retinal impact of viral infections is key in addressing ocular
diseases. Here, we investigate how Zika Virus (ZIKV) and Herpes Simplex Virus 1
(HSV1) interact with human retinal organoids (ROs), using single-cell RNA
sequencing (scRNA-seq) for detailed analysis. Early-stage ROs exhibit broad
susceptibility to ZIKV, with transcriptional profiling indicating robust upregulation of
interferon-stimulated genes and the unfolded protein response, suggesting a
dynamic cellular defense against ZIKV infection. In contrast, HSV1 infection in
mature ROs suppresses innate immune responses and reduces transcriptomic
diversity, highlighting distinct viral pathogenesis mechanisms. These differential
responses, revealed through scRNA-seq, provide crucial insights into the unique
mechanisms of ZIKV and HSV1 in the retina. This study underscores the value of
retinal organoids in ocular virology research, significantly enhancing our
understanding of viral pathogenesis in sensory organs and potentially informing

future therapeutic strategies.
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Introduction

Viral infections affecting sensory organs pose a significant public health issue,
with the human retina being particularly vulnerable. This specialized tissue, crucial
for vision, is at risk from various viruses, notably Zika virus (ZIKV) and Herpes
Simplex Virus 1 (HSV1), both linked to severe retinal conditions. ZIKV is associated
with congenital abnormalities and has been implicated in retinal defects in infants
born to infected mothers[67,120,121]. HSV1, widely prevalent, contributesto a range
of ocular diseases, such as herpetic acute retinal necrosis, which can lead to vision
impairment or blindness[64].

ZIKV, part of the Flaviviridae family, gained notoriety during the 2015 Brazil
outbreak, where it was connected to an increase in microcephaly cases, marked by
reduced head size and developmental issues[66]. Recent studies highlight ZIKV's
impact on retinal cells, leading to conditions like microphthalmia[69]. Understanding
ZIKV's role in causing microcephaly and related eye abnormalities is vital for
developing treatments and prevention strategies. In contrast, HSV1, an alpha-
herpesvirus, is known for establishing latent infections and causing recurrent
issues[71]. It plays a significant role in retinal diseases, especially Herpes Simplex
Retinitis (HSR), characterized by retinal inflammation and potentially leading to
complications like retinal necrosis[122,123]. Addressing HSV1-induced retinal
disease involves understanding the interplay between viral replication, immune
responses, and tissue damage, essential for creating effective therapies and

prevention methods.
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While traditional animal models like rodents provide some insights, they fail to
fully capture the complexity and specificity of human retinal pathology due to
differences in physiology and immune response[75,76]. This limitation underscores
the need for more representative models. For this reason, human retinal organoid
systems derived from human pluripotent stem cells (hPSC) are gaining prominence
as three-dimensional (3D) culture platforms for studying viral infections and their
effects on human retinal development. Retinal organoids, particularly in their early
differentiation stages, closely mimic the cell composition and 3D structure of the
embryonic human retina, addressing a key shortfall of traditional two-dimensional
(2D) culture systems. Once fully differentiated, these organoids represent the cell
makeup of a mature human retina, enabling the study of infections that typically take
place in human adults[124]. This multifaceted nature of retinal organoids makes
them a valuable tool for studying a wide range of retinal pathologies. Despite the
advancements in using organoids for viral pathogenesis studies, research
specifically focusing on viral infections of retinal organoids at the single cell level is
limited. This study aims to fill this gap by utilizing scRNa-seq to study the
heterogeneity of infection at the single cell level.

The use of single-cell RNA sequencing (scRNA-seq) in the study of viral
infections in retinal organoids (ROs) provides a detailed analysis of cellular
heterogeneity and transcriptional responses. This method has significantly improved
our understanding of viral pathogenesis, highlighting differences in individual cell

responses and delineating host-virus interactions. SCRNA-seq's ability to analyze
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complex multicellular systems at a detailed level aligns well with the nature of ROs,
which are composed of diverse cell types.

In this study, we leverage human retinal organoids and single-cell RNA
sequencing (scRNA-seq) to dissect the complex interactions of ZIKV and HSV-1
with retinal cells. This approach allows us to uncover the distinct transcriptional
responses elicited by these viruses, revealing how they differentially affect cellular
pathways such as the interferon system and unfolded protein response. Particularly,
we show that retinal organoids are susceptible to ZIKV infection, affecting various
cell types and triggering significant transcriptional changes in Interferon response
and unfolded protein response. Our findings also reveal the uniform trajectory of
HSV1 infection in mature retinal organoids and its differential impact on cellular
responses compared to ZIKV. This research notonly enhances our understanding of
the pathogenesis of ZIKV and HSV1 in retinal tissues but also underscores the utility
of retinal organoids as a comprehensive model for studying ocular viral infections.
The insights obtained from this study are crucial for understanding the cellular and
molecular dynamics of viral infections in the retina, which could lead to the
development of targeted interventions for a variety of retinal diseases caused by

these pathogens. This work was done in collaboration with Duncan Proctor.

Results

Early-Stage Retinal Organoids Are Susceptible and Permissive to ZIKV Infection.

To investigate the impact of Zika Virus (ZIKV) infection on the developing

retina, we generated retinal organoids (ROs) that emulate the cellular structure and
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functionality of the developing retina (Fig. 5A). This approach utilized a modified
protocol originally established by Zhong et al [124]. At 60 days post-differentiation,
the ROs closely resembled the embryonic retina's developmental stage during the
second trimester of pregnancy, containing key cell types relevant to ZIKV-related
pathologies (Fig. 5B). We infected these 60-day-old ROs using ZIKV at an estimated
multiplicity of infection (MOI) of 1. The susceptibility of ROs to ZIKV was assessed
by immunostaining for the viral NS2B protein at 48- and 96-hours post infection
(hpi). Notably, NS2B expression was evident at 48-hpi, with an observable radial
and internal expansion of infection foci by 96-hpi, indicative of viral replication (Fig.
5C). Furthermore, to ascertain whether ROs can support the generation of infectious
virions, we quantified viral titers in supernatants collected at 48- and 96-hpi,
observing a time-dependent increase in viral load (Fig. 5D). Collectively, these

results validate the suitability of immature ROs as a model for studying ZIKV
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Figure 5. Characterization and ZIKV Infection of Early-Stage ROs. (A)
Schematic representation of the protocol used for generating retinal
organoids. (B) Schematic representation of the protocol used for generating
ROs and brightfield images showing how ROs during the stages of
differentiation. (C) Immunostaining of ROs infected with ZIKV, showing the
expression of the viral protein NS2B at 48- and 96-hours post-infection (hpi).
(D) viral titers measured in supernatants collected from ZIKV-infected ROs at

48- and 96-hpi.
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scRNA-seq Analysis Reveals ZIKV Infection Across All Cell Types in Retinal

Organoids

To elucidate how ZIKV modifies the transcriptional landscape in retinal
organoids (ROs), we employed single-cell RNA sequencing (scRNA-seq). This
approach allowed us to capture a comprehensive profile of infection trajectories and
cellular responses across different cell types and infection statuses. Although
traditional methods require polyadenylated transcripts for capture, the recent
establishment of modified protocols for 5’ capture allows the capture of ZIKV and
other positive sense viruses by utilizing a custom primer spiked into the initial
capture reaction (see methods). This methodology enabled us to compare the
transcriptomes of uninfected and ZIKV-infected ROs at 24-, 48-, and 96-hours post-
infection (hpi), facilitating simultaneous analysis regardless of cell type and infection
status. Confirmation of ZIKV infection in the analyzed ROs was achieved by
measuring viral titers and assessing cell viability, revealing a predictable increase in
viral load alongside a decrease in cell viability in ZIKV-infected ROs (Fig. 6A, B).

We first aimed to determine the extent of ZIKV infection across different
cellular populations within immature ROs. To determine cell type within the merged
dataset, counts mapped to ZIKV RNA were masked and Leiden clustering was
performed. Using gene markers from previous literature, annotation of single-cell
identity based on their host transcriptional profile allowed the detection of 8 distinct
cellular groups[125-128]. The first 6 groups identified are Miller glia precursor cells
(MG), photoreceptor precursor cells (PR), progenitor cells (Prog), retinal ganglion

cells (RGC), a mixture of precursor bipolar, amacrine, and horizontal cells
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(HC/AC/BP), and cells at an intermediate state of differentiation (Trans). As infection
progressed, a group of cells whose transcriptome is defined by high levels of
interferon-stimulated gene expression (ISG) grew. Lastly, there was one group of
cells with markers matching no known cell type precursor (labeled as Unknown) that
has been previously observed in RO scRNA-seq experiments (Fig. 6C). Early ROs
are at an intermediate stage of differentiation, containing many precursors to the
fully differentiated cell types seen in mature ROs. Notably, the cell groups for
horizontal, amacrine and bipolar cells are grouped together due to incomplete
differentiation expected in day 60 ROs. The expression of cellular markers for each
group are represented in Figure 6E.

Furthermore, our scRNA-seq analysis revealed a broad range of ZIKV RNA
counts in infected cells, from zero to over 5000, underscoring the heterogeneity of
viral load within the ROs. Across all identified cell groups, we observed a consistent
increase in the number of ZIKV-positive cells, from 24-hpi to 96-hpi (Fig. 6D, F). The
proportion of ZIKV-infected cells varied across cell types, ranging from 2.9% in
photoreceptor cells to 8.2% in Miller glia cells, and as high as 92.5% in the ISG-
expressing cell group (Fig. 6G). This data strongly suggests that ZIKV is capable of

infecting all cell types presentin early-stage ROs.
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Figure 6. scRNA-seq Analysis of ZIKV Infection in ROs. (A) Viral titers and
(B) cell viability in ZIKV-infected ROs demonstrating an increase in viral load
and a corresponding decrease in cell viability between 24- and 96-hpi. (C)
UMAP visualization of single-cell RNA sequencing data displaying eight
distinct cellular groups identified in immature ROs and (D) corresponding
ZIKV expression. The groups include Mduiller glia precursor cells (MG),
photoreceptor precursor cells (PR), progenitor cells (Prog), retinal ganglion
cells (RGC), a mixture of precursor bipolar, amacrine, and horizontal cells
(HC/AC/BP), cells in an intermediate state of differentiation (Trans), a group
defined by high levels of interferon-stimulated gene expression (ISG), and a
group with no known cell type markers (Unknown). (E) Selection of cellular
markers used to define these clusters. (F) Proportion of ZIKV-infected cells

between timepoint and (G) cell group.

Global Transcriptional Response to ZIKV Infection in Retinal Organoids Reveals

Interferon Stimulation and UPR Regulation

To explore how the tissue responds to ZIKV infection globally, we analyzed
transcriptional responses by infection status. We classified cells into three distinct
groups based on theirinfection status: cells that underwent a mock infection (Mock),
cells that were positive for ZIKV transcripts (ZIKV+), and cells that were not positive
for ZIKV transcripts but came from organoids that were infected with ZIKV
(Bystander). To identify key genes that undergo significant dysregulation upon ZIKV
infection, we conducted differential gene expression analysis (DEG) comparing

ZIKV+ cells at 48- and 96-hpi to the mock-infected controls. In ZIKV+ cells, many
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genes were significantly upregulated (Fig. 7A). Further investigation into broader
network activation was performed using Metascape analysis, focusing on genes with
over 0.5 log2fold increase and an adjusted p-value below 0.05. The DEG and
Metascape analyses revealed a pronounced enrichment of genes associated with
the unfolded protein response (UPR) and interferon signaling in ZIKV-infected cells,
compared to mock-infected controls (Fig. 7B)[129]. These findings align with existing
literature on ZIKV and shed light on the pivotal host responses in ROs during ZIKV
infection, potentially influencing the infection's progression.

scRNA-seq has enabled us to determine that all cell types present in early ROs
are susceptible to ZIKV infection and to better explore the transcriptional responses
of ZIKV infection in ROs. These transcriptional responses play an essential role in
determining the outcome of the tissue and provide us with potential targets for
inhibiting ZIKV infection in retinal tissue. We next soughtto determine whether these

transcriptional responses were exclusive to directly infected cells or also presentin
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bystander cells within the ZIKV-challenged ROs.
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Figure 7. Transcriptional Responses to ZIKV Infected ROs. (A) Volcano plot
of the significantly upregulated genes in cells positive for ZIKV transcripts
(ZIKV+) compared to mock-infected cells, at 48- and 96-hours post-infection.
(B) Metascape analysis on up regulated genes (greater than0.5 log2fold
increase and an adjusted p-value below 0.05) reveals a significant enrichment

in the UPR and interferon signaling pathways in ZIKV-infected cells. (C)
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Expression patterns of genes associated with UPR and ISR in ZIKV-infected

ROs.

ZIKV and the UPR

One of the significantly dysregulated gene networks identified from the
scRNA-seq in ZIKV infection in ROs were genes involved with the unfolded protein
response (UPR) and integrated stress response (ISR). To investigate how those
networks are activating, we generated dot plots for genes from the top expressing
genes in volcano plots for the UPR and ISR (Fig. 7C) along with other relevant
effectors of those pathways to determine how they are activating in ZIKV+ cells
against bystander cells when compared to uninfected control ROs. In ZIKV-infected
ROs, we observed modest activation of UPR sensors ATF6 and EIF2AKS, alongside
a slight downregulation of ERN1. However, stronger upregulation was noted in key
UPR effectors such as ATF4, XBP1, and DDIT3, indicating a more significant role of
the UPR in the infection's progression. Interestingly, HSPA5, a master regulator of
the UPR, was found to be downregulated in ZIKV+ cells, suggesting an overall
suppression of the UPR. Specific UPR effectors, including XBP1 and ATF4, and the
apoptosis-associated factor CHOP were notably activated in ZIKV+ cells,
underscoring the importance of UPR and ISR pathways in the context of successful

ZIKV infection.

Activation of Interferon Response in ZIKV-Infected Retinal Organoids

The other significantly dysregulated network in ZIKV infection is the interferon

response. We see that during ZIKV infection the relative number of reads increases
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in both ZIKV+ and bystander cells when compared to mock infected cells (Fig 8A).
This increase is time dependentwith the most significantincrease in ISG expression
observed at 96-hpi. In addition to global ISG expression, individual ISGs are
upregulated differentially between ZIKV+ and Bystander cells (Fig 8B).

The increase in ISG expression is generally conserved between ZIKV+ and
Bystander cells, with some genes expressed higher in ZIKV+ cells (B2M, HLA-A,
HLA-B, ...) or bystander cells (IFI6, IFITM3, ISG15, ...). Furthermore, we observe
that genes like IFI6 are significantly upregulated in cells with litle to no ZIKV
expression (Fig 8C). An upregulation of the restriction factors IFITM3 and IFITM1 in
Bystander cells suggests that the cells are being primed to prevent a viral infection.
While the upregulation of MHC class | genes like B2M and the HLA-A/B/C in ZIKV+
cells indicate an increase in ZIKV+ cells capacity to present viral antigens. ISG15, a
ubiquitin-like protein that plays a significant role in antiviral defense, is also
upregulated in Bystander cells. Interestingly, one of the cofactors required for
ISG15’s ubiquitin like function, HERCZ2, is only significantly upregulated in ZIKV+
cells, suggesting a differential antiviral function between Bystander and ZIKV+ cells.
All of this supports the idea that Bystander cells have entered an interferon induced
antiviral state, while ZIKV+ cells are increasing their potential for activating the
adaptive immune system.

We next sought to explore which cells were stimulating this ISG expression.
Only 6 interferons were expressed in the dataset, IFNB1, IFNK, IFNL1, IFNL2,
IFNL3, and IL6. Surprisingly, only 0.4 percent of the cells (459 cells) in the total

dataset express any of the known interferons. Of this 0.4 percent, 64.1 percent of
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these cells are presentin the ISG cluster. Furthermore, the expression of interferons
increased in a time dependent mannerwith 25 time more cells expressing IFN in the
96-hpi time pointthan in the mock infected sample. This evidence suggests that the
robust ISG response observed in infected ROs originated from a very small number
of interferon producing cells.

To investigate the role of type | interferons in modulating ZIKV infection with
pre-treated ROs with interferon-alpha and beta to mimic a bystander effect before
infection with ZIKV. We determined the effect interferon treatment had on ZIKV
replication through tittering. Compared to mock-treated ROs, treatment with either
interferon had a near-complete inhibition of titers with a slightly more robust
response in IFNa-treated ROs (Fig. 8D). This data supports the immunoprotective
effects of type | interferons for limiting ZIKV infection levels identified in bystander

cells of infected ROs.
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Figure 8. Interferon Response in ZIKV-Infected Retinal Organoids. (A)

Scatter plots (bottom) and density plots (top) showing a time-dependent

increase in the percentage of reads mapped to interferon-stimulated genes

(ISGs) in both ZIKV-infected (ZIKV+) and bystander cells compared to mock-

infected cells. (B) Differential upregulation of individual ISGs between ZIKV+

and bystander cells, highlighting the distinct immune response dynamics

within infected ROs. (C) Upregulation of IFI6 in cells with minimal or no ZIKV

expression, suggesting an enhanced antiviral state in bystander cells.

Expression levels arbitrary binned between zero and 10 for visualization. (D)
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Pre-treatment with interferon-alpha (IFNa) and beta (IFNb) reduce viral titers in

ZIKV infected ROs.

Mature Retinal Organoids Are Susceptible and Permissive to HSV1 Infection.

To explore if the responses observed in ZIKV-infected retinal organoids are
conserved across multiple classes of human virus, we measured infection using
HSV1 with a GFP-fused US11 protein (HSV1-GFP) in retinal organoids. To better
recapitulate ARN and clinically observed retinal phenotypes for HSV1 infection,
mature retinal organoids (greater than 180 days post-induction) with mature PRs
with outer segments were used for these infections. To determine the initial
susceptibility of mature ROs to HSV1, we infected mature ROs with 15,000 pfu
HSV1 with a GFP-fused US11 protein (HSV1-GFP) and tracked infection over 48-
hpi. From phase imaging in conjunction with the live tagged HSV1-US11-GFP, there
is initial plague establishment atthe multiple locations by 8-hpi. Those plaques have
rapid internalization to deeper RO structure to near complete infection and the
collapse of overall RO architecture by 48-hpi (Fig. 9A). To confirm HSV1 replication
in infected ROs, we measured the production of infectious particles over the same
infection timeline. As expected, there is a time-dependentincrease in viral titers from
8-hpi to 24-hpi, correlating with the rapid replication cycle characteristic of HSV1 in
other cell culture models (Fig 9B). The near-complete infection of RO surfaces
producing a large amount of HSV1 supports late-stage ROs as a model for mature
retinal targeting viruses.

Although we see HSV1 plaque establishment with near complete HSV1

staining by 48-hpi with corresponding titer increases, the identity of the cell types
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infected in late ROs remains unknown. Initially, we stained for the type I
interfilament protein Vimentin, a cell marker of MGCs, against HSV1-US11-GFP.
HSV1 appears to infect MGC due to a strong correlation between regions with
vimentin and GFP expression with specific co-staining in Vim+ cells (Fig. 9C). One
of the outstanding questions is the susceptibility of ROs to HSV1. When HSV1-
US11-GFP is stained against the PR marker Opsin, there is strong HSV1-GFP
expression in correlation with opsin, suggesting HSV1 is infecting PRs (Fig 9D). To
confirm potential PR infections, we utilized the live GFP tag on HSV1 to image
infection progression in mature ROs containing an outer rim of PR outer segments
over 24 hours of infection. There was an initial infection in apparent outer segments
at 8hpi that expanded through multiple cell layers by 24-hpi (Fig. 9E). Most
significantly, our staining of HSV1 infection in late-stage ROs demonstrate that

human-derived photoreceptors are susceptible to HSV1, the infection can progress
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into internal layers, and targets other major cell types implicated in other studies.
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Figure 9. HSV1 Infection Dynamics in Mature Retinal Organoids with GFP-
Fused US11 Protein. (A) Phase imaging combined with live tagging of HSV1-
US11-GFP shows the establishment of viral plaques within infected ROs. (B)

Time-dependent increase in viral titers from 8- to 24-hpi. (C) Co-localization of
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HSV1-GFP with Miller glia cell marker Vimentin and (D) photoreceptor marker
Opsin, indicating HSV1 infection in these cells. (E) Live imaging using the GFP
tag on HSV1 to track infection progression over 24 hours in mature ROs
containing an outer rim of PR outer segments. The images show initial
infection in the outer segments at 8-hpi, which expands through multiple cell

layers by 24-hpi.

Immune Suppression and Transcriptional Alterations in HSV1 Infected Mature

Retinal Organoids

To build off our initial findings of HSV1 infection in mature ROs by IHC, we
wanted to elucidate the transcriptional landscape of HSV1-infected ROs and
compare the nuances or conservation of the transcriptional responses identified from
ZIKV infection. To do so, we utilized single-cell RNA sequencing in HSV1 infected
ROs at 8-, 16-, 20-, and 24-hours post-infection as well as mock-infected ROs using
single-cell RNA-seq. Due to large batch-to-batch variability in mature ROs, we
annotated cell types and subtypes within each of the two replicates using Leiden
clustering. After filtering for high-quality transcriptomes, cell identity was determined
by previously established transcriptional cell type marker lists. 10 unique groups of
cells were identified in our HSV1-infected ROs. Initially, we have the expected cell
types of late-stage ROs with photoreceptor cells (PR), cone cells (Cones), Muller
glia cells (MG), bipolar cells (BP), Progenitor cells (Prog), retinal ganglion cells
(RGC) amacrine cells (AC), horizontal cells (HC), cells in an intermediate state of
differentiation (Trans) and a group of cells whose transcriptome is defined by HSV1

infection (Fig 10A). Early time points show a low level of infection with a large
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increase in the number of infected cells at 24hpi (Fig 10C). This data supports the
global infection of major cell types presentin mature ROs.

Although we see robust immune modulation by ZIKV, suppression of the
innate immune response is a hallmark of HSV1 infection. HSV1 infection leads to a
decrease in the overall complexity of the transcriptomic data, as seen in a reduction
in the ratio of unique genes detected (UMIs) as well as a loss of cellular identity in
infected cells (Fig. 10D, E). The loss of complexity begins early in infection and is
likely a consequence of HSV1 induced host shutoff. To explore the role of host
shutoff by HSV1 in ROs, we used the highlighted ZIKV-stimulate ISGs as our
representative immune genes for HSV1-infected ROs. Gene expression of target
ISGs decreases globally in infected and bystander cells (Fig 10F). In both early and
late time points, there is a mild decrease in the overall ISG expression observed in
both the infected and bystander cell groups compared to mock-infected cells (Fig.
10G). Although ZIKV infection demonstrates the innate immune capability of ROs,
the shutdown of those same responses with HSV1 infection highlights a lack of
conservation of general antiviral responses and the continued need to expand ROs
to model other viral pathologies.

In regards to the UPR, the other major pathway upregulated in ZIKV infection,
we observe the opposite effect. Most of the critical genes are upregulated in
bystander cells while being largely downregulated in HSV1+ cells. One exception
being the upregulation of PPP1R15A (GADD34), suggesting the reversal of

translation inhibition via ATF4. This suggests that not only is HSV1 capable of
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downregulating the ISG response in infected cells but is also downregulating the

UPR in infected cells.
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Figure 10. Transcriptional Landscape and Immune Response Alteration in

HSV1-Infected Mature Retinal Organoids. (A) UMAP with annotation of cell
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groups and (B) infection level in HSV1 infected mature ROs from scRNA-seq
data. 10 unique cell groups were identified in HSV1-infected ROs, including
photoreceptor cells (PR), cone cells (Cones), Muller glia cells (MG), bipolar
cells (BP), progenitor cells (Prog), retinal ganglion cells (RGC), amacrine cells
(AC), horizontal cells (HC), cells in an intermediate state of differentiation
(Trans), and a group defined by HSV1 infection. (C) Percent of infected cells by
timepoint. (D) Representative cell type markers used to define these cell
group. (E) Cellular complexity of transcriptomic data between infected and
uninfected cells in scRNA-seq data. Complexity is defined as the log10 unique
genes divided by the total number of UMI counts for each cell. (F) Expression
levels in HSV1 infected ROs for UPR and ISG marked identified in ZIKV
infected ROs. (G) Scatter plots (bottom) and density plots (top) showing a
time-dependent decrease in the percentage of reads mapped to interferon-
stimulated genes (ISGs) in both HSV1-infected cells compared to mock-

infected cells.

HSV1 Infection Trajectory in Retinal Organoids.

Lytic HSV1 infection is classified into 4 main categories of viral gene
expression: immediate early (IE), early (E), and two late stages (L1, L2). To explore
the trajectory of HSV1 infection in ROs, we performed clustering and pseudotime
analysis of HSV1 gene expression in infected cells. Trajectory analysis revealed that
viral gene expression in infected ROs follows a single trajectory with a linear
relationship between percent HSV1 and pseudotime (Fig. 11A, B). Cells whose

transcriptome contain a low level of HSV1 transcripts are primarily expressing IE
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genes, while cells whose transcriptome contain a high level of HSV1 transcripts are
robustly expressing L1/L2 viral genes as is expected (Fig. 11C). This suggests that

HSV1 infection progresses in a uniform manner independent of cell type.
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Figure 11. HSV1 Infection Trajectory in Retinal Organoids. (A) UMAP
visualization and (B) pseudotime trajectory analysis of HSV1 gene expression
in HSV1 positive cells in HSV1 infected ROs. (C) Expression of representative

HSV1 genes in HSV1-infected ROs along the pseudotime trajectory.

59



Discussion

Understanding ZIKV Dynamics in Early-Stage Retinal Organoids

Our study elucidates the susceptibility and permissiveness of early-stage retinal
organoids (ROs) to Zika Virus (ZIKV) infection, offering insights into the
developmental impacts of ZIKV. The observed increase in viral titers over time,
alongside the radial and internal expansion of infection foci, underscores the robust
replication capacity of ZIKV in these organoids. These findings are consistent with
existing literature highlighting the extensive cellular tropism of ZIKV, particularly in
neural tissues. Furthermore, the resemblance of our ROs to the embryonic retina
during the second trimester of pregnancy positions them as a crucial model for

studying ZIKV's pathogenesis during critical stages of neurodevelopment.

Transcriptional Responses to ZIKV Infection in ROs

The application of single-cell RNA sequencing (scRNA-seq) has provided a
detailed landscape of the transcriptional changes within ROs following ZIKV
infection. Our observations of a consistent increase in ZIKV-positive cells and the
broad range of viral RNA counts highlight the complexity of the infection process.
The ability to infect all identified cell groups in the ROs echoes findings from other
studies on ZIKV's broad cellular tropism and underlines the virus's potential to cause
widespread damage in the developing retina. The heterogeneity in viral load across
different cell types may be indicative of varying degrees of cellular susceptibility or

antiviral defense mechanisms.
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Activation of UPR and ISR in Response to ZIKV

The activation of the unfolded protein response (UPR) and integrated stress
response (ISR) in our ZIKV-infected retinal organoids (ROs) highlights a complex
interplay of cellular stress mechanisms in response to viral infection. The
upregulation of ATF4, XBP1, and DDIT3, key UPR effectors, suggests a robust
cellular attempt to mitigate the stress caused by viral protein synthesis and
assembly. This observation aligns with existing literature indicating that viral
infections can induce ER stress and activate UPR pathways as a cellular coping
mechanism. However, the downregulation of HSPADS, a critical regulator of the UPR,
might reflect a strategic viral interference, potentially aiming to disrupt the host's
stress response to facilitate replication. This finding provides a new perspective on
ZIKV's ability to manipulate host cell pathways, adding to the growing body of
knowledge about viral-host interactions in the context of retinal infections.

Moreover, the modest activation of UPR sensors like ATF6 and the
downregulation of EIF2AK2 and ERN1 indicate a selective activation of the UPR
pathway. The regulation of these genes could be an indication of the cell's attempt to
balance between managing ER stress and preventing apoptosis. This selective
activation of UPR components in response to ZIKV infection has been observed in
other viral infections and is thought to play a role in determining cell fate during
infection.

In addition to UPR, the limited activation of the ISR, particularly the analysis of
EIF2AK3, parallels the observations in UPR sensor activation, suggesting a

coordinated response to viral stress. The ISR is a critical pathway in the cellular
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response to a variety of stressors, including viral infections. Its activation typically
leads to a reduction in general protein synthesis, which can be a defense
mechanism against viral replication. The observed limited activation in our study
might indicate a partial inhibition or evasion by ZIKV, a strategy that could be
employed by the virus to maintain its replicative needs while avoiding complete
shutdown of host cellular machinery.

Furthermore, the specific activation of UPR effectors, including XBP1 and ATF4,
and the apoptosis-associated factor CHOP in ZIKV+ cells underscores the
importance of these pathways in the context of ZIKV infection. The significant role of
these effectors in mediating cellular responses to ER stress and their implication in
apoptosis aligns with previous research on their roles in viral pathogenesis. In
particular, the role of CHOP in promoting apoptosis in response to prolonged ER

stress could be an indicator of the cellular outcome following ZIKV infection.

Interferon Response and Its Implications in ZIKV Infection

The interferon (IFN) response activated in ZIKV-infected retinal organoids (ROs)
presents a critical aspect of the cellular defense mechanism against viral infections.
Our observations of a time-dependent increase in interferon-stimulated gene (ISG)
expression in both ZIKV+ and bystander cells highlight the robustness of this
response. Notably, genes like B2M, HLA-A, and HLA-B are upregulated more in
ZIKV+ cells, indicating an enhanced capacity for antigen presentation. This
upregulation suggests an active role of infected cells in signaling to the immune
system, potentially facilitating the recognition and elimination of infected cells. The
upregulation of MHC class | genes aligns with existing studies, emphasizing their
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role in presenting viral antigens to CD8+ T cells, thereby initiating adaptive immune
responses (cite relevant studies).

Conversely, the upregulation of genes such as IFI6, IFITM3, and ISG15 in
bystander cells points to a state of preparedness against viral infection. IFITM3 is
known forits role in restricting viral entry into cells, and its upregulation in bystander
cells might reflect a preemptive defensive stance, reducing the likelihood of infection
spreading. This pattern of gene expression resonates with the concept of ‘antiviral
state' often induced by IFN signaling, preparing neighboring cells for potential viral
threats.

The role of ISG15, a ubiquitin-like protein, is also noteworthy, especially
considering its upregulation in bystander cells. ISG15 is implicated in antiviral
defenses, and its modification processes could be critical in shaping the cellular
response to ZIKV. Studies have found that knock out of ISG15 leads to worse
prognosis in ZIKV infected mice eyes. The differential expression of HERC2, a
cofactor for ISG15, between ZIKV+ and bystander cells, suggests that ISG15 may
play multiple roles in ZIKV infection. Studies have also shown that overexpression of
ISG15 stimulated ZIKV replication, although it did not affect viral entry and was
dependent on ISGlyation.

The small percentage of cells expressing known interferons, yet contributing
significantly to the robust ISG response, underscores the efficiency of the IFN
signaling pathway. This finding supports that a few interferon-producing cells can
orchestrate a widespread antiviral response, a characteristic feature of the innate

immune response to viral infections. The time-dependent increase in interferon
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expression further corroborates the dynamic nature of the immune response in ROs
during ZIKV infection.

Furthermore, the differential responses to type | interferon treatment in pre-
treated ROs reinforce the protective role of these cytokines against ZIKV infection.
The observed near-complete inhibition of viral replication following interferon
treatment provides a compelling argument for the potential use of interferons as
prophylactic or therapeutic agents against ZIKV.

In summary, the interferon response in ZIKV-infected ROs highlights the intricate
interplay between viral infection and the innate immune system. The differential
expression of ISGs and MHC class | genes between ZIKV+ and bystander cells
provides insights into the cellular strategies employed to combat viral infection and
prevent its spread. These observations not only enhance our understanding of the
innate immune response to ZIKV but also offer potential targets for therapeutic

intervention.

Comparative Analysis with HSV1 Infection in Mature ROs

The susceptibility of mature ROs to Herpes Simplex Virus 1 (HSV1) and the
contrasting transcriptional responses compared to ZIKV infection offer valuable
insights. Unlike ZIKV, HSV1 infection led to a suppression of the innate immune
response, exemplified by the downregulation of ISGs. This stark contrast
underscores the specificity of viral strategies in modulating host responses and
highlights the importance of using organoid models to study diverse viral
pathologies. The differences observed in the UPR between ZIKV and HSV1 further
emphasize the unique host-pathogen interactions that define each viral infection.
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Conclusions

Our study provides a comprehensive overview of the dynamic interaction
between ZIKV and developing retinal tissue, using a novel organoid model. The
differential responses observed between ZIKV and HSV1 infections in ROs
underscore the complexity of viral interactions with host cells and the importance of
context in these interactions. Future studies could build upon these findings by
exploring the molecular mechanisms underlying these differential responses and by
testing potential antiviral therapies in these organoid models. Moreover, extending
this approach to other viruses could further our understanding of viral pathogenesis
in neurodevelopmental contexts and aid in the development of targeted interventions

for viral infections affecting the retina.

Methods

Cell Lines and Retinal Organoid Differentiation

All cell lines were cultured at 37 °C with 5% CO2 (vol/vol). Vero were cultured in
DMEM containing 10% FBS (volivol), 2 mM L-glutamine, and 100 U/mL
penicillin/streptomycin. Human embryonic H9 line and iPS lines are derived from
skin fibroblasts of healthy males and were expanded in mTeSR plus on growth
factor reduced Matrigel-coated plates at 37°C and 5% CO2. Retinal organoids were
generated using a modified version of the Zhong et al. protocol. Stem cell cultures
formed embryoid bodies in Aggrewell plates while transitioning from mTeSR to NIM
(by day 2) and were maintained in NIM for the first 20 days. EBs were seeded into

2D culture on day 5 of culture with the addition of 55ng/mL of BMP4 and transitioned
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out stepwise by day 20. Cultures are fed retinal differentiation media 1 from day 20
until manual dissection of neural retina domains on day 28. Dissected NR domains
self-organize in suspension culture in RDM2 until day 42. ROs are transitioned to
RDM3 with FBS to support long-term culture indefinitely. ROs are used at day 60 for
our immature experiments and were cultured out to between 180 days and 220 days
for the mature organoid experiments.

All cell lines were maintained in an incubator set at 37 °C with 5% CO2 (vol/vol).
Vero cells were grown in DMEM supplemented with 10% FBS (vol/ivol), 2 mM L-
glutamine, and 100 U/mL penicillin/streptomycin. The human embryonic H9 line and
iIPSC lines, derived from skin fibroblasts of healthy males, were expanded in mTeSR
plus media on growth factor-reduced Matrigel-coated plates, also at 37°C and 5%
Cco2.

For the generation of retinal organoids, we utilized a modified version of the
protocol developed by Zhong et al[124]. Stem cell cultures were formed into
embryoid bodies (EBs) in Aggrewell plates and transitioned from mTeSR to neural
induction medium (NIM; DMEM /F12 1:1, 1% N2 supplement, 1x NEAA, 2ug/mL
Heparin) by day 2. These EBs were maintained in NIM for the initial 20 days. On the
fifth day of culture, EBs were seeded into a 2D culture system with the addition of
55ng/mL of BMP4 and were gradually transitioned out of this system by day 20.
From day 20 onwards, the cultures were fed with retinal differentiation media 1
(RDM1; DMEM /F12 3:1, 2% B27 supplement without Vit. A, 1x NEAA), continuing
until manual dissection of neural retina (NR) domains on day 28. Post-dissection,

NR domains were cultured in suspension in RDM2 (DMEM/F12 3:1, 2% B27 with
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Vitamin A, 1x NEAA) until day 42, allowing for self-organization into retinal organoids
(ROs). For long-term culture, ROs were transitioned to RDM3 (DMEM/F12 3:1, 2%
B27 with Vitamin A, 1x NEAA, 10% FBS and 100 pM taurine), supplemented with
FBS. We utilized ROs at day 60 for experiments involving immature organoids. For
mature organoid experiments, ROs were cultured for extended periods, ranging from

180 to 220 days.

Virus Propagation and Tittering

The ZIKV strain PRVBCS59, isolated from Puerto Rico in 2015, was cultivated in
Vero cells. Infection was initiated at a multiplicity of infection (MOI) of 0.01, and the
virus was harvested 96 hours post-infection, with 100 mM HEPES added to the
medium. To clarify the virus-containing supernatants, they were centrifuged at
350Xg for 5 minutes and then passed through 45um PVDF membrane syringe filters
(Genesee). The viral particles were subsequently concentrated approximately 3-fold
using Amicon Ultra-15 Centrifugal Filters (Millipore), with centrifugation set at 1.5xg
for 10 minutes. The virus was aliquoted and stored at -80°C. The viral titers of frozen
aliquots were quantified through focus assays conducted on Vero cells infected for
30 hours and using mouse anti-envelope staining to detect viral foci.

The Herpes Simplex Virus 1 (HSV1) US11-GFP variant was propagated in Vero
cells at an MOI of 0.01 and harvested at 48 hours post-infection. To lyse the cells
and release the virus, the infected cell cultures underwent three freeze-thaw cycles,
consisting of flash freezing at -80°C for 5 minutes and thawing at room temperature.
The mixture of lysed cells and supernatant was centrifuged at 300xg for 10 minutes,
followed by filtration using a 45um PVDF membrane filter. The virus was aliquoted
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and stored at -80°C. For titer determination, the aliquots were thawed and used to
infect Vero cells. The presence and quantity of the virus were assessed by counting

GFP-positive plagues, indicating active HSV1 infection.

Pharmacological Inhibition and Interferon Treatments

For all treatments, compounds were initially prepared as 1000X concentrated
stocks in their respective vehicles to minimize DMSO toxicity. These stocks were
further diluted to a 1:1000 working concentration in Retinal Differentiation Medium 3
(RDM3) for application to the retinal organoids (ROs). Prior to infection, ROs were
pre-treated with these diluted compounds for 24 hours under standard cell culture
conditions. For ZIKV infection, the organoids were immersed in ZIKV stocks diluted
in RDM3 to achieve a multiplicity of infection (MOI) of 1, and this exposure was
maintained for 2 hours. Correspondingly, mock infections involved a similar ratio of
DMEM-to-RDM3 but without the virus. Following the infection period, the virus-
containing medium was discarded, and the organoids were then bathed in fresh
RDM3 supplemented with the respective treatment compounds. Supernatants were
collected at designated hours post-infection for analysis and were immediately

replaced with fresh RDM3 containing the ongoing treatments.

Tissue Sectioning

Formaldehyde fixed ROs were processed for paraffin or cryo-embedding and
sectioning. For cryosectioning, ROs were initially cryoprotected via sucrose
penetration with a final transition to OCT; 15% sucrose, 30% sucrose, and then

OCT, all at room temperature (RT) overnight or until sinking. Then, ROs were frozen
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in molds with 100% OCT on a metal block submerged in dry ice and above liquid
nitrogen vapor for 30-60 seconds. Long-term storage of blocks was at -20°C.
Sections were cut at a 5° angle and 16°C on the Leica CryoStat at 14-20 um onto
positively charged slides, bound to slides for 48-96 hours at room temperature, and

returned to -20°C for storage.

RO Immunohistochemistry

FFPE sections underwent deparaffinization via the reverse order of
paraffinization. Heat-induced antigen retrieval was performed for all formalin-fixed,
paraffin-embedded tissues and some formalin-fixed cryo-sectioned organoids using
10mM sodium citrate buffer or Tris-EDTA buffer for 20 min. Slices were incubated in
blocking buffer containing 3% BSA (vol/vol) and 0.1% Triton X-100 in PBS pH 7.4 for
1 hour at room temperature. Primary antibodies were diluted in 3% BSA (vol/vol) in
PBS overnight at 4°C. After 3x PBS washes, secondary antibodies were diluted in
PBS and applied to sections for 1 hour at RT. After 3x PBS washes, slices had a
final ddH20 wash before mounting with ProlongGold Antifade reagent and sealed
with nail polish. Images were collected with a Leica TCS SP8 confocal microscope.
Stained slides were stored at 4°C, protected from light. Secondary controls were

treated with 3% BSA without antibodies instead of primaries.

SCRNA-Seq Library Preparation

For each experimental condition, four to five organoids were infected, using an
MOI of 1 for ZIKV in immature ROs and 15,000 pfu per RO for HSV1 in mature ROs.

The organoids underwent an initial wash with DPBS and were then subjected to
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enzymatic digestion using the papain digestion kit (Worthington) with DNase
supplementation for 60 to 90 minutes at 37°C. To enhance digestion, mechanical
trituration was performed using P1000 and P200 pipettes every 15 minutes until a
single cell suspension was obtained. The cell suspensions were centrifuged at
300xg for 5 minutes and washed twice with DPBS. Cells were resuspended in
approximately 100 ul of DPBS containing 0.04% BSA (w/v), filtered through a 40 um
cell strainer (Flowmi), counted using a Countess 2 (ThermoFisher), and maintained
on ice until further processing.

For scRNA-seq library generation, samples were captured on the 10x Genomics
Chromium instrument, allocating one lane per sample, with four samples per run.
ZIKV-infected ROs utilized the 5’ reagent kit, while HSV1-infected ROs used the 3’
reagent kit, adhering to the manufacturer's guidelines. The scRNA-seq libraries for
ZIKV-infected ROs were prepared using the 10x Genomics Chromium 5 Gene
Expression Kit, with a modification to include two ZIKV-specific primers for capturing
and amplifying ZIKV transcripts. Cell mixtures were loaded onto chromium chips,
targeting a capture of 2,500 to 7,500 cells per sample. Library preparation followed
the manufacturer’s instructions and sequencing was performed on an lllumina
NovaSeq, aiming for 50,000 reads per cell. The resulting BCL files were processed

using the 10x Genomics Cell Ranger pipeline.

ScRNA-Seq Data Analysis

CellRanger software was utilized to process the raw sequencing data[130]. A
custom reference genome combining the human genome (GRCh38) and the viral
genome was created using CellRanger’s “mkref” function. For the ZIKV dataset, the
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reference included the entire ZIKV genome (KU501215.1), while for HSV1, the
reference was designed to include mappings to all exons in the X14112.1 genome,
with some genes amalgamated to address overlapping 3’ transcript regions.
Sequencing reads were aligned to these specific reference genomes, and UMI
counts for each host gene and viral RNA in each cell were quantified.

The resulting cell by gene matrix for each sample underwent processing with
DoubletFinder for the identification and removal of doublets[131]. In the ZIKV
dataset, filters for cell quality included a minimum of 300 genes and 500 UMI counts,
with a mitochondrial content threshold set at 30%. In contrast, the HSV1 dataset
employed a minimum requirement of 50 genes, a lower threshold justified by the
dominant expression of HSV1 genes in the dataset. Setting higher thresholds in this
case would risk excluding cells with high viral loads.

Data analysis was executed using the Seurat package within R[132]. For the
ZIKV datasets, normalization and integration of samples were performed utilizing
standard Seurat protocols. Principal Component Analysis (PCA) was conducted, and
Uniform Manifold Approximation and Projection (UMAP) was generated using the
first 50 principal components. Cell clustering was carried out at a resolution of 1.6,
with cluster markers identified through the MAST function in Seurat's
‘FindAllIMarkers”. Clusters were further refined to remove low-quality cells and
annotated based on well-established cell type markers for ROs[125-128].
Differential gene expression analysis between cell groups was performed using
MAST, with Metascape analysis applied to genes exhibiting at least a 0.5 Log2fold

increase in expression and a p-value less than 0.05[129]. Figures were produced
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using Seurat’s built-in functions and ggplot2, with volcano plots visualized via the
EnhancedVolcano package in R[133].

For the HSV1 dataset, due to significant batch-to-batch variability in mature
organoids, cell groups were clustered and labeled individually prior to dataset
integration. This approach was essential to retain cellular resolution that might have
been compromised by integrating datasets before cell type identification.
Pseudotime analysis of cells infected with HSV1 was conducted using the Monocle2

package[134].

Chapter 4: Conclusions and Future Directions

Preventing pandemics through robust screening.

The onset of a pandemic often begins with the unnoticed spread of a new
pathogen, making early detection key in preventing its escalation. Historical
experiences, such as the COVID-19 pandemic and the H1IN1 influenza outbreak,
have underscored the necessity for rapid identification of infectious agents. Robust
screening is pivotal in pandemic management, enabling early detection of pathogens
crucial for timely containment and mitigation strategies. By identifying infectious
agents early, health systems can implement targeted interventions, reducing public
health impacts and averting full-scale pandemics.

Current pandemic screening methods, while advanced, face distinct challenges,
especially in low-resource settings. These challenges involve balancing ease of
development with practical application. On one hand, assays like gPCR and NGS

can be developed quickly for high throughput testing, but their feasibility is often
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limited in resource-constrained areas. On the other hand, more deployable options
such as Lateral flow assays or colorimetric-based assays are better suited for
developing countries but require more resources for development and typically have
lower throughput. Furthermore, assays intended for lower-resource regions need to
be user-friendly, durable, and stable under varying environmental conditions, adding
complexity to their development and logistics.

Considering these constraints, | propose a stepwise approach to developing
assays for global outbreak monitoring. Firstly, there should be continuous global
monitoring of all emerging pathogens at the genomic level, including targeted
sequencing of known pathogen variants and de novo sequencing for detection of
unknown pathogens. Newly identified pathogens should be studied further, focusing
on their pathogenicity and mutation potential. Initiatives like the WHO's Global
Outbreak Alert and Response Network and the GISAID platform are currently
facilitating this worldwide monitoring and data sharing butwill likely require additional
resources.

Secondly, the genomic data gathered should be used to develop assays capable
of detecting nucleic acids from all known pathogens. Al and machine learning
algorithms could expedite this process by designing the framework of the assay,
including determining the most appropriate assay type (QPCR, LAMP, NGS, etc.)
and creating theoretical components like primers and reaction conditions.

Thirdly, pathogens should be ranked and monitored based on their global health
risk. Dedicated research teams should optimize the initial assay parameters in the

lab and develop robust diagnostic assays deployable worldwide on short notice.
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Often, the development of these assays requires high complexity labs, such as
BSL3 or BSL4 facilities, which are scarce in developing countries. High-resource
assays like lateral flow or colorimetric detection assays, requiring significant
development, should be prioritized based on global health risks.

Lastly, the global community must be constantly utilizing these tools in an
effective manner to monitor global pathogens. This includes constantly utilizing
population-based approaches like community wastewater testing as well as being
prepared to rapidly deploy the more complex diagnostic tools during emerging
outbreaks. Although resource-intensive, the COVID-19 pandemic has taught us that
rapid response is crucial in preventing global outbreaks. The cost of deploying these
diagnostics palesin comparison to the financial and human costs of allowing another
outbreak to escalate to a pandemic.

In summary, a proactive, globally coordinated effort in developing and deploying
diagnostic assays is essential for effective pandemic preparedness and response.
This approach balances technological advancement with practical deployment

considerations, ensuring readiness for future global health challenges.

Spatial sequencing of infected ROs

Much of the work presented in this thesis focuses on using single-cell RNA
sequencing (scRNA-seq) to determine infection levels and transcriptional responses
in the context of ZIKV in retinal organoids (ROs). A notable limitation of traditional
scRNA-seq is the loss of spatial information, as cells are dissociated before being
barcoded. Consequently, it becomes challenging to ascertain how transcriptional
responses are related among neighboring cells. For example, it's unclear whether
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cells classified as bystanders are in direct proximity to infected cells or isolated from
infection zones. Moreover, transcriptional responses specific to bystander cells
might be diluted by including cells far from the infection site, potentially naive to the
infection, thereby diminishing the observed aggregate transcriptional response.

To address this limitation, | propose employing spatial sequencing techniques for
studying ZIKV in ROs. Advanced tools like 10X Genomics Visium sequencing, which
allow for transcriptional analysis from a sectioned slice of cells, offer a solution. This
method would enable the determination of transcriptional responses specific to cells
in direct proximity to ZIKV infection. It's conceivable that the responses observed in
aggregated data are more pronounced in these cells than in those located further
from infection foci. This approach might also uncover transcriptional responses
unique to cells near infected cells, providing a clearer illustration of their roles. For
instance, the limited cells expressing interferons may be situated close to infected
RO areas, explaining the low number of interferon-expressing cells. Furthermore,
the complex unfolded protein response (UPR) transcriptional profile observed in
aggregate data might be a result of distinct UPR profiles - one from cells near the
infection and another from cells further away.

Spatial sequencing could also enhance understanding of how these responses
are stimulated. If responses are more intense near infected cells, this might indicate
primary autocrine signaling, whereas responses observed further from infection foci
could suggestparacrine signaling that travels through the media to distant locations.

Additionally, this technique could provide better resolution in determining the

susceptibility of different cell types to ZIKV infection. Cell types like photoreceptors
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might be less susceptible to ZIKV infection than others but could still be infected
similarly due to their proximity to the exterior of the RO. Thus, spatial sequencing
offers a more nuanced understanding of infection patterns and cellular responses
within the complex microenvironment of ROs, potentially leading to novel insights
into ZIKV pathogenesis and host-virus interactions.

In conclusion, employing spatial sequencing in studying ZIKV-infected ROs
promises a deeper understanding of viral infection dynamics at a cellular level,
offering valuable insights into ZIKV pathogenesis. This approach is poised to
significantly advance virology and cellular biology research, paving the way for more

targeted and effective strategies against viral infections.

Investigating ZIKV Infection in the Retina through Microglia Co-cultured

Organoids

Microglia, as the central nervous system's primary immune cells, play a crucial
role in responding to viral infections, particularly in the retina[135]. This is especially
relevant in the context of Zika Virus (ZIKV), known for causing neuroinflammation
and retinal damage. Currently, a significant limitation of retinal organoids (ROs) is
their lack of microglia, which hinders a comprehensive understanding of the retinal
immune response to ZIKV[135]. To address this gap, integrating microglia into
existing RO models, followed by ZIKV infection, is proposed[136]. This approach,
which has been informative in brain organoid studies of viral infections, offers a more
accurate simulation of the retinal microenvironment, allowing for the study of

dynamic interactions between ZIKV, retinal cells, and microglia[137].
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This innovative method will enable the real-time observation of interactions
between microglia and ZIKV-infected retinal cells, providing insights into how
microglial activation correlates with the level of ZIKV infection. Such observations
are key to understanding the overall retinal response to ZIKV infection, including
whether microglia contribute to exacerbating or mitigating retinal damage. The co-
culture approach is poised to reveal unique transcriptional responses of microglia to
ZIKV infection, shedding light on their roles in neuroinflammatory responses,
potentially influencing the severity of ZIKV-induced retinal damage.

Furthermore, this method allows for the investigation of neuroprotective functions
of microglia against ZIKV infection, such as debris clearance and secretion of
protective factors. Additionally, it could provide insights into whether microglia can
modulate the spread of ZIKV within the retinal tissue, either containing or
inadvertently facilitating the virus's dissemination. Identifying the specific factors or
conditions that trigger microglial activation in response to ZIKV will enhance our
understanding of their role in viral pathogenesis.

Importantly, thisresearch could lead to the development of therapeutic strategies
targeting microglial pathways, offering new treatments for ZIKV-induced retinal
damage. Incorporating microglia into ZIKV-infected ROs promises to offer a
comprehensive view of the interplay between viral infection, retinal cells, and innate
immunity, potentially leading to novel insights into ZIKV pathogenesis and

therapeutic approaches.
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HSV1 and retinal infections

While our studies have successfully elucidated the dynamics of Herpes Simplex
Virus 1 (HSV1) infection in mature retinal organoids, a critical gap remains in
understanding the factors that contribute to the autoimmune damage observed in the
human retina during HSV1 infection. Notably, despite the robust inhibition of the
innate immune response by HSV1, clinical observations indicate significant
autoimmune damage in the retina. This paradoxical scenario raises the question of
what factors drive this autoimmune response, despite the virus's ability to suppress

innate immunity.

The application of coculture models with microglia cells, mentioned above, could
provide insights into this question. Additionally, the coculturing of infected ROs with
other immune cells, such as T cells and macrophages, and check for IFN secretion
and macrophage infiltration may provide insight into viral induced immune damage.
This approach is particularly relevant given the upregulation of MHC class |
molecules in ZIKV-infected ROs, which could imply a significant role for T cell
activation in the autoimmune response.

Another consideration is the potential for molecular mimicry to contribute to the
autoimmune response. This phenomenon, where viral antigens resemble host
proteins, triggering an immune response against the body's own tissues, could be a
key factor in the observed retinal damage and would explain the discordance
between sequencing data and clinical observations.

Moreover, the detection of pro-inflammatory cytokines warrants attention. It's
possible that the immune responses in HSV1-infected ROs manifest predominantly
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at the protein level, with cytokines like IL-1 and IL-6 being released without
significantchangesin their gene expression patterns. This hypothesis suggests that
the window for cytokine release in HSV1-infected ROs might be brief and
challenging to capture using scRNA-seq.

Finally, examining HSV1 in recently post-mortem retinas could offer a more
comprehensive understanding of the virus's impact on the immune response. Such
studies could clarify whether the immune suppression observed in ROs also occurs
in more physiologically relevant settings, providing a more holistic view of HSV1's

interaction with the human retina.

Testing of HSV1 infected early ROs and Testing of ZIKV infected Mature

ROs

In our investigation of Zika virus (ZIKV) and Herpes Simplex Virus 1 (HSV1) in
retinal organoids (ROs), we strategically selected the developmental stages of ROs
that align with the clinical manifestations of these infections. For ZIKV, we focused
on immature retinal organoids to explore congenital retinal deformations resulting
from in utero ZIKV exposure. Conversely, for HSV1, we used mature retinal
organoids that more closely mimic the structure of an adult retina, including fully
differentiated photoreceptor cells.

While the findings from these experiments offer clinically relevant insights,
comparing the effects of ZIKV and HSV1 is challenging due to the different stages of
organoid development used in our study. Therefore, a critical next step in our
research is to assess the impact of ZIKV on mature retinal organoids and HSV1 on
immature ones. This approach will enable us to determine whether the unique
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immune responses observed in ZIKV-infected organoids are a result of their
developmental stage rather than a virus-specific response. Such a study could
reveal more about virus-specific mechanisms by contrasting the effects of ZIKV and
HSV1 on organoids at equivalent stages of differentiation.

Furthermore, investigating HSV1 in immature organoids could enhance our
understanding of congenital HSV1 infections of the retina, a condition also observed
in newborns. This research could provide valuable insights into the pathophysiology
of these viral infections and inform the development of targeted therapies and

preventative strategies.
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