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A Letter from the Editors

Dear Reader,

We are incredibly proud to present to you the 37th Volume of
the UCLA Undergraduate Science Journal (US]). The entirety
of this volume is the direct result of undergraduate student
effort, from the outstanding manuscripts to the peer review,
editing, and layout of the journal. We are truly impressed with
the caliber of research conducted by this year’s undergraduate
authors, as well as the tireless diligence and dedication of the
staff members in our Review, Editorial, and Layout Boards.
This volume of the USJ includes original research articles
ranging from studying dopamine signaling in skin-penetrating
parasites to determining how low a spacecraft can reliably fly
in Uranus’s atmosphere. The articles featured in this journal
may only offer a small glimpse into the breadth of research
that undergraduates undertake at UCLA, but they are a true
representation of the ingenuity and tenacity of our students.
We are honored to be a part of this scientific collaboration and
we are confident you will see these values exemplified in this
year’s volume of the US].

As Editors-in-Chief (EICs) for the second year in a row, we
couldn’tbe more proud of the growth of US] throughout our time
here. One hallmark of our tenure is the improved coordination
between boards. In previous years, Managing Editors (MEs)
communicated with their respective boards and reported to the
EICs, but did not often directly work with other MEs. Last year,
our dual role as MEs and EICs allowed for greater insight into
the significance of communication across boards to publish a
cohesive and timely journal. As we embarked on our second
year as EICs while welcoming a new team of MEs, we made it a
priority to ensure consistent and clear communication between
our Review, Editorial, and Layout Boards. Rather than three
separate boards linked only by the EICs, we learned how to
function as a unit throughout the year.

Another major change that we implemented this year was
revamping our US] seminar structure. Every year, US] staff
enroll in a 2.0 unit seminar to learn the reviewing, editing,
and layout skills necessary for their role in US], as well as to
gain insight into the USJ’s publication process outside of their
board. This year, the leadership team overhauled the course
materials and created a new curriculum that was interactive,
student-led, and better aligned with the seminar’s goals. Our
new curriculum allows all members to not only learn about
each step of the US] publication process, but to experience each
step for themselves as they craft their Newsbeats, several of
which are featured in the US]. We hope this experience inspires

future leadership teams to not be afraid to effect change for the
betterment of both the staff and journal.

As part of the training curriculum for US], we also reference
a volume of the USJ published over fifteen years ago, which
includes staff-written interview articles highlighting UCLA
faculty members journeys and experiences as senior
researchers. This year’s leadership team was inspired by these
articles and wanted to bring them back in the 37th volume of
the USJ to specifically feature the research and experiences
of the authors and advisors whose research is featured in the
journal. These interviews highlight their stories, advice, and
understanding of their scientific field to further contextualize
their published research, offer insights into the undergraduate
research environment at UCLA, and encourage undergraduate
students to take advantage of the exciting research opportunities
that UCLA has to offer.

This journal would not be possible without the labor and
love of our entire team. We would like to especially commend
the passion and dedication of all of our US]J staff members who
worked with us to make the journal what it is. A huge thank
you goes to our MEs, assistant managing editors, and logistics
coordinator for the amazing work and long hours you have
all dedicated to the US]. Of course, we would like to express
our most heartfelt gratitude to our faculty advisor, Dr. Jorge
Avila, who supported us throughout the entire publication
process and without whom the US]J would not exist. Dr. Avila
has been extremely supportive and encouraging of our new
ideas to improve US]J, including completely reworking our
class plans. Additionally, we sincerely thank Dr. Tama Hasson,
director of the Undergraduate Research Center — Sciences,
who provides pivotal support to publish our journal, and the
UCLA Clinical and Translational Science Institute for their
generous continued support of our annual journal. Finally, we
would like to thank ColorNet Press for helping us produce this
beautiful journal.

We hope you are inspired while reading about the science
featured in this journal, in fields that touch many aspects of
our daily lives. This journal stands as a testament to the sheer
courage and determination of our UCLA journal staff and
undergraduate authors—we could not be more honored to
share it with you.

Warm regards,
Elise Tran and Emily Lin
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NEWSBEATS

Schooling Guppies Shed Light on Evolution of Social Behavior

Oliver Wang

A key insight into the evolution of social behavior may be hiding in plain sight. While
people have long recognized that other animal species form communities, not much
is known about the neural and genetic processes that cause this behavior. Researchers
sought to identify how sociability is inherited, if at all. To do so, schools of guppy fish
were raised and each individual’s tendency to stick with the school was measured.
Subsequently, the most social fish were bred together for three generations. By the end
of the experiment, the most recent generation of fish were found to be more social than
their ancestors. Interestingly, researchers also discovered mutations in genes controlling
neuron migration in these fish. These findings suggest that those specific genes can be
identified as key factors for inheriting sociability, shedding light on the evolution of social
behaviors in nature.

Image: Guppies and other fish species socialize in a hobby aquarium.

Reference: A. Corral-Lopez et al., Functional convergence of genomic and transcriptomic architecture underlies schooling behaviour in a live-bearing fish. Nat. Ecol.
Evol. 8, 98-110 (2024). doi: 10.1038/s41559-023-02249-9

Image Source: Photo taken by Selina Lu.

Do My Facebook Friends Really Know Me? Rachel Ma

According to a recent study, the answer is likely yes. Qi Wang, the Director of the Culture
& Cognition Lab at Cornell, exposes the dynamic process of constructing one's digital
identity by comparing the self perception of authors with audience’s perceptions after
viewing Facebook status updates. Large discrepancies were found between these two
groups, where the audience generally rated authors as possessing lower self-esteem and
higher in being self-revealing than authors’ self-perceptions. Moreover, the inclusion of
photos and videos enhanced the accuracy of audience assessments. Notably, cultural
norms subtly influence perceptions, reflecting offline attitudes regarding gender and
ethnicity even when these identities were masked. This investigation underscores
how divergent online perceptions due to social media could undermine our social
lives and well-being, urging further exploration into the "outsourced meaning-making
process" on other social media platforms to ultimately shape the design of interfaces
for authentic self-expression.

Image: Chasing positive perceptions online seems to only make our connections less genuine.

Reference: Q. Wang, A. Khuu, M. Jivotovski, The self online: When meaning-making is outsourced to the cyber audience. PLOS ONE 18, €0294990 (2023). doi:
10.1371/journal.pone.0294990

Image Source: Sean David Williams - https://insights.som.yale.edu/insights/social-media-is-addictive-do-regulators-need-to-step-in. Licensed under the Creative
Commons Attribution.

Can Pregnancy Induce Brain Growth?

Malvika lyer

The brain and the body have long been studied as separate entities, but
recent research has sought to find the connections between these complex
systems. A recent longitudinal study showed striking morphological changes
in the cortex of pregnant and postpartum women in comparison to their non-
pregnant counterparts. These changes, which included increased cortical
volume, thickness, and surface area from late pregnancy to early postpartum,
were exacerbated in mothers who underwent scheduled C-sections. This
study also showed evidence of the effect of immune responses and endocrine
cascades on the pregnant person’s brain. Overall, these findings suggest that
labor may induce neuroplasticity, shedding light on the physiological changes
that accompany pregnancy. Studies like these aim to better understand the
neurological landscape of pregnancy to provide more support and improved
outcomes for pregnant individuals.

Image: Brain scans that show neuroplasticity of different regions, an ability crucial to how we develop.

Reference: M. Paternina-Die et al., Women'’s neuroplasticity during gestation, childbirth and postpartum. Nat. Neurosci. 27, 319-327 (2024). doi: 10.1038/s41593-
023-01513-2

Image Source: “The malleable brain.” www.shutterstock.com
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NEWSBEATS

Leaping Into 3D: Efficiently Constructing 3D Scenes From 2D Images

Kuan Heng (Jordan) Lin

Since their invention, photos have captured our precious memories. However, what
if with just a few photos, we can reconstruct the scene in 3D to re-experience those
memories? For years, though these 3D scene reconstructions were of high quality,
they were computationally expensive and time intensive. To address this problem,
researchers proposed 3D Gaussian Splatting, a machine learning-based rendering
framework that “splats” the scene with rough, sparse points and probabilistically
“blurs” them to create mathematical objects called Gaussians that create the
perception of detail. Now, with a few images, we can reconstruct the scene they
capture in 3D and—for the first time—render it in real-time. This research provides
artists and engineers a computationally inexpensive tool to work in 3D, with
applications ranging from video game development to scientific records, and even
recent augmented reality technologies. More than ever, 3D computing is redefining
the way we capture the world around us.

Image: Artistic rendition of splatting the scene with 3D Gaussians from 2D images.

Reference: B. Kerbl, G. Kopanas, T. Leimkihler, G. Drettakis, 3D Gaussian Splatting for Real-Time Radiance Field Rendering. ACM Trans. Graph. 42, 1-14 (2023).
doi: 10.1145/3592433

Image Source: Digital illustration by Jordan Lin.

Al as a Tool for Veterinarians: Detecting Tumor Necrosis in Canines Gia Boisselier

Numerous studies have evaluated the use of artificial intelligence within the field
of human oncology, but what about our furry friends? Present day veterinary
medicine relies on grading soft-tissue sarcomas (STS) to predict tumor behavior
in canine skin and connective tissues. Veterinary pathologists assess STSs
manually, integrating scores from mitotic count, tumor necrosis percentage, and
cellular differentiation—a procedure that, while thorough, is slow and susceptible
to inconsistencies. In a recent study, researchers utilized machine-learning

. algorithms to identify tumor necrosis in digitized canine STS slides. Annotated
necrosis regions were analyzed by a convolutional neural network in phases of
training, testing, and validation. Ultimately, the study culminated in a validation
accuracy of 92.7% in necrosis detection, suggesting a future where machine-
learning can be used as a diagnostic tool for more accurate and efficient tumor
grading in our beloved dogs.

Image: A slide-level confusion map indicates areas of necrosis within a sample of canine STS.

Reference: A. Morisi et al., Detection of Necrosis in Digitised Whole-Slide Images for Better Grading of Canine Soft-Tissue Sarcomas Using Machine-Learning. Vet.
Sci. 10, 45 (2023). doi: 10.3390/vetsci10010045

Image Source: Nam, S. et al. Active tissue adhesive activates mechanosensors and prevents muscle atrophy. Figure 1. Used with permission from author.

Climate Changes Coastal Communities

Ryan Wong

While carbon emissions continue to exacerbate global warming and threaten our
way of life, in other parts of the world, our photosynthesizing friends are feasting
on the abundance of carbon. Known as the CO2 fertilization effect, rising carbon
levels have increased photosynthesis around the world, contributing to longer
growing seasons. However, recent research suggests that mangrove forests, which
are complex intertidal ecosystems, may deviate from this trend. Mangrove forests
are highly adapted ecosystems that provide a community for a myriad of species.
But because they are so specialized they are also highly sensitive to changes in their
environment, including drought and rising sea levels. Still, mangrove forests are
highly efficient at sequestering carbon dioxide from the atmosphere, which may be
why scientists have observed a greater CO2 fertilization effect on mangroves than
terrestrial forests. They may be the key to stalling climate change.

Image: Mangrove forests are complex ecosystems adapted to special environments.

Reference: Z. Zhang et al., Stronger increases but greater variability in global mangrove productivity compared to that of adjacent terrestrial forests. Nat. Ecol. Evol.
8, 239-250 (2024). doi: 10.1038/s41559-023-02264-w

Image Source: Photo by Mohmed Nazeeh. Image Free to use under the Unsplash License.
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Human Development in a Dish: All About Environment! Eliana Bohn

Stem cells have been a hot research topic in recent years, with increasingly complex
technologies being developed. The field is now pushing the boundaries of how we can
faithfully study human development without the ethical qualms of using real human
embryos. A recent discovery has revealed a new, elegant way to approach this effort.
Researchers have found that it is possible to model the organization of nearly all known
cell lineages and compartments of human embryos within a petri dish. Researchers
can simulate development for 14 days after implantation, beginning simply with
genetically unmodified human naive embryonic stem cells. The trick? Growing them
in the right environment! Although formation efficiency is still low and variability is
high, this is a major step in the field as a tool for future ethically conducted studies
to better understand human development, associated developmental disorders, and
early pregnancy loss.

Image: Artistic rendition of an implanted embryo.

Reference: B. Oldak et al., Complete human day 14 post-implantation embryo models from naive ES
cells. Nature 622, 562-573 (2023). doi: 10.1038/s41586-023-06604-5

Image Source: lllustration by Eliana Bohn.

Space’s Greatest Mystery: What Lies Between a Neutron Star and Black Hole? Summer Kelso

The discovery of a rapidly spinning millisecond pulsar (PSR J0514—4002E) within
a globular cluster in the Columba constellation, has sent shockwaves through the
astronomical community. Globular clusters are dense, gravitationally bound groups
of stars that have a high formation rate of millisecond pulsars (rapidly spinning
neutron stars). Utilizing L-band and ultrahigh frequency receivers, the MeerKAT
telescope was used to scan the area, and it detected faint emissions from the pulsar.
Astronomers measured the fluctuations of these pulses, which revealed that the
pulsar was part of a binary system. The pulsar’s mysterious companion hovered
in a mass range between black holes and neutron stars, challenging our current
understanding of binary evolution and offering valuable insight into the dynamics
of dense stellar environments. Additionally, this research could allow for the testing
of gravity theories and unveiling of new insights into nuclear physics.

Image: Image of the Milky Way taken at Point Reyes National Seashore

Reference: E. D. Barr et al., A pulsar in a binary with a compact object in the mass gap between

neutron stars and black holes. Science 383, 275-279 (2024). doi: 10.1126/science.adg3005
Image Source: Photo taken by Summer Kelso.

How Allergies Influence Avoidance Behavior Truman Ma

If you suffer from a shellfish allergy, the mere scent of seafood may trigger
an instinctive aversion. This raises an intriguing question: is this reaction
rooted in past experiences or is it a part of the allergic response? Researchers
at Yale suggest that these antigen-specific avoidance behaviors may be the
result of a complex series of interactions between the immune and nervous
systems. To study this phenomenon, the researchers induced an allergy in
mice by the injection of ovalbumin (an egg protein) and an adjuvant. These
mice, now allergic to ovalbumin, demonstrated an aversion to ovalbumin
feeding solutions, whereas nonallergic mice strongly preferred the
ovalbumin solution. Interestingly, knockout mice that lacked IgE antibodies
(a potent allergenic mediator) did not display this aversion. These findings
suggest that immune system signaling can modify behaviors, indicating that
the immune system’s relationship to the nervous system may be far more
intricate than previously thought.

L

Image: Mice are common model organisms for immunological research due to their physiological similarity to humans
Reference: E. B. Florsheim et al., Immune sensing of food allergens promotes avoidance behaviour. Nature 620, 643-650 (2023). doi: 10.1038/s41586-023-06362-4
Image Source: Photo by Pixabay: https://www.pexels.com/photo/brown-rat-eating-peanuts-206627/. Free to use under CCO.
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Old Tire Crumbs? Use it to Improve Earthquake-Resistant Building Technology

Joyce Goh

Earthquake-resistant building technology, such as seismic isolation, has long been
researched to reduce the number of lives lost during these unpredictable natural
disasters. However, the implementation of current technology is heavily limited given
its high cost, with developed countries also struggling to ensure continued financing.
Recently, a multi-institutional research team utilized a series of simulations to uncover
that adding recycled materials—specifically tire crumbs—into the seismic load of the
isolation technology can help to not only increase the shear strength of the building
and reduce inter-story drift, but also to reduce the cost of the technology. Results
point towards a 30% mixture providing optimal effects, increasing the shear strength
of the soil by 30% and reducing inter-storey drift by 40-50%. This research opens the
door for developing countries to adopt more earthquake-resistant building technology,
serving as a cost-effective and sustainable way to protect human lives.

Image: UCLA's Powell Library under construction to improve seismic resilience.

Reference: J. C. J. Raj et al., Numerical modelling on geotechnical features of soil mixture using recy-
cled tire crumb to strengthen the seismic isolation in building. Sci. Rep. 14, 225 (2024). doi: 10.1038/

s41598-023-50741-w
Image Source: Photo by Joyce Goh.

Unmasking Air Pollution’s Impact on our DNA Lily Zello

¥

As rapid urban growth and increased industrialization compromise air quality,
research has delved into air pollution’s impact on our health. A recent study aims
to unravel how particulate matter (PM), one of the most complex environmental
pollutants, affects the epigenome—the subtle switches that regulate gene expression
without altering the underlying DNA sequence. By analyzing relevant molecular
biology research from the past several years, including studies involving DNA
methylation profiling and histone modification analysis, researchers scrutinized how
exposure to PM induces changes to the molecular mechanisms that drive human
disease. The results revealed evidence of epigenomic damage contributing to serious
health problems such as cancer, fibrosis, neurodegeneration, and metabolic diseases
like diabetes. This study offers valuable insights into the toxicity of PM at the
epigenomic level and underscores the urgent need for global pollution reduction.
Future research involving sequencing technology is crucial for developing targeted
interventions to address this complex issue.

Image: Air pollution can damage the epigenome and contribute to serious health problems.
Reference: D. Gavito-Covarrubias et al., Epigenetic mechanisms of particulate matter exposure:
air pollution and hazards on human health. Front. Genet. 14, 1306600 (2024). doi: 10.3389/
fgene.2023.1306600

Image Source: Photo by Kristen Morith. Image Free to use under the Unsplash License.

Predicting Attraction Through Physiological Responses Ying yin (Lina) Zhu

The fundamental need for meaningful connections has driven individuals worldwide to
partake in blind dating in hopes of finding mutual attraction. Factors that have historically
been associated with attraction include general conversation, eye gaze, facial expressions,
and body posture. Additionally, individuals on blind dates often report experiencing a
“gut feeling of connection” that contributes to their attraction. However, this feeling has
traditionally been challenging to quantify. Researchers from Leiden University addressed
this by measuring physiological responses among blind date participants using eye-tracking
glasses, cameras, and sensors. Findings revealed physiological synchrony, including
matching heart rates and similar levels of electrical conductance in the skin, highlight a
role of unconscious physiological alignment when fostering romantic connections. This
research underscores the potential of physiological synchrony as a metric for relationship
compatibility and paves the way for future technologies to monitor and understand the
subconscious aspects of romantic attraction and human connections.

Image: Blindfolded man and woman engage in a first date

Reference: E. Prochazkova et al., Physiological synchrony is associated with attraction in a blind date setting. Nat. Hum. Behav. 6, 269-278 (2022). doi: 10.1038/
s41562-021-01197-3

Image Source: "Blind date in silhouettes.” Image Free to use under the iStock License.
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Serum-Free Media Efficiently Produces Lab-Grown Muscle Cells

Zachary Lamm

Traditional livestock-based meat has a large carbon footprint, making it a major contributor to
global warming. A novel alternative is cultivated meat, or meat grown via animal cell culture.
However, most cultivated meat is grown in animal-based media containing fetal bovine serum
(FBS) from cow embryos. In light of ethical and commercial considerations, researchers at the
University of California, Davis compared the growth and metabolic rates of mouse myoblast
(muscle cell) samples in either FBS-based media or serum-free media without FBS. Using cell
imaging and spent media analysis, the researchers found that cell growth rates were similar
across both media, but the cells required slightly less amino acids and glucose in serum-
free media than FBS-based media, highlighting differences in metabolic requirements. By
optimizing the nutrients and growth conditions of serum-free media, progress can be made
towards scalable, animal-free, and affordable cultivated meat production.

Image: A platter with cultivated meat sausages, an example of a potential cultivated meat product.

Reference: E. N. O'Neill et al., The effect of serum-free media on the metabolic yields and growth rates of C2C12 cells in the context of cultivated meat production.
Future Foods 7, 100226 (2023). doi: 10.1016/j.fufo.2023.100226

Image Source: “lvy Farm.” Image Free to use under the Unsplash License.

Vegan Diet Offers Protective Cardiometabolic Advantages Kyle Nguyen-Ngo

Vegan diets have become an increasingly popular alternative to the typical American
diet, which is rich in meat, processed foods, and saturated fats. Researchers
designed a randomized twin study to compare the impact of an omnivorous versus
a vegan diet on key measures of cardiometabolic health, including low-density
lipoprotein cholesterol (LDL-C) concentration. While LDL-C serves numerous
physiological functions, raised LDL-C levels are associated with increased risk of
coronary disease, stroke, and atherosclerosis. After the 8 week study, participants
assigned to the vegan diet experienced a greater reduction in LDL-C concentration
in comparison to their omnivorous counterparts. Furthermore, vegan participants
also experienced a greater decrease in fasting insulin levels, suggesting lower
susceptibility to developing diabetes. The study’s use of twin participants reduced
potential genetic and environmental variability, offering further support for the
documented cardiometabolic benefits of a plant-based diet.

Image: Vegan diets are linked to reduced low-density lipoprotein cholesterol levels.

Reference: M. J. Landry et al., Cardiometabolic Effects of Omnivorous vs Vegan Diets in Identical Twins: A Randomized Clinical Trial. JAMA Netw. Open. 6,
€2344457 (2023). doi: 10.1001/jamanetworkopen.2023.44457

Image Source: Image available under public domain.

World's First Functional Nanoscale DNA Electromotor Chahak Gupta

Synthetic nanorobots working within a cell’s molecular processes might seem
like something straight from the pages of a science fiction novel, but recent
advances have blurred the line between reality and fiction. Researchers
have designed the world’s first functioning nanoscale electromotor made
of DNA strands, and it utilizes a cell’s electrochemical potential to produce
torque when driven by the flow of solvent through a nanopore. The authors
manipulated the direction of the turbine’s rotation by toying with the
chirality of the blades and the ionic strength of the buffer. Despite its small
size of approximately 27 nm, the turbine can produce mechanical force
comparable to that of natural motor proteins, like ATP synthase, without
constant manual intervention. These turbines could link mechanical
rotation with chemical synthesis, providing self-powered biocompatible
engines at the nanoscale.

Image: The turn of a DNA strand modeled by wooden blocks.

Reference: X. Shi et al., A DNA turbine powered by a transmembrane potential across a
nanopore. Nat. Nanotechnol. 19, 338-344 (2024). doi: 10.1038/s41565-023-01527-8
Image Source: "DNA Turbine” by FLICKR user Nikolai Vassiliev. Licensed under CC BY-NC-
SA 2.0.
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Integrating the Past for a Sustainable Tomorrow:
The Revolutionary Approach to HIV Treatment with

CAR-NK Cells

by Charlotte Chen, Isabel Angres, Chahak Gupta, Ahmad Ismail, Emily Lin, Sohan Talluri

Principal Investigator & Student
Anjie Zhen, PhD & Vincent Le
Department of Medicine,

David Geffen School of Medicine

mmunotherapy is an innovative medical paradigm that

leverages the body’s own immune system to recognize and
combat disease from within, as opposed to treating disease via
external interventions such as medication or surgery. These
therapies have transformed the ongoing effort to combat cancer,
autoimmune disorders, and infectious diseases such as human
immunodeficiency virus (HIV) that were previously deemed
untreatable. Since the emergence of HIV in the US in the early
1980s, research into the virus has faced significant obstacles,
largely due to the misconceptions and fear surrounding the
disease. This stigma, combined with the complex virology of HIV,
poses difficulties for researchers by limiting the availability of
funding and public health initiatives dedicated to studying and
treating the disease.

Undeterred by these challenges, Dr. Anjie Zhen and her mentee
Vincent Le are currently working on a novel immunotherapy
approach using chimeric antigen receptor-natural killer (CAR-
NK) cells to tackle HIV. This strategy modifies NK cells to express
chimeric antigen receptor (CAR) proteins that enable them to
specifically target and eliminate HIV-infected cells. NK cells are
a type of lymphocyte that play a key role in the innate immune
system by recognizing and destroying cancerous or infected cells,
including those infected by HIV. CAR-NK cell therapy stands

out for its ability to harness the innate power of the immune
system against a disease where traditional treatments such as
antiretroviral therapies have fallen short, reflecting a significant
advancement in the fight against HIV,

Despite her achievements in the immunotherapy field, Dr.
Zhen did not start off intending to pursue immunology, let alone
medical research. As an assistant professor in the Department
of Hematology and Oncology at the UCLA David Geffen School
of Medicine, Dr. Zhen’s journey to becoming an independent
investigator was shaped more by genuine passion than strategic
planning. Dr. Zhen majored in Biological Sciences at Tsinghua
University in Beijing and got her doctoral degree from the
Department of Molecular Microbiology and Immunology at
Johns Hopkins, where she studied HIV virology and viral-
host interactions. She subsequently became interested in HIV
immunology and gene therapy and pursued postdoctoral training
with Dr. Scott Kitchen at UCLA, who was then a new assistant
professor. Dr. Zhen received offers from more established and well-
known PIs from other prestigious institutes, but she ultimately
chose UCLA to follow her research passion. In particular, Dr. Zhen
was drawn to HIV research not only because of the field’s culture
of openness and acceptance, which offered her a nurturing
environment for personal and professional growth, but also by
the opportunity to contribute towards healthcare advancements,
stating, “I wanted to be involved in something that could have an
impact on society.”

Reflecting on her academic and professional journey, Dr. Zhen
acknowledges that her unconventional approach, guided by raw
interest rather than job security, has strongly influenced her
career. She admits that she was not the “typical science prodigy”
and often made career-related decisions based on her emotional
connection to her work rather than the conventions of the field.
She offers encouragement to those uncertain about their
career paths, asserting that true fulfillment comes from pursuing
one’s passions rather than adhering to predetermined careers
chosen for their prestige or wealth. Dr. Zhen also recognizes that
“there may be ups and downs,” but that this applies to anything
worth pursuing.

The heart of Dr. Zhen’s current research lies at the intersection
of gene therapy and the interpretation of immune responses.
Utilizing hematopoietic stem cells as a vessel, she is developing
gene therapies to generate long-lasting immunity against chronic
diseases such as HIV. Her work also delves into the analysis of
cellular behaviors underlying chronic diseases, leading to critical
insights in the fight against these conditions. Additionally,
Dr. Zhen contemplates the improved but incomplete state of
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HIV treatment, recognizing that despite the progress made
with antiretroviral therapy, people living with HIV still suffer
from chronic inflammation. As a result, her research also aims
to elucidate these complex inflammatory responses, which
sometimes elude even the most promising engineered therapeutic
strategies, in order to develop novel treatments for HIV. Dr.
Zhen points out that the challenge lies not only in the diseases
themselves but also in improving the efficacy of current therapies.
Her approach to science is rooted in continuous learning and
adapting to the insights gleaned from each new finding.

Dr. Zhen’s commitment to learning extends her involvement
in the HIV field beyond the laboratory into teaching, as she also
serves as an assistant adjunct professor and teaches several
classes at UCLA. In one of these classes, she met Vincent Le, a
current fourth-year student at UCLA majoring in Psychobiology.
Le’s interest in immunotherapy was sparked in his first year after
taking Dr. Peiyun Lee’s course “Stem Cell Biology, Politics, and
Ethics: Teasing Apart Issues.” Le was particularly fascinated by the
engineering of stem cells using CRISPR-Cas9, and this motivated
his desire to work in a lab that specializes in cell engineering.
Combined with his burgeoning interest in HIV and virology, this
inspired him to join Dr. Zhen’s lab, marking the beginning of his
own journey into immunotherapy research.

After three months of training in cell culture and viral
transduction techniques, Le began working on the CAR-NK cell
project. This project was based on a novel strategy to utilize NK
cells to enhance immune functionality, instead of the traditional
approach, which targets the HIV viruses themselves. Le’s two
years of research in the lab culminated in developing functional
CAR-NK cells from healthy donors, which show promise in
targeting HIV-infected cells. Le’s findings highlight the superior
efficacy of the Miltenyi Biotec NK MACS Medium—a specific
nutrient solution that supports NK cell proliferation—and the
successful transduction of NK cells with the D1D2-CAR-41BB
lentivirus, a genetically engineered virus that carries a blueprint
for a CAR protein designed to target HIV-infected cells, leading to
the production of fully functional CAR-NK cells.

For Le, the research process delved deep into uncharted
territory, as only limited information on CAR-NK cell clinical
trials exists worldwide. As a result, Le had to tackle a steep
learning curve as he explored the complexities of cell culture and
transduction. After overcoming challenges including inconsistent
donor NK cell responses and suboptimal transduction efficiency,
Le found that the NK MACS medium, combined with specific
concentrations of the cytokine signaling molecule interleukin-2
(IL-2), yielded promising results for NK cell expansion. Le also
investigated whether CAR-NK cells could address the limitations
of other immunotherapies against HIV. The innate ability of CAR-
NK cells to bypass the complications of graft-versus-host disease
(GvHD) positions them as a preferable candidate to CAR-T cell
therapies. Additionally, the ability of NK cells to directly target
and kill infected cells without the need for prior sensitization and
lower likelihood of initiating severe immune responses offers a
safer alternative for immunotherapy.

Inspired by his current progress, Le is set on translating the
successes achieved with CAR-NK cells in the lab (in vitro) into
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tangible results in living organisms (in vivo). Recognizing the
current limitations in the efficiency of CAR-NK cell transduction,
Le plans to refine this process by exploring whether different CAR
constructs will work better in different primary NK cells. Le then
aims to use humanized mice to test the in vivo efficacy of his
research, as he views implementation in mouse models as the
next step towards clinical translation. In particular, he intends
to collaborate with the UCLA Center for AIDS Research (CFAR)
Humanized Mouse Core Laboratory directed by Dr. Scott Kitchen
to test the efficacy of CAR-NK treatment in vivo using humanized
mouse models of HIV infection. The potential significance of Le’s
work transcends the boundaries of HIV treatment, setting the
stage for CAR-NK cells to ultimately be tailored to tackle a broad
range of chronic or terminal diseases. Given the global impact
of HIV, Le envisions a one-time, off-the-shelf CAR-NK-based
treatment, and with the promising shift towards more accessible
therapies, this may soon become a reality—a stark contrast to
the lifelong antiretroviral regimens that dominate current HIV
therapeutic strategies.

Relatedly, Le is exploring the impact of cannabis, specifically
the compounds tetrahydrocannabinol (THC) and cannabidiol
(CBD), on immune functions. This new avenue investigates how
these substances may affect the efficacy of CAR-NK and other
immunotherapies by potentially modulating the inflammation
caused by HIV. This research is particularly relevant given the
recent legalization of marijuana in California and the increasing
recreational and medicinal usage of cannabis, prompting
exploration of holistic and comprehensive approaches to
immunotherapy.

Le’s research journey has been more than simply an academic
endeavor; it is also deeply personal. His immunotherapy research
only expanded his interest in medicine, and he will begin
attending medical school in July, where he intends to continue
his biomedical research. Le’s determination to deliver improved
patient outcomes through translational research is not only a
career choice but a “lifelong interest” in bringing the power of
discovery from the microcosm of petri dishes to the macrocosm
of patient care.

Beyond spearheading scientific studies, both Le and Dr. Zhen
place significant emphasis on the importance of communicating
their findings to the public in order to encourage young students
to learn and break down the ivory tower of academia. In
particular, Dr. Zhen credits the growth of the immunotherapy
field to effective communication resulting in increased youth and
general public engagement. In her eyes, a good scientist should
be able to “describe [their] research to a seven year old.” The
ability to explain complex research in simple terms is not only
a communication skill—it is reflective of a scientist’s depth of
understanding, and to win both the attention and comprehension
of a seven-year-old would demonstrate a researcher’s ability to
convey the significance of their work to a general audience.
She encourages students and young researchers to engage in
community outreach for this reason, and also to connect their
research with its broader social implications.

Dr. Zhen and Le’s venture into CAR-NK therapy for HIV
exemplifies a commitment to exploring unconventional paths



in a field that not only requires incisive scientific acumen but
also empathy and an understanding of societal nuances. Their
research both advances immunotherapy and also encourages
the reevaluation of research priorities within the field of higher
academia. By embracing novel research methods, their approach
has the potential to lead to significant breakthroughs, especially
in areas previously hindered by scientific and social challenges.
Dr. Zhen and Le’s collaboration underlines the importance of
integrating translational research with public health efforts to
develop sustainable HIV treatments. It also exemplifies how
constant inquiry and embracing diverse perspectives are crucial
in driving healthcare innovation.

Vincent Le & Anjie Zhen are authors of “Production and Growth of
CAR-NK Cells to treat HIV Infection” on page 30.
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Bringing Gene Therapy to the Public: Increasing
Treatment Accessibility and Science Literacy

by Ahmad Ismail, Emily Lin, Caden Chow, Chloe Nelson, Lee Zucker-Murray
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Principal Investigator
Steven J. Jonas, MD, PhD

Department of Pediatrics,
University of California, Los Angeles

Gene therapy lies at the intersection of biological research and
genetic engineering—it is a rising medical technology where
disease-causing genetic mutations are either replaced with healthy
copies of a gene or are altered using gene editing tools to treat
genetic diseases, cancers, and other pathologies. The increasing
prevalence of gene therapy comes with concerns regarding equal
accessibility and public scientific literacy, particularly as these
approaches enter clinical practice. Understanding these concerns,
author Alicia Sanoyca and her advisor Dr. Steven J. Jonas have
worked towards developing a more accessible mode of delivery
for gene therapies.

Sanoyca is a fourth-year undergraduate student at UCLA
majoring in Microbiology, Immunology and Molecular Genetics
and minoring in Biomedical Research. Following graduation,
Sanoyca plans to pursue a PhD before working in the biological
research industry. Sanoyca had always been fascinated by the
process of scientific inquiry, and was particularly interested in
gene therapy research during college. As part of her Biomedical
Research minor, Sanoyca created a list of research topics that
she would be interested in exploring and a counselor from the
minor identified Dr. Jonas’s work as a good match for Sanoyca’s
interests in human cell culture and nanoparticles. Sanoyca joined
Dr. Jonas’s lab during her third year.

Prior to working with Dr. Jonas, Sanoyca explored her research
interests across a wide variety of fields. During high school,
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Sanoyca participated in the California State Summer School
for Mathematics and Science (COSMOS), a four-week summer
program at UC San Diego where she researched gene editing in
algae. After coming to UCLA, she continued to diversify her research
interests, conducting ecological research related to birds as well as
bioinformatics research into machine learning algorithms for cell
sorting. Over the past two summers, she worked at the Carnegie
Institute researching microscopic organisms called cyanobacteria
that live in the hydrothermal vents of Yosemite National Park,
studying their movement in response to light.

When Sanoyca first met Dr. Jonas, she was intrigued by his
discussion of accessible vehicles for gene therapy delivery. The
price tag of many pharmaceutical drugs poses significant barriers
for low-income patients, and Sanoyca was excited to contribute to
developing more accessible therapeutics. Dr. Jonas is an expert in
this field, having received his MD-PhD in Materials Science and
Engineering at UCLA under the supervision of Dr. Bruce Dunn,
and later completing his residency in Pediatrics and fellowship
training in Pediatric Hematology/Oncology at UCLA. In his
lab, Dr. Jonas uses his expertise in materials engineering and
overseeing the medical care of children with cancers and blood
diseases to develop nanotechnologies for safe, cost-effective, and
efficient delivery of gene therapies to immune and stem cells. Dr.
Jonas designs his therapeutics for precision pediatrics, which he
describes as a patient-tailored approach, particularly for childhood
cancer and other rare diseases.



Dr. Jonas’s lab specifically focuses on reducing the costs and
increasing the efficiency of pre-existing therapies to expand the
accessibility of such life-saving treatments. He mentions how his
research group aims to contribute to a portfolio of gene therapy
delivery approaches, as he does not believe there is a “silver bullet”
that will work for all diseases and patients. His lab works to “make
[gene] therapies more accessible to others [using] engineering
tools and principles,” particularly aiming to reduce the cost of
treatment. Sanoyca’s work specifically seeks to optimize the
formulation of lipid nanoparticles (LNPs), which are spherical
delivery vehicles made of fat molecules. LNPs can provide a
more sustained and controlled release of cargo, resulting in a
cheaper mode of delivering gene therapy machinery compared to
traditional approaches that use modified viral vectors.

Cystic fibrosis (CF) is a rare genetic disorder that harms multiple
organs of the body, particularly in the digestive and respiratory
system. This disorder affects a membrane transport protein in
cells that normally produce mucus, sweat, and digestive fluids.
In normal patients, these secretions are thin and slippery, but
for patients with CE they are much thicker. CF is a progressive
disease that requires patients to have constant care, impeding
regular daily activities. Sanoyca decided to focus her research
on CF due to the multiple mutations that can give rise to this
condition. Given that CF is a single-gene disorder, Sanoyca says
that “it could theoretically be solved by a single gene insertion.”
Based on the Pfizer and Moderna COVID-19 vaccines in which
mRNA is delivered via LNPs, Sanoyca and her graduate student
mentor Ruth Foley wanted to use LNPs to directly target bronchial
epithelial stem cells. In developing these LNPs, Sanoyca used lipids
that have been clinically tested in other therapeutic LNPs, but that
are also easily accessible to lower the resource burden.

When scaling drug models from the lab setting into the
hands of physicians, many considerations related to efficacy and
effectiveness need to be made. Sanoyca highlighted the importance
of consistency in laboratory results in order to minimize variability
when moving to larger sample sizes. The strategy would also have
to consistently maximize the transfection rate, which is a measure
of how efficiently therapeutic cargoes are delivered to the cell, in
order to optimize the treatment for in vivo testing. Furthermore,
existing literature on the topic reveals that poor particle integrity
causes inflammation when used in vivo in patients. Sanoyca points
out that the use of LNPs as a drug already introduces foreign
materials in the body that could potentially trigger immune
responses. Therefore, particle integrity and biodegradability
would be key to minimizing serious side effects, including severe
inflammation.

No research project is without challenges, and Sanoyca’s project
is not an exception. In terms of the project’s scope, Sanoyca notes
that gene delivery to specific target cell populations is difficult,
since LNPs are inherently nonspecific as a drug. She aims to deal
with this challenge by utilizing antibodies that are specific to
epithelial cells and attaching them to the surface of the LNPs. When
the LNPs are introduced in vivo, the epithelial-specific antibodies
will only attach to cells in the target tissue, effectively delivering
the LNP. Without this specific targeting, the LNPs could potentially
end up in other parts of the body, such as the liver, where they
would not be of much use as a treatment for CE
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While it may be challenging, exposure to independent research
provides many foundational skills for students seeking to pursue a
career in science. Dr. Jonas emphasizes that searching for a lab to
join as an undergraduate student is about finding your community
and an environment that will teach you the vocabulary of science:
“As you build up your vocabulary, you can start to string two words
together. If you can string two or three words together, you've got
a sentence. If you can put together a sentence you can put together
a question.”

At a large research institution like UCLA, undergraduate
students have the opportunity to gain exposure to many different
levels of the scientific research process. Sanoyca mentions
independent research has allowed her to become more cognizant
of experimental methodology and design. When working on her
independent project, she is responsible for the research from
start to finish. As such, Sanoyca also created her own research
design based on existing literature. Close evaluation of existing
papers revealed gaps in the field, so Sanoyca has been searching
for alternatives with the plethora of resources available at UCLA.
Working on her own project has offered her greater control over
her research, allowing her to grow as an independent researcher
more than when she participated in a more guided approach.
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For undergraduate researchers, the challenges often stretch
beyond the projects themselves and extend to logistical and
academic hurdles. In blunt terms, Sanoyca states that one of
her greatest limitations is that she “is a student and has classes.”
Currently, Sanoyca spends more time in her lab than in her classes.
Nevertheless, Sanoyca constantly has to schedule experiments
around her classes and other commitments, including her jobs and
her participation in a club sports team that competes at the national
level. Sanoyca says that her fragmented experimentation schedule
can be frustrating at times. In the lab setting, she describes how
“sometimes, you might conduct an experiment, have it fail, and
then realize that you need to change something.” The difference
between a normal lab setting versus her project as a student
researcher is the time Sanoyca needs to wait before restarting the
experiment. For Sanoyca, this waiting period can last multiple
days as she schedules around classes, exams, and projects.

Although Sanoyca’s research focuses on the delivery of gene
therapy for CE Dr. Jonas specializes in pediatric cancers, blood
diseases, and regenerative medicine. “[The] last time I took care
of someone with cystic fibrosis was in residency, but Dr. Gomperts
is a close colleague of ours who'’s also a pediatric oncologist and
a really big expert in the cells of the airway,” says Dr. Jonas.
Despite newly entering the field, Dr. Jonas was quickly adopted
into the CF research community, an experience he has found very
fulfilling. In doing so, he also found the wonderful collaborators
Dr. Brigitte N. Gomperts and Dr. Donald B. Kohn to bring their
knowledge and experience to Sanoyca’s project. This reflects Dr.
Jonas’s philosophy that values collaboration in asking questions
and devising solutions in his research.

Dr. Jonas’s emphasis on the importance of collaboration in
research was influenced by his postdoctoral advisor, Dr. Paul S.
Weiss, as well as his time working both in research and clinical
medicine at a collaborative institution like UCLA. In particular, Dr.
Weiss’s comment that “UCLA is a big vortex of collaboration” has
stuck with Dr. Jonas. Throughout his career, Dr. Jonas has greatly
benefited from both working with his collaborators and working
at such a large research and medical institution, which, despite
its size, still has researchers and physicians so proximal to one
another. “I can be across the street, rounding with my patients, and
then I can walk across the street to the lab, and on that walk over, I
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could see people who might be experts in the question that popped
in my head seeing a patient,” says Dr. Jonas, then remarking on the
willingness of scientists at UCLA to explore big problems.

The formulation of LNPs can extend beyond Sanoyca’s use
for the delivery of CF therapies to all gene therapies. This cost-
effective, materials-based focus, Dr. Jonas believes, is the next
step in gene therapy development. The existing gold standard
of gene therapy is to utilize natural viral vectors and manipulate
them to enact the necessary genetic modifications, but there is still
much to be desired in the field, explains Dr. Jonas. In particular,
current gene therapies are limited by size (i.e. how much cargo
can fit in one vehicle), insertional mutagenesis, immunogenicity,
and cost. Cost, in particular, is a large concern for Dr. Jonas and
his lab, as they focus on accessible technologies. Unfortunately,
the drug development pipeline is very expensive, in part because
of the necessary compliance to regulations that require costly
cleanrooms for manufacturing, as well as very specific and fine-
tuned formulations of the drug itself. Furthermore, the nature of
gene therapy is that every minor change to the cargo and editing
machinery requires large reengineering—almost starting from
scratch—which greatly adds to the cost. As a result, another
project in Dr. Jonas’s lab focuses on answering the question:
How cheap can you make cell transfection? Cell transfection is
necessary for research and application of gene therapies that
must infiltrate the cell in order to edit the DNA inside, but
not all facilities have access to the best, most expensive tools
for transfection. Dr. Jonas’s lab has found a way to successfully
transfect gene editing machinery and edit target genes for as low
as $7. “If folks had access to those types of tools, they’d be able to
have more freedom of creativity scientifically, or get more people
to engage in the conversation,” he says.

Despite these challenges in gene therapy, Dr. Jonas is optimistic,
stating that “it’s [in its] early days, but it’s reached the zeitgeist
at this point. It’s evolving rapidly.” In 2012, the first patent for
CRISPR/Cas9 (the gene editing gold standard technology) was
filed; in 2020, Emmanuelle Charpentier and Jennifer Doudna
were awarded the Nobel Prize in Chemistry for their work on
CRISPR/Cas9; and in late 2023, the FDA approved Casgevy, the
first CRISPR-based gene editing therapy to treat sickle cell disease.
With the increased development of gene editing technologies,
Dr. Jonas looks towards addressing the ethical and accessibility
concerns of this technology through not only his research, but also
by improving scientific literacy.




Given the amount of misinformation during the recent
coronavirus pandemic, Sanoyca stresses the importance of
scientific communication with the public. As a member of the
public herself, she remarks that absent a pandemic, scientists are
not making much of an effort towards outreach and education.
Specifically, she explained that the COVID-19 pandemic showed
that many people are scared of science, partially due to difficult
technical jargon and partially to the high cost of access. This high
cost is due to monopolies in scientific publication, which result in
science being hidden behind a paywall and often force the public to
trust a middleman source. She further recalls how, even before the
pandemic, some people were already hesitant of vaccines, but their
skepticism was not addressed. However, she also remarks that the
Centers for Disease Control and Prevention (CDC) did take steps
towards increasing public scientific literacy during the pandemic
through their weekly debriefings with Dr. Anthony Fauci. Although
Sanoyca is not convinced that this is sustainable during a time
outside of a pandemic, she believes that these efforts demonstrate
the need for more digestible pieces of scientific information.

Similarly, Dr. Jonas has been working towards public scientific
literacy, but he is doing so through his dual role as a physician-
researcher, which allows him to address such concerns on a
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patient level. An MD-PhD “gives you a different perspective on
how you treat medicine [and] how you treat your patients,” he
states, recounting how his PhD provides him with a different
perspective on which scientific questions to ask, while his MD
helps him contextualize his research—it has helped him become
“scientifically multilingual.” In particular, his fundamental science
and engineering knowledge has helped him logically think through
problems in the clinic that he otherwise may have panicked over.
Furthermore, Dr. Jonas has seen the impact that diseases—
diseases that he aims to treat through his research—have had on
his patients. Thus, he believes that researchers have a duty to at
least explore gene therapy avenues, especially for diseases with
a large impact on life expectancy and quality of life, such as CE
sickle cell disease, and childhood cancers.

Because gene therapy is such a broad area, Dr. Jonas stresses
that it will take concerted efforts from many different disciplines
to devise new strategies and tools to improve their accessibility
and efficiency, as well as provide patients suffering from currently
incurable genetic diseases with a definitive, curative approach
using gene therapy. He concludes, “Hopefully our lab is one
example at UCLA that is going to make a tiny little contribution to
all that moving forward.”
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Alicia J. Sanoyca & Steven J. Jonas are authors of “Optimizing lonizable Lipids in Nanoparticles for Human Bronchial Epithelial Cells” on page 23.
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Advancements in Skeletal Dysplasia Research:
From Genomic Discoveries to Clinical Solutions

by Agamroop Kaur, Ahmad Ismail, Emily Lin, Derek Ren, Joanna Rhim
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r. Daniel Cohn is a professor of Molecular, Cell, and

Developmental Biology and Orthopaedic Surgery at UCLA.
He joined the UCLA faculty in 2011, having previously taught
medical and graduate school students through his appointment
at the Cedars-Sinai Medical Center. Currently, his lab aims to
change how patients understand their disease diagnosis based
on the fundamental biological findings they discover.

As a Principal Investigator, Dr. Cohn’s lab focuses on
investigating the molecular basis of inherited disorders that affect
skeletal development, growth, and maintenance by conducting
genomic analyses in families with skeletal dysplasias—genetic
disorders that cause abnormal development of bone and
cartilage. He explains, “[in the lab] we study people—these are
people with genetic conditions—and we want to help them...
even if it’s just to better understand the disorder and what their
prospects for the future are.”

In 2007, Dr. Cohn began a research project focusing on a
family with spondylometaphyseal dysplasias (SMDs), a group of
short-stature disorders found to result from activating mutations
in the TRPV4 gene. While searching for a means of treating
the family’s condition genetically, Dr. Cohn’s lab came across
a unique finding that showed promise to address the cause of
the skeletal disorder: a mutation in a gene that codes for Ca?*
channels results in overactivated mutant channels. Ca?* channels
are an important focus as the channels control the influx of Ca?*
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into cartilage and other cells. This finding opened the door for
further analysis into the connection between abnormally high
calcium levels and disrupted skeletal development.

Dr. Cohn describes studying this disease as “opportunistic,” in
that the lab was in the unique spatial and temporal position to
have access to samples from patients with the disease and the
ability to characterize the genetic underpinnings of the disorders
from the samples. Unfortunately, a common limitation in genetic
research is that the diseases are so rare that there are only a
few affected people in the world. To address this issue, Dr. Cohn,
together with his colleague Dr. Deborah Krakow, directs the
International Skeletal Dysplasia Registry, which partners with
clinics and hospitals to collect material from patients with skeletal
diseases across the globe. In addition to developing the Registry,
Dr. Cohn has taken advantage of technological advancements in
genetic analysis that have allowed researchers to circumvent the
limitations of small sample sizes. Innovations from the Human
Genome Project (HGP) have led to the creation of automated
software that compares people’s genomes and reduces the need
for large families in order to study the basis of rare diseases.
Thanks to the broad coverage provided by modern genome
sequencing, the field of skeletal dysplasia has shifted research
towards exploring curative possibilities.

“It’s time to start making people’s lives better through treatment
and not just diagnostic testing.” -Dr. Cohn



Translational advancements in the field are crucial, since
research often races against disease progression in individuals.
While Dr. Cohn’s previous work has focused on fundamental
biological findings, the current trajectory of his lab has veered
toward a more bench-to-bedside approach. The aim now extends
beyond the mere acquisition of knowledge about the disease to
focus on the development of therapeutics that could tangibly
improve the lives of those affected.

Derick Diaz joins Dr. Cohn in this new direction. Diaz is
a fourth-year undergraduate studying Biology at UCLA and
is a first-generation student who met Dr. Cohn through the
Biomedical Science Enrichment Program (BISEP). Diaz’s research
journey began with the Program for Excellence in Education and
Research in the Sciences (PEERS) during his freshman year,
which supported his scientific interest in physiological disorders
through professional development opportunities, eventually
leading him to skeletal dysplasias and developmental biology.
Under the mentorship of Dr. Cohn, Diaz has immersed himself
in the complexities of genetic analysis and learned experimental
techniques including radiography and conducting quantitative
and qualitative assessments of development in mouse models,
contributing to his growth as a researcher and to the lab’s
findings as a whole.

As prior research in the Cohn Lab determined that mutations
in the TRPV4 gene produced a spectrum of skeletal dysplasias,
Diaz has worked to extend this research into understanding
whether the overactivity of the Ca%* channels can be “turned off”
via a targeted therapeutic. To test for the consequences of TRPV4
protein overactivity, Diaz studied a mouse model generated from
the lab to validate that it recapitulates the human TRPV4 skeletal
disorder phenotype. Comparing mice with the mutant TRPV4
gene to those with the wildtype gene elucidated the impact of
the mutation on skeletal development.

Diaz highlights reproducibility as a key challenge of his
research, as well as maintaining consistency when measuring
vertebral bodies, stating, “What’s the correct way to measure
them? What’s the most consistent [way to measure bones]
because not every bone is the same? Sometimes they have
abnormal shapes.”

Both Diaz and Dr. Cohn point to the need for trial and error,
as well as patience, when measuring bones based on radiographs
of the mice and conducting retrials as necessary to ensure
reproducibility and statistical significance. Their work eventually
led to the validation of the mouse model that presented skeletal
abnormalities consistent with the SMD Kozlowski type disorder
observed in human patients. The use of in vivo mouse models is
pivotal for therapeutic development, as it allows for the simulation
of disease progression and evaluation of treatments under
conditions that closely mimic those in human pathophysiology.

Currently, Dr. Cohn and his team are focused on preparing for
clinical trials of potential therapeutics, bolstered by the confidence
from their mouse models. One crucial aspect of this preparation
involves conducting a retrospective chart review of cases with
TRPV4 mutations available in the Registry. This meticulous
process involves combing through birth records, pre- and post-
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diagnosis medical records, X-rays, growth curves, and other
patient data. While navigating the extensive data from numerous
individuals may seem daunting, Dr. Cohn remains optimistic
about the potential insights to be gleaned, emphasizing how
many cases can come together to create a holistic understanding
of the disease. “We can think of 100 cases as 100 individual cases,
or we can think of 100 cases as 1 case and how [a disease] can
develop over time,” said Dr. Cohn.

As his laboratory transitions toward advancing the treatment
of skeletal dysplasia, Dr. Cohn reflects on what could be improved
in the research process, while recognizing there’s a collective
ambition to enhance the quality, affordability, and efficiency of
research in the field. A key aspect of achieving faster results is
the accessibility of information from a scientific perspective,
which not only aids the researchers but also benefits patients.
These next steps call for a collaborative approach, involving
both private and public partnerships. Such alliances are crucial
in marshaling the necessary resources, expertise, and technology
to accelerate research and development. Furthermore, these
advancements will depend on the support from philanthropic
organizations, government entities, and the technology sector,
creating a collective will to push the boundaries of what is
possible in medical science.

“Science builds on [the] success of people who came before
them,” said Dr. Cohn. As Dr. Cohn and Diaz continue to build
upon prior research efforts, they embody the convergence of
knowledge, mentorship, and the relentless pursuit of medical
advancement. Their journey, marked by innovation and the desire
to improve lives, serves as an inspiration for aspiring researchers.
Reflecting on his own growth and contributions, Diaz encourages
others to “give 120% of yourself and just go out there, meet
people, don’t be shy. I devoted 120% of myself to those programs
and what I'm studying.”

Derick Diaz & Daniel Cohn are authors of “The Effect of a TRPV4
Mutation on Skeletal Development in Mice” on page 47.
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New Lab? No Problem. An Undergraduate’s Journey
Towards Finding Her Place In Academia

by Elise Tran, Daniel Bielin, Emily Lin, Raphael Low, Siddhika Naik, Vivasvaan Aditya Raj
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ndergraduate students at UCLA place a lot of emphasis on

finding a lab that fits their academic interests. Aracely Garcia
Romero, a fourth-year undergraduate student at UCLA majoring
in Molecular, Cell, and Developmental Biology, discovered that
finding a supportive lab environment was far more rewarding
than sticking to her initial research interests.

When Romero first became involved with research, her
excitement for science quickly dulled due to the environment
created by a previous research mentor. Any time she made a
mistake, she felt embarrassed, rather than being encouraged to
treat it as a learning opportunity. At one point, her mentor even
suggested that she try a different career outside of STEM. The
constant stress and pressure led to feelings of nervousness and
anxiety, making it difficult to perform experimental procedures
correctly,. Romero was stuck in a perpetual cycle of anxiety
leading to poor performance, which then intensified her anxiety.
This hindered both her progress in the lab and the development
of her scientific acumen.

Throughout this experience, Romero kept all of her thoughts,
feelings, and struggles to herself. It wasn’t until several months
later, during her third year in college, that she found the courage
to speak to others about her experiences. It was through these
conversations with her friends and supportive lab members
that Romero decided to take the initiative to advocate for
herself. Romero attributes her resilience to having trusted peers
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supporting her every step of the way as she overcame the barriers
she faced in research.

“Feeling comfortable to at least try to get the support you
need [is important] because, at the end of the day, that’s really
what’s gonna help. I know it’s easier said than done, but [being]
able to reach out with the help of my support system, like my
friend group, changed the trajectory of my scientific career,”
said Romero.

Her previous negative experiences pushed her to search for
better mentorship. This led her towards a novel research path as
she began working under the tutelage of Dr. Elissa Hallem and
a postdoctoral fellow in the Hallem lab, Dr. Ruhi Patel. Romero
began working directly with Dr. Patel on understanding the
sensory-driven behaviors of parasitic worms—a significant shift
from the cancer research she initially wanted to pursue. Romero’s
new environment was filled with peers and mentors who were
open and understanding. In particular, Dr. Patel believed in
guiding Romero’s first attempts at unfamiliar procedures with
reassurance and constructive insights. This positive atmosphere
saw Romero’s anxiety ebb away and her confidence and love for
science return. It further enabled Romero to learn molecular
biology techniques such as plasmid cloning and gel electrophoresis
more efficiently than she would have imagined. Her knowledge of
molecular biology also grew as she felt increasingly comfortable
asking questions. Rather than harboring a fear of asking the



“wrong” questions, she learned to embrace the value of curiosity
in academia through the support of her lab mates. Now, she is a
confident budding scientist with a first-author paper published in
the Undergraduate Science Journal at UCLA.

A case in point is the experience Romero had with Dr. Patel
when she first learned to perform skin penetration assays, the
main behavioral assay of her paper. Skin penetration assays
consist of many moving parts and require memorization of a
complex procedure, attention to detail, and a steady hand. From
performing intricate behavioral measurements multiple times
to understanding the different rates of penetration for various
species, the procedure felt overwhelming for Romero to carry out.
Despite this, Romero learned to persevere through mistakes and
undesirable results. Romero credits the positive experience to the
environment Dr. Patel cultivated, where instead of disparaging
her mistakes, she empowered Romero to ask why something
went wrong and how she could improve.

“[Dr. Patel] allowed me to ask her anything, like why this
[experiment produced this result], and because I felt more
comfortable to ask people questions, the breadth of my knowledge
increased... I'm not fearful of talking to others. I know they
actually want to help me, so I definitely saw big progress and
how I [could] do things because of the way I felt,” said Romero.

Romero’s experience with Dr. Patel and her own growth in
the lab have inspired her to serve as a mentor for others in the
future. In particular, Romero hopes to play her part in reducing
the obstacles that aspiring scientists experience within academia.
Her goal is to ensure that future mentees feel comfortable talking
to her about matters both inside and outside the lab, and by doing
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so0, help them develop confidence in themselves and their abilities
to achieve their career goals. For Romero, science is fascinating
and an integral part of her life, but she has also learned that
mental health plays a critical role in achieving a fulfilling career.
As a mentor, she hopes to help people recognize that mental
health should take precedence in one’s scientific journey.

Romero said, “I learned [that] you do have to really take care
of yourself and make sure that you’re advocating for yourself,
and I learned that from [my] experience... 've definitely learned
all of these things [at UCLA] and I want to give back to others,
because what good is it to learn all these great things if you can’t
share it back to the future generations?”

Although Romero is not a mentor in academia just yet, she has
nevertheless found a way to instill confidence and curiosity in
young, aspiring scientists. In her first year, Romero joined Little
Librarians, a student organization at UCLA dedicated to teaching
STEM to underrepresented students in the Los Angeles area.
Seeing the joy in her students’ eyes as she teaches them scientific
principles has solidified Romero’s love for helping others. The
experience has also been beneficial for Romero, as she has
garnered a greater sense of patience and a deeper understanding
of the range of knowledge that young scientists possess.

As a first-generation Latina college student, Romero resonated
with the students she taught through Little Librarians, and they
also helped her combat her feelings of imposter syndrome.
Romero entered UCLA in 2020 when classes were fully remote.
Naturally, staying focused during classes in her first year was a
struggle. Romero faced difficulties in challenging lower division
STEM courses while, in her mind, her peers excelled. Romero’s
feelings of imposter syndrome were further exacerbated after
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hearing some of her peers make comments on how her life
science classes were easy. Although she now knows that many
students have gone through that same experience, she notes
that part of imposter syndrome is feeling like everyone else is
succeeding while you're sinking.

Romero also found support throughout her scientific journey
via research programs such as the Maximizing Access to Research
Careers (MARC) program. MARC is a two-year program funded
by the National Institutes of Health that works to diversify the
biomedical science field via research training, mentorship, and
networking opportunities. The program is aimed at providing
training for students from groups who are underrepresented
in science, including students who identify as Hispanic/Latiné,
who want to pursue a PhD or dual MD/PhD degree. As one of
the longest-standing MARC programs in the nation, the program
at UCLA is a well-oiled machine, with weekly journal clubs, an
extensive scientific network, and abundant support.

The directors and mentors in MARC provide constant support
and feedback with applications to other programs, including
Romero’s manuscript submission to the UCLA USJ. Their
willingness to help Romero as she developed her scientific and
critical thinking skills painted a picture of an ideal supervisor in
Romero’s mind, one she aspires to emulate in the future. MARC
and the experiences she gained through her research ultimately
solidified her passion for the biomedical sciences and her goal of
pursuing a PhD. In the future, Romero aims to become a professor
running her own parasitology lab and contribute to improving
public health in under-resourced communities while serving as a
trusted mentor for future generations of scientists.

As Romero reflected on her last year of undergraduate studies
at UCLA and her journey as a young biomedical scientist, she
emphasized the significance of choosing a lab based on the
environment rather than a specific scientific field. Before
joining the Hallem Lab, she thought her heart was set on cancer
research, but the experiences she gained from stepping outside
of her comfort zone introduced her to a new field and helped her
shape a different, brighter future. For Romero, UCLA and college
in general is a stage where one doesn’t have to be committed
to one specific research topic or scientific field. Instead, it can
be an opportunity to explore, learn, and try things one wouldn’t
experience otherwise.

Romero concluded, “Choosing the mentorship and the
environment over the brand or the specific science is really great
because you're going to learn a lot more and have a holistic
[experience]. Don’t be afraid to do research on something you
wouldn’t expect to have done because you're going to learn a lot.”

Aracely Garcia Romero & Elissa Hallem are authors of “Dopamine
Signaling Mediates Skin Penetration by Strongyloides stercoralis"
on page 68.
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ABSTRACT

Cystic fibrosis (CF), a monogenic disorder associated with chronic pulmonary infections and reduced lifespans, is a promising target
for gene therapy. However, efficient delivery of genetic cargo to airway basal stem cells remains challenging. Lipid nanoparticle (LNP)
technologies are a promising method of delivering biomolecular cargo, offering modularity and clinical precedence. This study aimed
to optimize the ionizable lipid component of LNPs to achieve maximal cell transfection while maintaining nanoparticle biocompatibility
for increased success in clinical applications. LNPs were synthesized with eight different ionizable lipid candidates and were evaluated
based on particle size, stability, and transfection ability in an immortalized human bronchial epithelial cell line. Overall, utilizing varying
ionizable lipid candidates yielded LNPs with diameters around 200 nm, polydispersity indexes of around 0.2, and mRNA encapsulation
efficiencies of around 95%. While LNPs synthesized with the ionizable lipid C12-200 had the highest transfection efficiency (80.5%), its
lack of biodegradability in vivo led to the selection of Lipid 5 as the best candidate (59.8% transfection). By screening ionizable lipids for
delivery to human bronchial epithelial cells, this study contributes to the development of a new scalable and clinically translatable LNP

delivery platform tailored for future CF genetic therapies.

INTRODUCTION

ystic fibrosis (CF) is a monogenic disorder, making it an ideal

target for LNP-based gene therapies. The pathology of CF stems
from mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene that results in disrupted ion transport in
epithelial tissues, dehydrated mucus formation, and progressive
respiratory injury (1, 2). Current CF treatments include CFTR
protein modulators or potentiators; however, patient lifespans
remain significantly reduced with a median age of survival between
44 to 53 years (3, 4). Further, roughly 10% of CF patients have
mutations not amenable to correction with modulators, with a
disproportionate burden on patients from minority backgrounds
(5), highlighting the need for mutation-agnostic therapies (6).
Current uses of the Clustered Regulatory Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 gene editing system in
CF treatment still require expensive recurrent treatment (7).
CRISPR-based whole-gene insertion into airway basal stem cells
would enable permanent correction of the CF phenotype in long-
lived progenitor cells (8). An effective CF gene therapy would
therefore require reliable and efficient delivery of CRISPR/Cas9
biomolecules to these cells in vivo.

Lipid nanoparticle (LNP) technologies are a promising
means for delivering biomolecular cargo into cells. The success
of COVID-19 vaccines from Pfizer-BioNTech (BNT162b2,
Comirnaty®) (9) and Moderna (mRNA-1273, Spikevax®) (10)
established the precedent for the large scale clinical deployment
of mRNA therapeutics. This study focuses on the optimization of

LNP formulas for the future goal of developing an aerosol-based
LNP system to deliver materials to make a site-specific integration
of the full CFTR gene (Figure 1). Furthermore, delivery of
genetic cargo via nebulized LNPs has been demonstrated (11),
but the bioavailability of ionizable lipid components has not
been considered, leaving room for improvement regarding
biocompatibility in vivo.

LNP components include phospholipids, cholesterol,
polyethylene glycol (PEG) lipids, and ionizable lipids, which
all influence LNP function and structure (12). Phospholipids
and cholesterols, which function as helper lipids, improve the
encapsulation and cellular delivery of negatively charged genetic
material (13). PEG lipids influence nanoparticle structure and
stability (14),aggregation,andcirculationtimeinvivo (15).Thisstudy
investigates the role of ionizable lipid moieties, which maximize the
encapsulation of negatively charged nucleic acids and facilitate
genetic cargo release via endosomal escape (16, 17). Ionizable lipid
structure plays an important role in the efficacy of LNP delivery
(Table 1). Amine-head groups, for example, undergo protonation
from the pH shift caused by the maturation of endosomes to
lysosomes, enabling fusion with the lysosomal membrane and
subsequent escape (18, 19). Furthermore, ester linkages allow for
hydrolysis, triggering self-degradation, nanoparticle collapse, and
subsequent cargo delivery (19).

By screening ionizable lipid components, this study aimed to
identify LNPs with the highest rates of transfection, or successful
mRNA integration into cells, without sacrificing cell viability. LNPs
synthesized via hand-mixing underwent initial quality control to
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ensure consistent particle sizes and high encapsulation rates to
maximize the delivery of genetic cargo. Overall, LNP formulations
yielded nanoparticles with diameters on the order of 200 nm,
polydispersity indexes (PdIs) ca. 0.2, and mRNA encapsulation
efficiencies around 95%. After establishing that ionizable lipid
identity influenced transfection rates, LNP formulas were optimized
to maximize successful delivery of green fluorescent protein (GFP)
mRNA into human basal epithelial cells (HBEs). Low transfection
rates and lack of ester linkages, structures linked to biodegradability
in vivo (20), ruled out some lipids. Lipids associated with the
highest transfection rates and biocompatibility included SM-102,
Lipid A6, and Lipid 5, which all have similar chemical structures
(Table 1). While C12-200 displayed the highest transfection
efficiency (80.5%), its lack of biodegradability led to the selection
of Lipid 5 as the best candidate, which had a transfection efficiency
of 59.8%. The modular nature of LNPs offers optimization avenues
for various targets, and this study offers insight into developing an
LNP platform tailored for CF gene therapies.

METHODS

Materials

16HBE140- Human Bronchial Epithelial Cell Line (16HBE),
Trypsin-EDTA, L-Glutamine, and human fibronectin were
purchased from Millipore Sigma, Sigma-Aldrich (Burlington, MA).
Tonizable lipids SM-102, CKK-e12, C12-200, 3060i10, ALC-0315,
Lipid A6, and Lipid 5 were obtained from Echelon Biosciences (Salt
Lake City, UT), and OF-02 from MedChem Express (Monmouth
Junction, NJ). DOPE, DC-Cholesterol, and DOPE-PEG 1,000 were
acquired from Avanti Polar Lipids (Alabaster, AL). Trypan Blue
Stain (0.4%), eBioscience™ 7-AAD Viability Staining Solution,
and Gibco™ Penicillin-Streptomycin were purchased from Thermo
Fisher Scientific (Waltham, MA). CleanCap® Enhanced Green
Fluorescent Protein (eGFP) mRNA was purchased from TriLink
Biotechnologies, Maravai LifeSciences (San Diego, CA). Minimum
Essential Medium Eagle (MEM), with Earle’s salts and sodium
bicarbonate, without L-glutamine, liquid, sterile-filtered, suitable
for cell culture, and PureCol Collagen were obtained from Sigma-
Aldrich (Burlington, MA). Bovine Serum Albumin (BSA) Fraction
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V was acquired from Roche (Indianapolis, IN). Heat-inactivated
Fetal Bovine Serum (FBS) was obtained from Omega Scientific,
Inc. (Tarzana, CA).

Cell Culture

E10 cell culturing media was prepared by combining MEM with
10% FBS, 1% penicillin-streptomycin, and 20 mM L-glutamine.
Flasks were coated with an extracellular matrix (ECM) mixture
composed of a-MEM with 10 pg/mL human fibronectin, 100 pg/
mL BSA, Fraction V, and 30 pg/mL PureCol Collagen. 16HBE
cells were cultured in E10 at 37°C in ECM-coated flasks. Passages
were performed when cells exhibited >80% confluence through
incubation with 0.25% Trypsin-EDTA at 37°C for 8 min, then
quenched with E10.

LNP Formulation and Characterization
LNPs were synthesized via hand-mixing of an aqueous phase
with an organic lipid phase at a flow rate of 3:1. The organic
phase consisted of a lipid film resuspended in ethanol to achieve
a concentration of 65 mM ionizable amines. Lipid films comprised
50 mol% ionizable lipid, 10 mol% DOPE, 38.5 mol% DC-
Cholesterol, and 1.5 mol% DOPE-PEG1k. Ionizable lipids tested
included SM-102, CKK-e12, C12-200, 3060i10, ALC-0315, OF-
02, Lipid A6, and Lipid 5. Each ionizable lipid was tested on at
least two separate days, with SM-102 held constant among each
batch. Following resuspension, the solution was vortexed for
1 min and sonicated for 5 min. The aqueous phase contained
eGFP mRNA, a representative reporter cargo for mRNA-based
therapeutics, suspended in citric acid buffer (50 mM, pH 4) to
maintain a nitrogen to phosphate (N/P) ratio of 7. Mock LNPs
were synthesized without mRNA. eGFP mRNA cargo was chosen
as a proxy for mRNA therapeutics because it demonstrates the
successful delivery of functional mRNA cargo into cells by LNPs.
Additionally, GFP is an established reporter system, relatively
inexpensive, and readily available. All LNP solutions were diluted
1:3 with phosphate-buffered saline (PBS). Benchmarks for LNP
quality included diameters below 400 nm, PdI values below 0.3,
and encapsulation efficiency of eGFP mRNA above 80%.

A 1:300 LNP:PBS solution was used for dynamic light scattering

functional

I cFr
[HIHIIUIHIH

5' UTR of nonfunctional
CFTR gene
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Figure 1: Schematic diagram of the proposed design of aerosolized cystic fibrosis (CF) treatment.

Lipid nanoparticles (LNPs) containing mRNA that encode for the Cas9 nuclease of the Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR)
system and a template of the functional cystic fibrosis transmembrane regulator (CFTR) gene will be introduced to patients as a nebulized treatment. Upon
reaching the target cell’s surface, the LNPs will be taken up and undergo endosomal escape to release the genetic cargo into the cytosol. There, the cell’s internal
machinery will use the mRNA to synthesize the necessary components of the CRISPR/Cas9 system. The CRISPR/Cas9 system will then make a targeted insertion
of the CFTR gene in the 5’ untranslated region (UTR) of the patient’s nonfunctional CFTR gene.
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(DLS) analysis to quantify diameter and polydispersity (21).
For DLS analysis, samples were analyzed using a Malvern Zetasizer
at the Nano and Pico Characterization Lab at the California
NanoSystems Institute. The diameter of LNPs was measured as a SM-102 f”

Z-average (Z-avg) score, indicating the intensity weighted mean _f"' = = m = = =z M BN
of particle distribution, and polydispersity was quantified by PdI, i s Ry <
denoting the normalized width of the Gaussian distribution (22). e
Two rounds of five-measurement averages were collected for each
sample. The Quant-iT™ RiboGreen™ RNA Assay (Invitrogen) was Lipid 5 ™

used to evaluate the percentage of mRNA successfully taken into ] m
the LNPs, or encapsulation efficiency. RiboGreen measurements

were taken on a Varioskan LUX Multimode Microplate Reader and m
data was collected via SkanIt Microplate Reader Software.

All results were processed and analyzed using GraphPad ALC-0315 HO G~~~
Prism. A Shapiro-Wilk test (a=0.05) confirmed the normality of %95
distribution among diameters and PdIs of the different ionizable 1o ¥ I
lipids. Brown-Forsythe and Welch ANOVA tests (a=0.05)
were used to evaluate differences in diameter and PdI values .

- _ , . Lipid A6 %1
among the lipid panel (a=0.05), and a Dunnett’'s T3 multiple s
comparisons test (a=0.05) was run to determine the relationships l_"d_l ~ ;‘i,l«
between ionizable lipid pairs. Differences between encapsulation
efficiency means were evaluated using a Kruskal-Wallis ANOVA
test (a=0.05).

lonizable Structure
Lipid

C12-200

Cell Plating and Treatment
16HBEs cultured in flasks underwent a 2x PBS rinse before
being trypsinized with 0.25% trypsin-EDTA for 8 min at 37°C. A
Countess II FL. Automatic Cell Counter from Invitrogen, Thermo
Fisher Scientific was used to determine the concentration of
the solution, and an average of two measurements was used CKK-e12 Ho -
in further calculations for seeding well plates. 16HBEs were (I} o L -
seeded in 96-well plates coated with an extracellular polymeric ~ Yo N o ‘
substance (EPS) matrix at a concentration of 20,000 cells per well — o Ny
and a volume of 100 uL per well. For each ionizable lipid being - “on
tested, three wells were seeded for the experimental group and
three wells were seeded for the mock LNP group. An additional
OF-02

three wells were seeded every round for the untreated control Y&y
group, which would not be exposed to LNPs. The plate was then
incubated at 37°C for one day before being treated with LNPs. =

One day following initial plating, the old E10 was removed from "
each well and replaced with 100 pL of fresh E10. Each well was then o on
treated with 50 pL of a solution made from 2.29 pL LNP solution
and 197.7 pL PBS to achieve a final GFP concentration of 1 ng/pL. 3060i10
Cells were incubated for 24 hours before GFP expression analysis.

Flow Cytometry
Expression of GFP by cells was measured one day after treatment I ) P R )

through Flow Cytometry. Cells were detached from well plates v o

using 0.25% Trypsin-EDTA, quenched with E10, and then spun

down at a relative centrifugal force (RCF) of 500 for 5 min. The _ . .

supernatant was removed, and cells were resuspended in 200 pL Ul s immieyen o roimnfe et cel R ae, S :

K e i Amine head groups, indicated by blue boxes, play a significant role in
flow buffer, which was produced by mixing 1x PBS with 20% E10 mRNA delivery. Ester linkages, indicated by red boxes, allow for hydrolysis
medium. 7-AAD dye was added to each sample before they were and subsequent cargo delivery. lonizable lipids SM-102 and Lipid 5 have

] _ nearly identical structures, differing only in the placement of one ester
passed thrOUgh ﬁlte'red Cal,) ﬂO.W cytometry tUb,eS. ,The tubes linkage, and ALC-0315 contains an additional hydrocarbon chain. Lipid A6
were then placed on ice until being run on a BD Biosciences LSR is the only ionizable lipid with a triple bond within its hydrocarbon chain.
II at the UCLA Broad Stem Cell Research Center Flow Cytometry lonizable lipids C12-200, CKK-e12, and OF-02 all lack ester linkages,

Core. Data collected was processed on FlowJo and plotted using contain a central ring structure, and possess higher numbers of amine

. groups compared to other candidates. Lipid 3060i10 contains the highest
GraphPad Prism. combined number of amines and ester linkages with three and four
All GFP fluorescence measurements were compared to mock groups, respectively.

and untreated cells, as dead cells exhibit slight autofluorescence
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(23). All results were processed and analyzed using GraphPad
Prism. A Shapiro-Wilk test (a=0.05) confirmed the normality
of distribution. When applicable, results were confirmed with a
Kolmogorov-Smirnov test (a=0.05). Brown-Forsythe and Welch’s
ANOVA tests were used to evaluate statistical differences among
means (a=0.05), and a Dunnett’s T3 multiple comparisons
test (a=0.05) was run to determine the relationships between
ionizable lipid pairs.
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Figure 2: The impact of ionizable lipids on LNP morphology.

Fluorescence Microscopy

One day after treating the cells, an Echo Revolve Microscope
was used to take fluorescence microscopy images of each
well at 4x and 10x magnifications. Brightfield images of the
cells and their fluorescence were taken and overlaid to depict
which cells expressed GFP. For each well, one 4x and two 10x
images were taken of randomly selected regions with >60%
confluence.
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Liquid nanoparticles formulated with one of eight ionizable lipid candidates were synthesized via hand mixing and evaluated in terms of particle size, polydispersity,
and encapsulation efficiency. Means of two or more biological replicates were plotted with standard deviations. Unbound lines represent comparisons of all
ionizable lipids with each other via Brown-Forsythe and Welch’s ANOVA test (a=0.05), and bound lines indicate pairwise comparisons of the outermost lipids.
Asterisks indicate the statistical significance of Dunnett’s T3 multiple comparisons test (a=0.05), one or two stars representing p<0.05 and p<0.01 respectively,
and ns denoting not statistically significant. (A) The mean diameters (Z-ave) of the ionizable lipid panel show statistically significant differences, suggesting a link
between lipid choice and diameter. (B) Pairwise comparisons of a subsection of the lipid panel are highlighted. (C) The mean Polydispersity Index (Pdl) values
and (D) mean encapsulation efficiencies, measured by fluorescence-based RiboGreen encapsulation assays, do not show a dependence on ionizable lipid choice.
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Figure 3: Impact of ionizable lipids on cell viability and LNP transfection efficiency.

LNP transfection of 16HBE140- Human Bronchial Epithelial Cells (16HBEs) was quantified using green fluorescent protein (GFP) expression through flow
cytometry and fluorescence microscopy. (A) The mean viabilities, or percent of single cells that are alive, are plotted with standard deviations. None of the
viabilities were statistically significantly different from one another. (B) The mean transfection levels, or percent of live cells with GFP expression, are plotted
with standard deviations, showing the impact of ionizable lipid choice. Bound lines indicate pairwise comparisons of the outermost lipids. Asterisks indicate
the statistical significance of Dunnett’s T3 multiple comparisons test (@=0.05), one to four stars representing p<0.05, 0.01, 0.001, and 0.0001 respectively. The
untreated control is included but was not used for statistical analysis. (C) Fluorescence microscopy images overlaid on brightfield images of HBEs treated with

mock and experimental LNPs. Scale bars 180 nm.

RESULTS

lonizable Lipid Choice Affects LNP Size

The diameters of lipids 3060i10 (284.2 nm) and OF-02 (371.7
nm) were both statistically significantly larger than SM-102
(196.5 nm), Lipid A6 (145.3 nm), Lipid 5 (144.3 nm), Cl2-
200 (226.7 nm), and ALC-0315 (177.3 nm) with a p-value of
at least p<0.05 (Figure 2A). The diameter of CKK-e12 was not
statistically significantly different from any other lipid. The
diameter of SM-102 was statistically significantly larger than
Lipid A6 and Lipid 5 (both p=0.0389). There was no significant
difference between the diameters of ALC-0315, Lipid A6, and
Lipid 5. Lipid 5 had the smallest coefficient of variation at 1.9%,
followed by Lipid A6 at 2.9%. All other coefficients of variation
were between 5% and 20%, with the highest being SM-102 at
19.5% (Figure 2B).

There was no statistically significant difference among mean
PdI values (p=0.2642 for Brown-Forsythe ANOVA test and
p=0.3216 for Welch’s ANOVA test). PdI values ranged from a low
of 0.18, associated with C12-200, to a high of 0.31, associated
with 3060i10. 3060i10 and C12-200 had the largest coefficients
of variation, with 47.2% and 53.7% respectively (Figure 2C).
There was no statistically significant difference among the mean
encapsulation efficiency values of any ionizable lipids (p=0.0958).
Encapsulation efficiencies ranged from a low of 88%, associated
with OF-02, to a high of 99%, associated with Lipid 5 (Figure 2D).

Flow Cytometry Reveals lonizable Lipid Choice Affects
Transfection of 16HBEs with LNPs

No statistically significant difference was observed among cell
viabilities. C12-200 had the lowest percent viability at 67.4%,
followed by OF-02 at 74.1%. The cells not treated with LNPs had
a percent viability of 77.5%. Cells treated with LNPs synthesized
with OF-02 and C12-200 had the highest coefficient of variations

at 14.8% and 18.0% respectively. Cells treated with all other
conditions showed coefficients of variation between 2% and 9%
(Figure 3A).

A statistically significant difference was observed among mean
GFP expression levels (p<0.0001). C12-200 had statistically
significantly higher GFP expression than SM-102 (p=0.0003),
CKK-el2 (p=0.0103), 3060il0 (p<0.0001), ALC-0315
(p<0.0001), and Lipid A6 (p=0.0378). C12-200 had 80.5%
transfection, SM-102 had 51.7%, CKK-e12 had 38.8%, 3060i10
had 23.3%, ALC-0315 had 35.4%, and Lipid A6 had 68.5%.
Compared to C12-200, the only ionizable lipid with no statistically
significant difference in eGFP expression was Lipid 5, which had
a mean transfection of 59.8%. Cells treated with Lipid A6 did not
have statistically significantly higher GFP expression in comparison
to cells treated with SM-102 or Lipid 5 LNPs. Overall, cells treated
with 3060i10 and ALC-0315 LNPs had significantly lower GFP
expression, while cells treated with C12-200 LNPs had the highest
transfection rates. Cells treated with C12-200 LNPs had the lowest
coefficient of variation at 5.1%, followed by ALC-0315 and Lipid
A6 LNPs at 7.3% and 8.1% respectively. The cells treated with
LNPs synthesized with the remaining ionizable lipids had higher
variances of above 29% (Figure 3B).

Fluorescence Microscopy Reveals Successful Transfection
of 16HBEs with LNPs

Each of the ionizable lipid candidates expressed GFP fluorescence
that aligned with cell borders, suggesting successful transduction
of cells (Figure 3C). Mock and untreated cells were also imaged
as controls, which showed little to no fluorescence.

DISCUSSION

Substitution of different ionizable lipids did not significantly
impact the encapsulation efficiency or PdI of LNPs (Figures
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2C, 2D). Diameter, however, was impacted as 3060i10 and OF-
02 LNPs exhibited with significantly larger diameters than the
other tested lipids, ruling these candidates out for ionizable
lipid selection (Figure 2A). Clathrin-mediated endocytosis, a
mechanism of LNP uptake by cells, has been shown to have an
upper limit of 200-300 nm, with smaller nanoparticles showing
increased cellular uptake (24). Size restrictions for endocytic
uptake into cells necessitate investigation into optimizing
LNP formulas to ensure consistent production of the smallest
LNP diameters. Overall, the smallest LNPs were generated by
ALC-0315, Lipid A6, and Lipid 5, among which there was no
statistically significant difference in size (Figure 2B).

Because cell viability did not exhibit statistically significant
change compared to the untreated controls, cell death was not
correlated with LNP treatment (Figure 3A). Therefore, transfection
efficiency was the main metric for determining which ionizable
lipid would be favored in future LNP formulations. The goal was
to design a delivery vehicle that would have the highest efficacy
in vivo, focusing on high transfection ability so fewer LNPs would
need to be synthesized and delivered to patients, reducing costs
and manufacturing burdens. Fluorescent microscopy provided
visual confirmation that LNPs were able to successfully transfect
16HBEs, as the cells were able to internalize and express the
encapsulated eGFP mRNA (Figure 3C). Flow cytometry analysis
revealed that C12-200 LNPs displayed the highest transfection
based on percent GFP expression in single, live cells (Figure 3B).
However, further considerations were made before determining
the best ionizable lipid candidate.

Biodegradability in vivo is important to ensure that LNP
components are not circulating within the body for long
periods after performing their intended function, potentially
triggering a prolonged immune response (25). One factor
affecting biodegradability is the presence of ester linkages
within lipid structures (20). Studies comparing more
bioavailable ionizable lipids, such as 3060il10, to Cl12-
200 have shown decreased immune activation in vivo for
ionizable lipids that contain multiple ester linkages (26). Ester
linkages are chemically stable at physiological pH but can be
hydrolyzed by esterase or lipase when present in tissues or cells
(27, 28). Cleavage of ester linkages results in hydrophilic products
more readily degraded within physiological conditions, reducing
the circulation time of LNP components following the successful
delivery of genetic cargo (28). Of the screened ionizable lipids, C12-
200, CKK-e12, and OF-02 do not contain degradable ester linkages
(Table 1). Due to concerns regarding potential immune system
stimulation in vivo (25), C12-200 would not be recommended for
use in clinical applications despite the high associated transfection
ability, prompting considerations of the next best lipids.

Focusing on ionizable lipids with ester linkages, flow cytometry
revealed that some candidates exhibited transfection efficiencies
on par with the C12-200 LNPs. In particular, Lipid 5 prevailed as
a strong candidate for ionizable lipid selection because Lipid 5
LNPs did not have a statistically significantly lower transfection
efficiency than C12-200 LNPs (Figure 3B), and Lipid 5 contains
two ester linkages (Table 1). SM-102, the ionizable lipid with
clinical precedence in Moderna’s COVID-19 vaccine (29), has
almost an almost identical structure to Lipid 5, differing only
in the placement of one ester linkage (Table 1). Furthermore,
cytotoxicity tests evaluating Lipid 5 have shown minimal immune
activation and rapid lipid clearing from tissue (30). These

28 UCLA UNDERGRADUATE SCIENCE JOURNAL

favorable characteristics made Lipid 5 a promising ionizable lipid
candidate, as LNP formulations incorporating it offer adequate
cell transfection with advantageous features such as increased
bioavailability and minimal cytotoxicity.

Limitations of this study included small sample size, as most lipids
only contained two biological replicates which were three technical
replicates each. Small sample sizes resulted in high standard
deviations of measurements, which affected statistical significance
testing. Furthermore, hand mixing introduced variability in lipid
quality that may have affected diameter and PdI values. Thus, future
experiments will utilize microfluidic chip mixing which will ensure
sustained flow rates, decreasing particle diameters and Pdls (31).

CONCLUSION

The goal of this undergraduate research project was to screen
ionizable lipid components and evaluate which candidates
would yield LNPs with the highest transfection while maintaining
particle integrity and cell viability. It was observed that Lipid
5 was the best candidate for maximizing LNP transfection
efficiency while maintaining biodegradability in vivo through
the inclusion of ester linkages.

Current LNP delivery systems that target lung epithelia include
selective organ targeting (SORT) nanoparticles, but mediation
of CRISPR-based whole-gene insertion is yet to be achieved
(32). Aerosol-based delivery would directly deposit gene editing
molecules to the airway epithelium, limiting off-target editing
in comparison to systemic delivery; however, the destructive
nebulization may cause damage to sensitive cargoes (33). High
PEG concentrations and sitosterol have shown increased aerosol
stability and transfection ability (34). Future directions include
optimization of the other components of LNP formulation, including
cholesterol and PEG-lipid constituents. Once the optimal LNP
formulations are identified, the effects of LNP nebulization will be
studied to determine particle stability during aerosolization. Air-
liquid interface (ALI) cultures will enable direct testing of nebulized
LNP suspensions. While delivery of genetic cargo via nebulized
LNPs had been demonstrated (11), the bioavailability of ionizable
lipid components had not been considered. By accounting for
biodegradability in ionizable lipid selection, this project offers
alternative LNP formulations that can be tested in in vivo systems.

Furthermore, site-specific integration of the full CFTR gene
has not yet been achieved, and targeting specific progenitor
cell populations remains a challenge. The overarching goal is to
design a nebulized gene therapy solution where a functional CFTR
gene is inserted at the 5’ untranslated region of a CF patient’s
dysfunctional CFTR gene (Figure 1). Future experiments will
transition from eGFP-encoding mRNA cargoes to CRISPR/Cas9
gene editing reagents, as the end goal is to develop an optimized
vehicle for the delivery of therapeutic gene editing cargo for the
treatment of CE
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ABSTRACT

The ability of natural killer (NK) cells to destroy virally infected cells makes them a viable option for treating human immunodeficiency
virus (HIV). Cell therapy through NK cells is of significant interest because NK cells do not require human leukocyte antigen (HLA)
matching, making it possible to use NK cells to produce a readily available treatment. Chimeric antigen receptors (CAR) are synthetic
receptors that can engineer immune cells to recognize and bind to specific antigens. This paper aims to investigate the potential of
chimeric antigen receptor natural killer (CAR-NK) therapy as a potential cure for HIV. An optimized CAR lentivirus, named D1D2-CAR-
41BB, can effectively kill HIV-infected cells. D1D2-CAR-41BB is used to investigate the growth and functional ability of CAR-NK cells.
The methods involved producing CAR lentivirus, expanding and maintaining NK cell cultures, transducing NK cells with CAR lentivirus,
and performing cytokine assays to assess CAR-NK functionality. The experiments demonstrated that functional CAR-NK cells can be
produced from healthy donors’ peripheral blood mononuclear cells (PBMC) by culturing them in NK cell expansion media with cytokines.
The experiments compared two culture media and found that the Miltenyi Biotec NK MACS Medium significantly outperformed the
ImmunoCult NK cell expansion kit in inducing primary NK cell proliferation and lentiviral transduction. The successfully transduced and
expanded NK cells secrete IFN-y when co-incubated with HIV envelope positive expression cells, indicating potential therapeutic use
against HIV. To further optimize CAR-NK function, future experiments should involve the use of stimulators of interferon genes protein
(STING) agonists to promote stronger immune responses against HIV by activating the STING pathway. This paper aims to give insights
and further the developments in cell and gene therapy for the treatment of HIV

INTRODUCTION

uman immunodeficiency virus (HIV) is a retrovirus that

disrupts the biological mechanisms of the body’s immune
cells by targeting CD4+ T cells, which are important for fighting
diseases and infections. HIV binds to CD4+ T cells and destroys
them, leading to acquired immunodeficiency syndrome (AIDS)
(1). Despite the development of antiretroviral therapies that
mitigate the effects of HIV infection, HIV remains prevalent
globally as there is no cure for the disease (2).

Current efforts to combat HIV involve chimeric antigen
receptors (CAR). CARs are created in the lab to engineer immune
cells that combat specific antigens, such as HIV (3). The CAR
viral vectors are packaged into lentiviruses and inserted into
the genomes of desired immune cells, which then recognize and
bind to cells that present the target antigens. The Zhen Lab at
the UCLA AIDS Institute optimized a chimeric antigen receptor
lentivirus, named D1D2-CAR-41BB, that can kill HIV-infected
cells in animal models and be used with natural killer (NK) cells
to develop a potential cure for HIV (Figure 1) (4). D1D2-CAR-
41BB is a truncated variant of the full-length CD4 CAR. It does
not interact non-specifically with Interleukin 16 (IL-16) and does
not mediate HIV infection by CD4.

NK cells are white blood cells in the innate immune system
that are crucial to killing virally infected and tumorigenic
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cells. NK cells can eliminate infected cells through direct cell
cytotoxicity or the production of pro-inflammatory cytokines,
including interferon-gamma (IFN-y) (5). CD107a is a distinctive
degranulation marker for NK cells and acts as an indirect
measure of cytotoxic activity (6). CD56 is a phenotypic marker
for NK cells (7) and interleukin 2 (IL-2) is an important cytokine
that stimulates the proliferation of NK cells (8). Engineering NK
cells is of particular interest due to their ability to recognize and
eliminate virally infected cells even without previous exposure
to the virus.

Chimeric antigen receptor natural killer (CAR-NK) cells are
engineered NK cells that express CAR through genetic modification.
CAR-NK cell therapy presents potential advantages over other
CAR cell therapies due to its improved safety in both autologous
and allogeneic settings, along with multiple mechanisms of
activating cytotoxicity (9). Moreover, stimulators of interferon
genes protein (STING) agonists like cyclic guanosine adenosine
monophosphate (cGAMP) were found to effectively enhance
CAR-NK cell function against pancreatic cancer (10). These
findings suggest STING agonists may enhance the functionality
of CAR-NK cells against HIV. BDW is a recently discovered STING
agonist that is structurally different from cGAMP. BDW’s binding
mechanism allows it to work on the natural STING 230A variant,
whereas ¢cGAMP works on both wild-type STING and STING
230A (11). Currently, the furthest developments of CAR-NK



cell therapies are in the clinical trial phase for the treatment of
hematological malignancies and tumors (12). HIV is a reasonable
extension of the ongoing research for CAR-NK therapy because
HIV has distinct markers that are identifiable by an anti-HIV CAR
inserted in NK cells, similar to how CAR-NK cells are engineered
to recognize and eliminate cells with tumor markers.

Current HIV treatments require lifelong antiretroviral
medication use, which only inhibits HIV activation and replication.
CAR-NK cell therapy can offer a viable approach to cure HIV by
directly targeting and eradicating HIV-infected cells, eliminating
the lifelong need for HIV medication. Furthermore, CAR-NK
cell therapy does not require human leukocyte antigens (HLA)
matching, a process where cell antigens must align between a
donor and recipient for a transplant to occur. This allows CAR-
NK cell therapy to be an accessible product and eliminate the
one-donor, one-patient limitation (13). This paper aims to
advance CAR-NK cell therapy as a cure for HIV by investigating
its feasibility (Figure 2). This paper hypothesizes that functional
CAR-NK cells can be produced from primary healthy donors’
peripheral blood mononuclear cells (PBMCs) by culturing PBMCs
in NK cell expansion media with cytokines.

CD4 CAR D1D2 CAR

438
3

Figure 1: Comparison of CD4 Chimeric Antigen Receptor (CAR) and
D1D2-CAR-41BB molecules.

A schematic review of CD4CAR and truncated D1D2-CAR-41BB molecules
is shown. The CD4CAR will be present on the immune cell membrane
after the genome has been inserted. The truncated D1D2-CAR-41BB is
an optimized variant of the full-length CD4CAR which does not interact
non-specifically with IL16 and does not mediate human immunodeficiency
virus (HIV) infection by CD4. The D1D2-CAR-41BB was shown to more
effectively suppress HIV infection in vivo. This figure was adapted from a
publication by A. Zhen et al., with authorized permission for its utilization (4).

METHODS

Lentivirus Production

The GFP control vector and CAR vectors, which are both lentivirus-
based, were produced in 293FT cells using the Lipofectamine 2000
reagent (Invitrogen). The 293FT cells were co-transfected with

PRODUCTION AND GROWTH OF CAR-NK CELLS TO TREAT HIV INFECTION

CAR vectors that include pCMV.AR8.2.Avpr packaging construct
and the pCMV-VSV-G envelope protein plasmid. This process was
done to produce more lentiviral vectors that would be later used
to transduce NK cells. The supernatant was collected from 293FT
cells 48 hours after transfection, filtered using a 0.45 pm sterile
filter, and concentrated by ultracentrifugation using a Beckman
SW32 rotor at 30,000 rpm at 4°C. The medium was aspirated and
the pellet was resuspended with PBS and stored at -80°C.
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Figure 2: Experimental design for the production of chimeric

antigen receptor natural killer (CAR-NK) cells from peripheral blood
mononuclear cells (PBMCs).

PBMCs are obtained from a healthy donor and expanded. Insertion of a
D1D2-CAR-41BB lentivirus facilitates transduction into CAR-NK cells.

NK Cell Expansion and Transduction

In the initial trial to optimize media selection for NK cell expansion,
500,000 fresh PBMCs from donors were cultured in the NK MACS
Basal medium (Miltenyi Biotec) and ImmunoCult NK Cell Basal
Medium (STEMCELL technologies) with recombinant human IL-
2. To determine the optimal cytokine concentration that would
enhance NK cell expansion, two different concentrations of
IL-2 were tested for maximum efficacy in NK cell expansion: 50
ng/ml and 500 ng/ml. To derive and expand NK cells, PBMCs
were cultured in the NK MACS Basal medium with 50 ng/ml
recombinant human IL-2 because the two concentrations did
not exhibit a reasonable difference. NK cells were treated with
retronectin the day before transduction, and transduction with
Zhen Lab’s D1D2-CAR-41BB CAR lentivirus occurred seven days
after the initial expansion of the NK cells.

Cytokine Assay

NK cells were tested for their functional ability against ACH-2 HIV
envelope-positive (Env+) cells. ACH2 cells contain a latent single
integrated copy of the HIV-1 strain LAI, which is used as a model for
chronic HIV-1 infection (14). The ACH-2 cells that were stimulated
with phorbol 12-myristate 13-acetate (PMA) and ionomycin
to reactivate latent HIV became HIV Env+ cells, whereas non-
stimulated ACH-2 cells were HIV envelope negative (Env-) cells.
ACH-2 cells were stimulated with PMA and ionomycin 24 hours
prior to co-incubation in order to activate the HIV-1 expression
and make these cells HIV Env+. To investigate functionality, 1.0 x
10° CAR-NK cells in 100 pL media were co-incubated with either
1.0 x 10° HIV Env+ or HIV Env- cells in 100 pL media overnight,
followed by treatment of 0.2 uL GolgiPlug (Fisher Scientific) and
0.2 pL GolgiStop (Fisher Scientific) for six hours. Afterwards,
cells were surface stained through immunofluorescence with the
following antibodies: anti-human CD3 BV605 (Biolegend), anti-
human CD56 BV711 (Biolegend), NKG2A BV510 (BD Biosciences),
CD314 (NKG2D) BV785 (Biolegend), CD335 (NKpu6) APC
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(Biolegend), anti-human CD16 PerCP Cy5.5 (Biolegend), CD107a
PE-Cy5 (Invitrogen), IFN-y PE-Cy7 (Biolegend), GFP (Biolegend),
and Zombie Yellow (Biolegend) and analyzed by flow cytometry.
In subsequent trials, STING agonists BDW and cGAMP were used
to stimulate CAR-NK cells during co-incubation to determine if
STING agonists could improve CAR-NK killing ability. The flow
cytometry data was analyzed through the FlowJo software. To
determine the statistical significance of results, unpaired two-
tailed t-tests assuming normality were performed on Microsoft
Excel with an alpha level of 0.05.

RESULTS

Miltenyi Biotec NK MACS Medium Demonstrated Superior
Efficacy in the Expansion of NK Cells

NK cells expanded from PBMCs cultured in the Miltenyi Biotec
NK MACS medium exhibited a fold growth of 58.59 after 20
days (Figure 3). NK cells expanded from PBMCs cultured in the
ImmunoCult NK Cell Medium exhibited an NK cell fold growth
of 3.59 after 20 days. An unpaired t-test assuming normality
and a threshold of 0.05 between the two conditions resulted in a
t-value of 38.8909 and a p-value of less than 0.0001, indicating a
significant difference in NK cell fold growth between the two media
after 20 days of expansion. The CAR-NK cells cultured in NK MACS
medium with 500 ng/ml IL-2 showed a one to two-fold increase
in growth over CAR-NK cells cultured in NK MACS medium with
50 ng/ml IL-2 (Figure 4). An unpaired t-test assuming normality
and a threshold of 0.05 between the two conditions resulted in a
t-value of 0.4596 and p-value of 0.6620, indicating that there is
no significant difference between the two concentrations. On day
24 of NK cell expansion, 64.8% of cells in the NK MACS Medium
were CD56+, whereas 3.85% of cells in the ImmunoCult NK Cell
Medium were CD56+. An unpaired t-test assuming normality
and a threshold of 0.05 between the two conditions resulted in a
t-value of 91.0966 and a p-value of less than 0.0001, indicating a
significant difference in NK cell growth between the two media.

NK Cell Growth with 500 ng/ml IL-2 Supplementation

2
P ©— STEMCELL technologies
Immunocult NK expansion
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Figure 3: Media selection optimization for expansion of natural killer
(NK) cells from healthy donor peripheral blood mononuclear cells
(PBMCs).

The graph represents NK cell fold growth with 500 ng/mL IL-2
supplementation over a 20-day expansion period. Expansions for both
mediums started with 5 x 105 PBMCs, and fold growth was calculated based
on this initial cell count.
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Successful Transduction of NK Cells Produced CAR-NK
Cells that Exhibited Functionality Upon Co-Incubation with
HIV Envelope-Positive Cells

Among the cells transduced on day seven in 500 ng/ml IL-2
MACS Medium, 8.62% of NK cells expressed signs of successful
CAR transduction. In the control group of PBMCs, there were
no observable indications of CAR transduction among NK cells.
An unpaired t-test assuming normality and a threshold of 0.05
between the PBMC control and the transduced NK cells resulted
in a t-value of 11.2289 and a p-value of less than 0.0001,
indicating a significant difference in the amount of transduced
CAR-NK cells. The CAR-NK cells that were co-incubated with HIV
Env+ cells exhibited expression of CD107a and IFN-y. The CAR-
NK cells in the HIV Env- cell condition showed minimal to no
expression of CD107a and IFN-y (Figure 5). An unpaired two-
tailed t-test assuming normality and a threshold of 0.05 for the
expression of both CD107a and IFN-y between HIV Env- and HIV
Env+ conditions resulted in a t-value of 5.6639 and a p-value
of 0.0013, indicating a significant difference in the expression
of CD107a and IFN-y among CAR-NK cells with HIV Env+
compared to HIV Env- cells.

(A)
Immunocult NK - Day 24 NK MACS Medium - Day 24
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Figure 4: Media selection and interleukin 2 (IL-2) cytokine
optimization for transduction of natural killer (NK) cells from healthy
donor peripheral blood mononuclear cells (PBMCs).

(A) Immunocult NK and NK MACS mediums were used to expand NK
cells from health donor PBMCs. 500,000 fresh PBMCs were initially
cultured for each medium. After 24 days, a sample of 1.5 x 105 NK
cells was taken from each culture and analyzed through flow cytometry.
Phenotypic markers for NK cells were gated to observe the percentage
of NK cells within the PBMCs after 24 days of NK expansion. The gatings
reflect NK cell phenotypic markers, as the gatings represent the CD56+
and CD3- populations within the culture. 64.8% of cells in the NK MACS
Medium were CD56+, whereas 3.85% of cells in the ImmunoCult NK
Cell Medium were CD56+. (B) The table shows the expansion of CAR-
NK cells after ten days of transduction at different concentrations of
IL-2. The values represent the fold growth of the cell cultures under the
three conditions.



CAR-NK Stimulation with STING Agonist led to Greater Cell
Death Upon Co-Incubation with HIV Envelope-Positive Cells
Among the live cells, of which 54.4% are CAR-NK cells, co-
incubated with HIV Env- cells, stimulation with the STING agonist
cGAMP resulted in 32.3% cell death among all live cells. The mock
condition, where no STING agonist was used, resulted in 26.6% cell
death. However, an unpaired two-tailed t-test assuming normality
and a threshold of 0.05 comparing the cell death between mock
and cGAMP conditions resulted in a t-value of 0.0403 and p-value
of 0.9692, indicating that the difference is not significant. Among
the CAR-NK cells co-incubated with HIV Env+ cells, stimulation
with the two STING agonists cGAMP and BDW resulted in 78.3%
and 69.8% cell death, respectively. The mock condition resulted
in 66.8% cell death (Table 1). However, an unpaired two-tailed
t-test assuming normality and a threshold of 0.05 resulted in a
p-value of 0.9378 for mock vs cGAMP and 0.9838 for mock vs
BDW, indicating no significant differences. No improved cytokine
production in the CAR-NK cells was observed for cells incubated
with STING agonists.

[ Percentage of Live Cells with or without stimulation (d15 post transduced)
Donor Coincubation Live cells % NK cells
3 mock + Env- ACH2 73.4% 56.3%
3 BDW + Env- ACH2 79% 54.9% Il
3 c¢GAMP + Env- ACH2 67.7% 54.4%
3 mock + Env+ ACH2 33.2% 57.7%
3 BDOW + Enve ACH2 30.2% 53.4%
3 ¢GAMP + Env+ ACH2 21.7% 45%

Table 1: Percentage of live natural killer (NK) cells from peripheral
blood mononuclear cells (PBMCs) with stimulators of interferon
genes protein (STING) agonist stimulations.

NK cells were expanded from a healthy donor's PBMCs for seven days.
After seven days, NK cells were transduced with CAR lentivirus that contains
D1D2-CAR-41BB. After 15 days since the first day of transduction, chimeric
antigen receptor natural killer (CAR-NK) cells were co-incubated with HIV
envelope positive (Env+) and HIV envelope negative (Env-) cells overnight.
After co-incubation overnight under six different conditions, the cells were
analyzed through flow cytometry. The table shows the percentage of all
live cells from the PBMCs, as well as the percentage of NK cells from the
percentage of live cells.

DISCUSSION

This study aims to evaluate and investigate the therapeutic
potential of CAR-NK cells for treating HIV infection. The
current treatment for HIV, antiretroviral therapy, presents
major challenges in ensuring that patients take their anti-
HIV medications daily and in controlling repercussions from
interactions with other drugs. Though there is still widespread
uncertainty on the viability of gene and cell therapy as a cure
for HIV, this study addresses the possibilities of expanding NK
cells, transducing NK cells, and using CAR-NK cells as an anti-
HIV treatment.

The first part of the study determined media selection and
optimized growth conditions for the expansion of NK cells. The
Miltenyi Biotec NK MACS medium was more effective in the
expansion of NK cells compared to the STEMCELL technologies
ImmunoCult NK Cell Medium. There was a greater percentage
of CD56+ cells with the NK MACS medium compared to the
Immunocult NK Cell medium. The NK cells that were cultured
in MACS medium were used to determine the optimal amount of
recombinant human IL-2. Although 500 ng/mL of recombinant
human IL-2 with the MACS medium showed a one to two-fold
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increase in growth of NK cells by day ten of expansion, there
was minimal difference between the concentrations of 50 ng/
mL and 500 ng/mL IL-2. In subsequent cultures, the NK cells
were cultured in the NK MACS medium with 50 ng/mL of IL-2
supplementation.

Having established the efficacy of NK cell expansion media,
the study further aimed to determine if transducing NK cells with
CAR lentivirus was possible. Green fluorescent protein (GFP)
was utilized as the expression label for CAR. GFP-positive cells
were observed after transduction, which indicates that CAR was
successfully expressed in those cells. In comparison to the control
condition, the transduction condition showed a statistically
significant increase in the expression of CAR. Additionally, the
experiments investigated the functionality of NK cells through the
expression of CD107a and the release of IFN-y. The expression
of CD107a in CAR-NK cells and the release of IFN-y in the HIV
Env+ condition indicates that the transduced CAR-NK cells do
release cytokines and are thus functional when co-incubated
with HIV env+ cells. The successful transduction shown in the
study is an important first step in evaluating the feasibility of
developing CAR-NK cell therapy, in the context of HIV infection
as well as other disease processes. It sets a strong foundation for
continuing research in gene and cell therapy for the treatment
of HIV.

Finally, the effects of the STING agonists cGAMP and BDW
were investigated on CAR-NK cells. There was an 11.5% increase
in cell death among CAR-NK cells when co-incubated with HIV
Env+ cells in the STING agonist conditions in comparison to
the mock condition. The study observed that STING agonists
exhibit cytotoxic effects, which induced greater cell death in
CAR-NK cells. This indicates that further optimization of CAR-NK
functionality with STING agonists is needed, including exploring
different STING agonists and altering concentrations of STING
agonists. Data did not support a significant difference in the
expression of CD107a or release of IFN-y between the STING
agonist and mock conditions.

Overall, specific culture conditions that promote the rapid
expansion of NK cells were identified by adjusting media
conditions and cytokine treatments. After optimizing growth
conditions for NK cells, the experiments successfully modified
NK cells with CAR lentivirus and showed that these CAR-NK cells
were functional in killing HIV envelope-expressing target cells.
These results are consistent with the findings of Lim et al., who
developed CAR-NK cells and showed that they recognized and
killed mimic HIV-infected cell lines (15). These results further
expand on the reports of Albinger et al., who reported successful
CAR-NK functionality in treating malignant tumorigenic cells, to
the functionality of CAR-NK cells in the context of HIV (12). The
alignment of the data with the results of other studies supports
the functionality of CAR-NK therapy in vitro.

However, some limitations within the study should be
considered. First, while the data indicates that transduction of
NK cells is possible, transduction needs to be further optimized to
achieve a higher yield of CAR-NK cells. The current transduction
in this study yielded a low percentage of CAR-NK cells, suggesting
that investigation into the transduction process is needed. Next,
while this study showed that CAR-NK cells were able to secrete
proinflammatory cytokines in the presence of HIV Env+ cells,
no improvement in cytokine production was observed when
CAR-NK cells were stimulated in vitro with STING agonists.
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Figure 5: Percentage of successful chimeric antigen receptor natural killer (CAR-NK) transduction after expansion of natural killer (NK) cells from
peripheral blood mononuclear cells (PBMCs) and assessment of CAR-NK functionality through cytokine assay.

(A) Green fluorescent protein (GFP) was used to label transduced NK cells that express the CAR. The graph to the left shows the percentage of GFP negative
and GFP positive cells among the PBMC control while the graph on the right shows the aforementioned percentages among transduced NK cells. (B) The graphs
show percentages of CAR-NK cells that express CD107a, express IFN-y, express both CD107a and IFN-v, or neither. The left and right graphs show CAR-NK cells
co-incubated with HIV envelope negative (Env-) cells and HIV envelope positive (Env+) cells.

This contrasts with Da et al., who found that the STING agonist
cGAMP directly activated NK cells and enhanced the sensitivity of
NK cell cytotoxicity on pancreatic cancer cells, suggesting further
investigation of the use of STING agonists with NK cells in the
context of HIV may be needed (10). There are various possible
reasons why the data does not align with Da et al. First, this study
used CAR-NK in the context of HIV-infected cells, whereas Da et
al. used them in the context of pancreatic cancer cells. Also, this
study used the D1D2-CAR-41BB CAR lentivirus whereas Da et
al. used a second-generation Mesothelin-targeting CAR. Finally,
variation between the PBMCs obtained from different donors is
another limitation of the study because there could have been
different amounts of cells that may interfere with the transduction
process. Follow-up investigations into the aforementioned areas
are needed to properly power the study.

Gene and cell therapies have emerged as promising
advancements in medical treatments. This study starts from the
cellular level and shows the possibility of CAR-NK cell therapy as
a cure for HIV. The continuous optimization of the transduction
of NK cells contributes to the progression of CAR-NK studies
from bench to bedside. With minimal literature on the in vitro
expansion of NK cells, the data aids in determining the optimal
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growth conditions to expand NK cells. Moreover, the study shows
CAR-NK functionality at a preliminary level, which serves as
proof of concept for the in vivo efficacy of CAR-NK cell therapy
for HIV. Based on the results of this experiment’s data, the next
feasible steps include improving transduction and incorporating
STING agonists to enhance CAR-NK function. This research will
serve as a strong foundation for future in vivo experiments of
CAR-NK cell therapy with mice models, with hopes to bridge
the gap between preclinical investigation and clinical trials. This
study’s findings underscore the potential of CAR-NK cell therapy
as a novel approach to HIV treatment, which could complement
or even replace the need for lifelong antiretroviral therapy.
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ABSTRACT

In recent years, cyberbullying has emerged as a prevalent issue and has even overtaken traditional bullying, which typically involves
direct physical and verbal abuse. Cyberbullying occurs on a multitude of social media sites, including Twitter. Twitter serves as an ideal
research focus due to its public platform and the diversity of its users. Previous studies have examined different features of Twitter, such
as user information and past Twitter activity, in combination with a tweet’s content to identify cyberbullying; however, no studies have
focused solely on gender-based cyberbullying. To enhance online safety and tackle gender-based bullying, this study aims to accurately
classify gender-based cyberbullying instances and to survey machine learning algorithms in their ability to accurately classify tweets
as instances of gender-based bullying. To this end, diverse machine learning techniques were tasked with classifying tweets by their
gender-based bullying content. The data was bootstrapped, and different evaluation metrics for each model included accuracy, F1-
score, precision, recall, and Area Under Curve (AUC). The Random Forest classification method with bootstrapping emerged as the
most effective, achieving a 96.80% accuracy, F1-score of 0.9678, and AUC of 0.97. Among the neural network architectures, MLP with
bootstrapping performed the best with a 95.70% accuracy, F1-score of 0.9569, and AUC of 0.96. Thus, these findings underscore the
potential for enhanced safety protocols and improved content moderation on platforms like Twitter. Future research could benefit from
exploring specific sentiment analysis coupled with users’ prior activity to better understand the underlying causes of cyberbullying and

provide targeted intervention.

INTRODUCTION

nrecent years, cyberbullying, a form of bullying that occurs online,

has emerged as a prevalent issue alongside the increased usage
of the Internet and social media, especially among young people.
Common forms of cyberbullying include sending threatening
messages, spreading rumors online, posting hurtful comments on
social media, and sharing a user’s private information without their
consent. A survey by Pew Research Center found that at least 59% of
teens have experienced some type of cyberbullying (1). Additionally,
the recent pandemic and subsequent greater dependence on the
internet have led to a rise in cyberbullying, as shown in Karmakar
and Das’s study of tweets at the start of the COVID-19 pandemic (2).
This study aims to distinguish tweets (posts on Twitter) as either
non-bullying or gender-related cyberbullying, given the existing lack
of investigation of this topic within the field. The Twitter platform
was chosen because of its open nature, which enables rapid and
widespread message sharing among a diverse audience.

In contrast to conventional bullying, cyberbullying’s use of
digital communication enables perpetrators to exercise greater
discretion in their actions, amplifying the potential harm inflicted
on victims. Moreover, online interactions can be anonymous, which
can embolden individuals to engage in hurtful behaviors. A study
examining the effects of online anonymity on offline behavior found
that, while utilizing anonymous accounts, participants interacting
with sexist tweets tended to express more sexist attitudes than those
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using identifiable ones (3). Furthermore, women tend to experience
more gender-based harassment than men: in the U.S., 4.3%-24.1%
of men and 31.7%-33.9% of women experience gender-based
harassment online (4). Creating safe online spaces could facilitate
the mitigation of existing inequalities in the real world, including
employment and economic mobility.

Content moderation is a crucial challenge for both social media
and public forums, and it is an area of recent interest for machine
learning (ML) and artificial intelligence (AI) research. Given
the detrimental impact of cyberbullying, this project attempts to
mitigate harm by accurately classifying tweets as one of two labels:
gender-based bullying or not bullying. This was conducted via
supervised learning, where various ML classification algorithms
and Neural Network Architectures were executed on a dataset of
46,017 tweets to predict labels for the testing data. The algorithms
included Naive Bayes, Support Vector Machines, Random Forest,
Logistic Regression, K-Nearest Neighbors, Multi-Level Perceptron,
Feedforward Neural Network, and Long Short-Term Memory.
Different accuracy measures were then assessed and compared to
those of a previous study for each algorithm. It was hypothesized
that deep learning approaches, such as neural networks, would
demonstrate higher precision, recall, and overall accuracy in
classifying cyberbullying tweets when compared to traditional
algorithms like Support Vector Machines and Naive Bayes, given
that deep learning has been thought to outperform traditional
classification methods at capturing patterns within text (5). The
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results of this study could be useful in the automation of content
moderation for technology companies.

Deep learning has become more popular in recent years. In simple
terms, it is a program that learns to recognize patterns to classify
data. It is given known data and typically the more data it has,
the more accurate its predictions are. In 2012, Krizhevsky created
AlexNet and won the ImageNet challenge by using deep learning
for image recognition. This was a milestone for deep learning
as AlexNet greatly outperformed other traditional classification
models. The popularity of deep learning models has continued
to grow, and deep learning has also been thought to outperform
traditional classification methods at capturing patterns within text
(5). Therefore, it is hypothesized that deep learning approaches,
such as neural networks, will demonstrate higher precision, recall,
and overall accuracy in classifying cyberbullying tweets when
compared to traditional algorithms like Support Vector Machines
and Naive Bayes.

Technical Background

Unlike our approach, the previous study by Al-garadi et al. (2016)
utilized four specific features—network, activity, user, and content—
to detect cyberbullying behavior (6). The study gathered 2.5 million
geotagged tweets from within California, exclusively using publicly
available content in adherence to Twitter’s privacy policies. While
these details might have improved classification accuracy, limiting
the study to California restricts its geographic and linguistic scope.

The study utilized several machine learning algorithms, including
Naive Bayes for probabilistic classification and Support Vector
Machines (SVM) for decision boundary-based classification, among
others.

While not needed for this study, Al-garadi et al. (2016) employed
the Synthetic Minority Over-sampling Technique (SMOTE) to
counteract class imbalance and maintain result quality. They found
that random forest using SMOTE showed the best Area Under
the ROC Curve (AUC of 0.943) and f-measure (0.936). The AUC
ranges from O to 1 and measures the overall ability of the model to
distinguish between the labels. The f-measure evaluates the model
performance using precision and recall, which take into account
false positives and negatives.

In another study, 16,000 tweets were labeled as racist, sexist,
or neither, with the dataset being bootstrapped (7). They used ML
classification algorithms like logistic regression, support vector
machine, random forest, and naive Bayes classifier. However,
they discovered that deep learning algorithms significantly
outperformed these traditional methods. The study implemented
a combination of neural networks for cyberbullying detection,
including Convolutional Neural Networks (CNN), Long Short-Term
Memory (LSTM), and Bidirectional LSTM (BLSTM). The detailed
architecture of these models is illustrated in Figure 1. To address
class imbalance in the dataset, the researchers applied oversampling
to the bully data threefold, enabling them to achieve an F1-score of
0.94 on the Twitter dataset.

Although these past studies have provided valuable insights
into general cyberbullying detection, they often overlook the
specific nuances associated with gender-based cyberbullying. This
study addresses this discrepancy by training models according
to the unique features and patterns prevalent in gender-based
cyberbullying tweets. Unlike broader cyberbullying datasets, which
may encompass a wide range of harassment behaviors, gender-
based cyberbullying datasets focus explicitly on instances of

harassment and discrimination targeting individuals based on their
gender identity or expression. Figure 4 provides further insight into
terms specific to gender-based cyberbullying.

By contextualizing cyberbullying research within the framework
of gender-related issues, this paper not only contributes to the
advancement of cyberbullying detection techniques but also
highlights the importance of addressing gender-based discrimination
and inequality in online spaces. There is an urgent need for a
comprehensive reevaluation of platform policies to genuinely
address the harms experienced by marginalized communities and
promote both free expression and user safety.

METHODS

The following was conducted on Google Colab using Python
version 3.10.

Dataset

This project focuses on language data, utilizing a dataset comprised of
46,017 Twitter tweets categorized into six classes: gender, age, race,
religion, other, and not bullying; these categories were determined
by identifying specific qualities of the victims that cyberbullies target.
Each class contains roughly 8,000 tweets, ensuring a balanced
and diverse dataset. Previous cyberbullying datasets maintained
significant tweet class imbalances, adversely affecting model accuracy
due to the limited representation of certain classes (8).

Dynamic query expansion (DQE) is a technique that enriches the
initial search query with synonyms and related phrases, thereby
enlarging the dataset. When applied to previously collected tweet
datasets, DQE significantly increased the sample size across the
classifications. Historically, this technique has been effective in
detecting events like terrorist attacks and flu outbreaks (9, 10),
making it equally valuable for identifying diverse cyberbullying
instances, as shown in Figure 2.

The application of DQE facilitated the creation of a dataset
superior in balance and size to those previously available. This
improvement ensures that the models discussed in this paper are
more reliable and accurate in bullying type prediction. As Wang et.
al (2020) highlights, earlier attempts at fine-grained classification
of cyberbullying were limited by a severe class imbalance; using
DQE aids in developing a precise model for predicting gender-based
bullying.

Prior to applying ML models, data preprocessing was conducted
to refine the dataset. Due to the focus on gender-bullying, the
data was narrowed down to extract only gender bullying and non-
bullying tweets, which resulted in a subset of 15,918 tweets, 7,973
of those being gender bullying tweets and 7,945 being non-bullying
tweets.

In order to ensure linguistic consistency and account for the
unique characteristics of bullying behaviors in different languages,
the tweets were sorted based on the English language using the
langdetect library in Python. The library, which uses probability
to identify language by comparing letter groups against known
patterns, reduced the dataset from 46,017 to 11,436 tweets, thereby
standardizing the language and increasing relevance to the research
goals. As a result of the language filtration reducing the dataset size,
bootstrapping was applied to generate a dataset of 20,000 tweets,
improving the training process.

The data was then split into training and testing by using Python’s
train_test_split function, with 20% of the dataset becoming allocated
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as testing data and 80% as training data. To extract significant
features for classification, textual content underwent processing,
including tokenization, lemmatization, and the removal of stop
words and punctuation to refine the dataset. Tokenization is the
initial step, in which a sentence is broken down into its constituent
words. Lemmatization follows, transforming words into their base
or root form; for example, “running” becomes “run.” Stop words,
which include common words such as articles, prepositions, and
conjunctions, were also removed as they carry limited meaningful
information.

The function process lang data contained the preprocessing
steps mentioned above, and CountVectorizer from scikit-learn was
initialized on it. CountVectorizer operates by building a vocabulary
of all the unique words encountered in the text data, with each
word assigned a unique number. Afterward, for each tweet,
CountVectorizer counts the frequency of occurrence for each word in
the vocabulary, creating a feature vector, a numerical representation
of this information.

This feature extraction process resulted in the creation of a feature
matrix, denoted as X_train, containing 1,000 features derived from

the tweet content; these features are the 1,000 most common words
that appear in the training dataset of gender-based cyberbullying
tweets. These features play a crucial role in distinguishing between
gender-based cyberbullying and non-bullying tweets.

As previously mentioned, the dataset was split into training
and testing data. Then the tweets’ text was processed to extract
features. Various ML Classification Algorithms and Neural Network
Architectures mentioned below were then applied.

Deep Learning vs Non Deep Learning Algorithms

Deep learning methods, like neural networks, consist of
interconnected layers of neurons that automatically learn complex
patterns from data through iterative optimization processes. In
contrast, non-deep learning methods, such as Support Vector
Machine (SVM) and Random Forest, make decisions based on
predefined rules or boundaries learned from the features of
the input data without the need for extensive training on large
datasets. Some of these models also have weights: these weights
determine the importance or contribution of each feature (such as
the presence of certain words) to the model’s predictions.

Name Total CB Not CB  Age Ethnicity  Gender  Religion  Other
Agrawal [30] 16050 5963 10087 0 13 2841 1922 187
Brettschneider [33] 4475 183 4292 49 29 34 0 71
Chatzakou [29] 1500 1278 222 17 100 115 10 1036
Davidson [31] 205 181 24 5 27 121 1 27
Waseem [34], [35] 12899 8900 3999 0 86 3339 0 5475
WISC [32] 4095 1078 3024 94 17 39 0 921
Collective Before DQE | 39224 17583 21648 165 272 6489 1933 1717
Collective After DQE 69767 50468 19299 10010 12730 10277 9367 8084

Figure 1: Impact of DQE on Cyberbullying Class Balance.

This table comes from the J. Wang, K. Fu, and C. Tien-Lu study (8). The leftmost column represents various sources of tweet data and the topmost row represents
the different types of bullying. Each number represents the number of tweets that are from a certain source and fall under a certain category: for instance, 13
tweets in the Agrawal dataset are ethnicity-based cyberbullying. This table highlights how DQE was utilized to create a more balanced distribution across the
different classes. The term “Collective” refers to the collection of all the tweets from various sources; before DQE there were significant differences in the numbers
of tweets belonging to each type of bullying, while afterward, there is more of a balance.

tweoet_text cyberbullying type
0 In other words #atandandre, your lood was cra... not_cyberbullying
1 Why is #aussioty 50 white? #MKR #theblock #ImA. not_cyberbullying
2 @ XochitiSuckkks a classy whore? Or more red ve... not_cyberbullying
3 @Jason_Glo meh. P thanks for the heads up, b... not_cyberbullying
a @HuANORENQISN TNis IS an ISIS account pretena. not_cyneruiying
15013 Any females that really know me know lon even __. gender
15014 RT ®_chrisdowns_: #QuestionsForMon This one's ... gonder
15915 Sucks 10 have the smile wiped off your own fac... gender
16916 No. He said women choose 10 be gay, men don.... gender
15917 AT @uberfeminist: #TwitterFeminism cant convi... gender
15918 rows x 2 columns

Figure 2: Filtered dataset of gender-based bullying tweets.

This image is from the Python notebook in which all the analyses in
the study were performed. Since this study’s focus is gender-based
cyberbullying, other types of cyberbullying classifications have been
filtered out. Each row pertains to a different tweet from the filtered
dataset and the columns display the tweet content and the category of
tweet (cyberbullying or gender-based bullying).

38 UCLA UNDERGRADUATE SCIENCE JOURNAL

Most Frequent Keywords used in gender bullying tweets
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Figure 3: Most Frequent Keywords used in gender-based bullying
tweets.

This chart provides insight into the intricacies of the classification
algorithms because of their use of language processing. The chart features
rows of words prevalent in gender-based cyberbullying tweets, with bars
indicating each word’s frequency across the dataset. For instance, the word
“jokes" appears about 3200 times across gender-based bullying tweets.
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Logistic Regression
Logistic regression is used for modeling the relationship between
one or more independent variables, represented by word
frequencies, and a dependent variable. These word frequencies
serve as the features, with distinct weights assigned to them.
The dependent variable, with two possible outcomes, (gender-
based bullying or not), is predicted using the logistic (sigmoid)
function, which estimates the likelihood of a tweet being labeled
as gender-based cyberbullying. The logistic function is applied on
a linear combination of input features, their associated weights,
and a bias term, and maps this real number to a probability
between 0 and 1. The LogisticRegression model was imported
from sklearn.linear_model.
z=Wx+b (@}
o(z) =1/1+e* (2)

Naive Bayes

Naive Bayes is an algorithm that calculates the probabilities of
different outcomes, such as whether a tweet is cyberbullying or
not, based on the presence of specific features, including certain
words, within the data. For instance, if a tweet contained the
word “mean,” the algorithm would compute the probability
of a tweet containing “mean,” assuming that it is a gender-
based cyberbullying tweet. This algorithm operates under the
assumption that the features are independent. When analyzing
the features of test tweets, it computes the probability associated
with each label to determine the most likely classification for the
tweet. Ultimately, the label with the highest probability is assigned
to classify the tweet. The MultinomialNB implementation was
imported from the sklearn.naive_bayes Python module.

P(S|Features) = P(Features|S) - P(S) / P(Features) 3)

Support Vector Machines

Another classifier used was Support Vector Machines (SVM),
which operates by identifying a hyperplane, which is a flat,
multidimensional surface that divides a space into two parts.
SVM searches for one that maximizes the margin between two

Naive Bayes Model
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Figure 4: Naive Bayes Visual.

The red and blue regions represent two different labels and the black
points are different data points corresponding to either one of the labels.
The probability associated with each label would be used to compute the
most likely label classification for a hypothetical new data point.

classes, with the most critical data points, known as ‘support,’
lying closest to this boundary. The model examines them closely,
since it is crucial that they are classified accurately; these points
are most important in determining the final orientation of the
decision boundary. Once the hyperplane equation is defined, if
substituting the new data point’s value yields a positive result,
it signifies that the point belongs to one class; conversely, a
negative result indicates it belongs to the other class. Importantly,
the points on one side of the line belong to one class while the
points on the other side of the line belong to the other class.
The SVM implementation was imported from sklearn. All data
sources, including training datasets, were acquired from Kaggle
(11), ensuring transparency and reproducibility of the research.

Random Forest

Random Forest involves a series of decision trees, each randomly
assigned a subset of the training data (tweets) and specific
features, such as frequency of certain words in gender-based
bullying tweets. This approach ensures variability among
decision trees, reducing the model’s tendency to overfit to the
training data, where the model learns to memorize the training
data rather than generalize well to new, unseen data. After each
individual tree makes its decision, they collectively vote, and the
label that receives the majority votes determines the classification
of each testing tweet. The RandomForestClassifier was imported
from sklearn.ensemble, a component of the scikit-learn library.

K-Nearest Neighbors

K-Nearest Neighbors (KNN) locates a specified number of
neighboring points, K, closest to a new point in terms of
feature similarity. Here, KNeighborsClassifier was imported
from the sklearn.neighbors library. The process can be thought
of as identifying tweets that share many similar words. After
neighboring points are identified, the test tweet is classified based
on the most common label among these neighbors. This method
effectively categorizes the new tweet based on the predominant
characteristics of its closest counterparts.

@

Maximum

Mar r
Nargen Positive

Hyperplane
7 -’
/ o ¢

Maximum .

. .
Margin—— | % e "
Hyperplane A X *
perpl: . L 4
o
©
°
e * 2,
- o
A}
/ ) Support
Vectors
Negative Hyperplane X

»
o
Figure 5: SVM Visual.

The green and blue dots represent two different labels, while the solid
black line in the center represents the decision boundary or hyperplane.
Additionally, the green and blue points closest to the boundary are
the support vectors. As depicted, the maximum possible separation is
achieved between the labels, and if substituting the value of a new data
point into the hyperplane equation yields a positive value, it belongs to the
blue class; otherwise, it belongs to the green class.
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Figure 6: Random Forest Visual.

This example of the Random Forest algorithm involves three different
decision trees. As depicted above, each tree receives a subset of the input
dataset, before producing its individual classification result. Then finally,
all the trees “vote,” meaning whichever label is the result of more trees is
the the final result.
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Figure 7: KNN Visual.

K in this context is the pre-selected number of nearest neighbors the
model uses. Based on the K, the new data point is assigned the same label
the majority of its nearest K neighbors have. In the above graphs, since
Category A contains more of the new data point's neighbors, it is classified
as Category A.
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Figure 8: A Visual Example of FeedForward Neural Network

In this example, the input layer receives the raw data, with each neuron
corresponding to a variable. The only hidden layer is composed of 3
neurons, and the 4 neurons from the input layer are weighted differently
to derive the value of each neuron in the hidden layer. Finally, the hidden
layer's neurons are used to compute the value of the output layer neuron.
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Feedforward Neural Network

A feedforward neural network is structured with layers of neurons
through which an input sequentially passes through; each neuron
is assigned a weight, and its connections with the neurons in the
next layer are also weighted. In general, the input layer processes
information about the tweets such as word frequencies. The
hidden layers are where the model aims to identify patterns in the
tweet data, while the activation functions introduce another level
of complexity, allowing the model to recognize more nuanced
patterns in the data.

The feedforward neural network model used in this paper
consists of several essential layers. Initially, an embedding
layer converts integer-encoded words into dense vectors of
fixed size, thereby reformatting the tweet content into a format
that the network can process. Secondly, a global average
pooling layer reduces dimensionality by focusing on the most
significant information extracted from the words. After this
lies two dense layers with 64 units (neurons) that each look at
different aspects of the tweet information; 64 units was chosen
to achieve a balance between computational efficiency and the
model’s capacity to learn complex patterns in the data. Each
neuron adjusts its weights during the learning phase, reflecting
the relative importance of various input aspects for predicting
cyberbullying, indicating that certain words carry more weight
than others in this context.

The neurons collaborate to interpret tweet patterns and
meanings, with some focusing on identifying specific words or
phrases indicative of cyberbullying, while others may target
different elements. The Rectified Linear Unit (ReLU) activation
function is a mathematical operation used within the neural
network to capture more nuanced patterns in the data: neurons
may activate or inactivate, depending on their input, which
facilitates or impedes information flow, respectively. For example,
a neuron specialized in detecting a particular word becomes
inactive if that word is absent, to conserve computational
resources. Finally, there is an output layer with a single neuron
and sigmoid activation, which consolidates the inputs from the
neurons from the last layer to make a prediction.

Multi-Layer Perception

The Multi-Layer Perceptron (MLP) is a type of feedforward
neural network that is structured with interconnected layers of
neurons, including the input layer, one or more hidden layers,
and the output layer. The input layer accepts raw data as its
input. Within each hidden layer, each neuron conducts weighted
computations based on input received from the preceding
layer of neurons. Finally, the output layer produces the model’s
predictions or results based on the computations in the hidden
layers. This analysis makes use of two hidden layers, one with
500 neurons and another with 4 neurons, to capture complex
input patterns, while balancing computational efficiency and
preventing overfitting. The maximum number of iterations is set
to 200, meaning the training process will continue until either
the model performs consistently or the training data has run
through the model 200 times. Here, MLPClassifier was imported
from the ssklearn.neural network library.

Long Short-Term Memory
In addition to the standard elements found in traditional neural
networks, Long Short-Term Memory (LSTM) networks incorporate
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specialized memory cells capable of storing, modifying, or discarding
information. These LSTMs are characterized by three crucial gates:
the forget gate, which filters pertinent information and discards
the rest, the input gate, which updates the memory cell with new

information, and the output gate, which leverages past memory
and current information to determine the next hidden state and
output. Given its ability to understand sequential text, this model
was expected to be effective for processing a series of tweets.
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Figure 9: Example of MLP Visual.
The illustration depicts MLP used for image classification, where the initial

input layer represents an image, which is then transformed into a one-dimensional

array by the flatten layer to prepare for processing. The network’s dense layers, consisting of 200 and 150 units respectively, employ ReLU activation to detect

and learn from intricate patterns within the flattened image data. The final d

ense layer, with 10 units, uses a softmax activation function to categorize the image

into one of several transportation classes, such as airplane or automobile, based on the learned patterns.

LSTM Recurrent Unit
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Figure 10: LSTM Neural Network Visual.
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This visual depicts the different gates and their connections to each other and the cell and hidden states. The forget gate determines what information to discard
using the sigmoid function (where O means fully forget and 1 means full remember). Similarly, the input gate uses the sigmoid function to decide what new

information to store in the cell state, and the output gate determines what to
applies some transformations to the input/previous hidden state.

output based on the current input and internal state. The candidate for cell state also
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Classification Brief Summary Hyperparameters
A logistic function is applied
to a linear combination e
Logistic of input features (word Per;alt}j.‘“i? > ,C 1.0, )
i frequencies), producing a Solver: ‘Ibfgs’, max_iter:
Regression 1cies), 100
probability between 0 and 1
used for classification.
Identifies a decision
?}?;n;rzrghggﬁ}?rrﬁ?;iizes Kernel: RBE
SVM Regularization

separation between
classifications for training
data.

parameter (C): 1.0

Calculates conditional
probabilities for labels and

Naive Bayes features, assigning the most | N/A
likely classification for a
tweet.
Utilizes a series of decision Kernel: RBE

trees each with a subset

naom :
Rando of data; the label with the Bootstrap%ed trees: d
Forest most votes from the trees is tzrse(e); NSO (;10 ootstrappe
assigned to the tweet. .
Finds the K closest
neighboring points in
KNN feature space, classifying Bootstrapped: k=1,

new points based on the
majority label of these
neighbors.

Non-bootstrapped: k=3

Table 1: Hyperparameters for Each Classification Method.

Logistic Regression, Random Forest, SVM, KNN have hyperparameters.
Hyperparameters are model setup options, or values that are used to
control a model’s learning process prior to code execution. They control
the model’s complexity, speed, and generalization abilities.

Most models employed default hyperparameters as provided by
sklearn to standardize across different models. Conversely, it was necessary
to adjust specific hyperparameters, such as the value of Kin KNN and the
number of trees in Random Forest, to optimize performance.

Arch?iethure Brief Summary Hyperparameters
Processes input through
Feedforward | layers, with an embedding Vocabulary: 10000,
Neural layer for word conversion, Embedding: 16, Dense
dense layers for pattern layers: 64 and 1 units,
Network analysis, and output layer Learning rate: 0.001
for classification.
A type of feedforward
neural network with two First hidden layer: 500,
MLP hidden layers designed to Second hidden layer: 4,
process and predict through | Max iterations: 200
iterative training.
Aotk b ey | vocautary: 10000,
featuring gates to mana;ge Embedding: 16, LSTM
LSTM layer: 64 units, Output

information flow for
enhanced processing
capability.

layer: 1 unit, Learning
rate: 0.001

Table 2: Hyperparameters for Each Neural Network Architecture.
Feedforward Neural Network, MLP, and LSTM all have hyperparameters.
Hyperparameters are model setup options, or values that are used to
control a model’s learning process prior to code execution. They control
the model’s complexity, speed, and generalization abilities.
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Hyperparameter Tuning

To find these optimal hyperparameters, models such as Random
Forest, KNN, and MLP were manually tested with various values.
For other models with longer run-times, such as feedforward neural
networks, automated scripts that tested various hyperparameter
values were executed. Due to a code environment limitation
(time-out), it was impractical to run this same code to test all
hyperparameter values, such as the size of the neural network,
number of layers, or learning rate. Instead, a range of diverse values
were tested as the hyperparameter values, and the most effective
ones closely resembled the values identified for the feedforward
neural network.

In Random Forest, the number of trees was adjusted to balance
model complexity and the risk of overfitting. For the bootstrapped
case, fewer trees were needed since it was likely the two classes were
more distinct. For KNN, the choice of k impacts model complexity; a
higher k value may increase the risk of overfitting, while a lower k is
generally sufficient for distinct classes.

For MLB the architecture was defined by the size, or number
of neurons, in each layer, with complexity increasing with the
number of neurons. The maximum number of iterations reflects
the training duration, influencing the model performance for the
Feedforward Neural Network and LSTM models; vocabulary size
refers to the number of words in the tweets that are being tracked
and compared. The dimensionality of the dense embedding vectors,
size of the hidden layer, and number of hidden layers are all aspects
of complexity. The learning rate is a parameter that controls how
often the model updates its weights during training; an excessively
large value might prevent convergence to ideal weights, whereas an
excessively small value might slow or impede convergence.

To find these optimal hyperparameters, models such as Random
Forest, KNN, and MLP were manually tested with various values.
For other models with longer run-times, such as feedforward neural
networks, automated scripts that tested various hyperparameter
values were executed. Due to a code environment limitation
(time-out), it was impractical to run this same code to test all
hyperparameter values, such as the size of the neural network,
number of layers, or learning rate. Instead, a range of diverse values
were tested as the hyperparameter values, and the most effective
ones closely resembled the values identified for the feedforward
neural network.

RESULTS

Metrics for Model Evaluation
The metrics used are Accuracy, Precision, Recall, F1-score and the AUC.
Accuracy is expressed as a percentage and is defined as the
number of correct predictions over the total number of predictions.
Precision measures the number of correct predictions out of the total
number of predictions made by the model, while Recall measures
the number of bullying instances that were accurately predicted by
the model. The inclusion of Recall as a metric is especially helpful in
minimizing false classifications for this study. The F1-score is defined
as the harmonic mean of precision and recall, and it is useful because
it accounts for both false positive and false negative classifications.

Precision = True Positives/ (True Positives + False Positives) (4)
Recall = True Positives/ (True Positives + False Negatives) 5)

F1 Score = (2 - Precision + Recall) / (Precision + Recall) 6)
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Model Performance Without Bootstrapping
The two tables below model performance without bootstrapping

Model Performance With Bootstrapping
The two tables below model performance with bootstrapping.

Classification .. Classification ..

Method Accuracy | Fl-score | Precision Recall AUC Method Accuracy | Fl-score | Precision Recall AUC
Logistic o Logistic o 6 6

Regression 89.8% 0.898 0.899 0.901 0.901 Regression 92.5% 0.924 0.924 0.92 0.921
SVM 89.9% 0.899 0.900 0.902 0.902 SVM 94.0% 0.940 0.939 0.942 0.942
Naive Bayes 85.1% 0.851 0.851 0.853 0.853 Naive Bayes 86.1% 0.861 0.860 0.862 0.862
Random Forest 89.2% 0.892 0.891 0.893 0.893 Random Forest| 96.8% 0.968 0.968 0.968 0.968
KNN 82.9% 0.828 0.846 0.837 0.837 KNN 93.7% 0.937 0.937 0.939 0.939

Table 3: Non-Bootstrapped ML Classification Algorithms and Metrics.
Each classification method is evaluated using the measures of accuracy,
F1-score precision, recall, and AUC. Notably, SVM shows the highest
accuracy (89.9%) and AUC (0.902).

Table 5: Bootstrapped ML Classification Algorithms and Metrics.

Each classification method is evaluated using the measures of accuracy,
F1-score, precision, recall, and AUC. Notably, Random Forest shows the
highest accuracy (96.8%) and AUC (0.968).

NN
- isi Recall AUC
Method Accuracy | Fl-score | Precision ecC;
MLP 88.2% 0.881 0.881 0.883 0.882
NN 72.3% 0.733 0.734 0.735 0.735
LSTM 71.2% 0.711 0.720 0.721 0.721

NN
- isi Recall AUC
Method Accuracy | Fl-score | Precision C
MLP 95.7% 0.957 0.956 0.958 0.958
NN 74.13% 0.741 0.741 0.741 0.741
LSTM 73.3% 0.729 0.732 0.728 0.728

Table 4: Non-Bootstrapped Neural Network Algorithms and Metrics.
Each neural network architecture method is evaluated using the measures
of accuracy, F1-score precision, recall, and AUC. Notably, MLP shows the
highest accuracy (88.2%) and AUC (0.882).

Table 6: Bootstrapped Neural Network Algorithms and Metrics.

Each neural network architecture method is evaluated using the measures
of accuracy, F1-score precision, recall, and AUC. Notably, MLP shows the
highest accuracy (95.7%) and AUC (0.958).
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Random Forest Performance Visuals

ROC graphs and confusion matrices were both created for the

models that performed the best with bootstrapping.

MLP Performance Visuals

ROC graphs and confusion matrices were both created for the

models that performed the best with bootstrapping.
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Figure 11: Random Forest Receiver Operating Characteristic (ROC)
Curve.

An ROC curve shows how our model performs in the context of the False
Positive and True Positive Rates. An Area Under the Curve (AUC) of 1
indicates that the model’s prediction is 100% accurate. In this case, with
our model, the AUC is 0.97, which indicates strong performance.
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Figure 12: Random Forest Confusion Matrix.

2077 gender-bullying tweets and 1795 non-cyberbullying tweets were
classified accurately using Random Forest. A false negative is when a
cyberbullying tweet is classified as non-cyberbullying, whereas a false
positive is when a non-cyberbullying tweet is classified as cyberbullying.
It can be observed that Random Forest exhibited a balance between
false positives and false negatives with 65 false negatives and 63 false
positives. In the context of the diagram, lighter colors represent higher
numbers while darker colors represent lower numbers. Ideally, the regions
corresponding to false positives and negatives would be dark while the
regions corresponding to accurate predictions would be light.
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Receiver Operating Characteristic (ROC) Curve for MLP
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Figure 13: Multi-Layer Perceptron Neural Network (MLP) Receiver
Operating Characteristic (ROC) Curve.

Just as in Figure 11, the ideal AUC would be 1 since that would mean all
positives were true ones. Here the AUC is 0.96, which indicates the model’s
strong performance.
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Figure 14: Multi-Layer Perceptron (MLP) Confusion Matrix.

2015 gender-bullying tweets and 1813 non-cyberbullying tweets were
classified accurately. A false negative in this case is when a cyberbullying
tweet is classified as non-cyberbullying, whereas a false positive is when
a non-cyberbullying tweet is classified as cyberbullying. MLP showed a
notable disparity, particularly with a higher count of false negatives (123).
This implies that within MLP’s classification, some instances of hateful
comments were erroneously categorized as not cyberbullying. In the
context of the diagram, lighter colors represent higher numbers while
darker colors represent lower numbers. Ideally, the regions corresponding
to false positives and negatives would be dark while the regions
corresponding to accurate predictions would be light.
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Random Forest Results

Substantial —performance improvement occurred when
bootstrapped data was utilized. The Random Forest model
achieved an accuracy of 96.80% and an Fl-score of 0.9678.
Although previous studies did not emphasize gender-based
bullying, Al-garadi et al. (2016) reported an AUC of 0.943 and an
f-measure of 0.936. This indicates the effectiveness of Random
Forest in accurately classifying tweets, particularly in the context
of gender-based cyberbullying (7).

Survey of Machine Learning Classification

In the non-bootstrapped case, SVM performed the best with an
89.87% accuracy, F1-score of 0.8986 and AUC of 0.90. Among the
Neural Network Architectures, MLP performed the best with an
88.16% accuracy, F1-score of 0.8813 and AUC of 0.88.

Every model demonstrated commendable performance with
bootstrapping, each achieving an accuracy rate exceeding 85%.
Among them, Naive Bayes had the lowest accuracy at 86.1%.
Conversely, logistic regression proved to be significantly effective,
boasting a high accuracy rate of 92.5%. The KNN model achieved
an accuracy of 93.7%, while SVM outperformed it slightly with an
accuracy of 94.0%. Substantial performance improvement occurred
when bootstrapped data was utilized. The Random Forest model
achieved an accuracy of 96.80% and an F1-score of 0.9678, making
it the best performing model.

In the neural network architectures, a larger disparity of results
was observed given that MLP had an accuracy of 95.70%, the
Feedforward Neural Network of 74.12% and LSTM 73.3%.

DISCUSSION

The goal of this paper was to accurately predict instances of gender-
based cyberbullying, coinciding with the rise of social media and
internet usage. One significant aspect of this issue is the anonymity
afforded by digital platforms, which emboldens perpetrators
to engage in hurtful behaviors. Content moderation, with the
assistance of machine learning and Al, assumes a pivotal role in
addressing the problem of gender-based harassment online, with
the end goal being to automate the identification of gender-based
cyberbullying in tweets and enhance online safety. A previous study
by Al-garadi et al. (2016) used specific features (network, activity,
user, and content) to detect cyberbullying behavior, using publicly
available tweets from California. However, given the fact that that
study depended on the collection and storage of user’s personal
data, it could be vulnerable to breaches or potential malicious uses.
Therefore, this study did not utilize any identifying information
to aid in classification. After the data was split into training and
testing data, the tweet text was filtered by the English language
and processed to extract significant features, Subsequently,
classification algorithms such as Logistic Regression, Naive Bayes,
SVM, KNN, and Random Forest were applied, as well as neural
network architectures such as a feedforward neural network, MLB
and LSTM. In the non-bootstrapped case, SVM performed the best
with an 89.87% accuracy, F1-score of 0.8986 and AUC of 0.90.
Among the Neural Network Architectures, MLP performed the best
with an 88.16% accuracy, F1-score of 0.8813 and AUC of 0.88.
However, with bootstrapping, the Random Forest classification
method resulted in a 96.80% accuracy, F1-score of 0.9678, and
AUC of 0.97. Using the MLP method with bootstrapping, a 95.70%
accuracy was achieved with a F1-score of 0.9569 and AUC of 0.96.

Survey Of Machine Learning Classification

All models performed reasonably well, with each achieving an
accuracy rate above 85%. Naive Bayes performed the worst, with
an accuracy of 86.1%. A key characteristic of Naive Bayes and the
reason for its lower performance is that it assumes independence
of features. In this context, it assumes the presence of one word
would not affect the presence of another; however, this is unlikely
to be true since these words can combine to form stereotypes (eg:
silly blonde). On the other hand, logistic regression is shown to
be highly effective, given its high accuracy of 92.5%. However,
a downside of this model is that logistic regression only handles
linear relationships, the relationship here may not have been
linear. KNN had an accuracy of 93.7%; inaccurate predictions
might have arisen due to interspersed points belonging to different
labels. SVM performed slightly better than Logistic Regression
with an accuracy of 94.0%, likely due to its ability to handle high-
dimensional data given the large amount of features and to find
complex decision boundaries.

Survey Of Neural Network Architectures

It is worth noting that both the LSTM and the feedforward neural
network exhibited lower accuracies compared to the other machine
learning classification algorithms. Code that tested different
hyperparameter values to select ideal hyperparameters was utilized
for the neural network; despite this, it struggled to achieve the same
level of accuracy as its counterparts due to overfitting. Additionally,
LSTM took a long time to run and thus it was not feasible to test
as many hyperparameters as for the other Neural Network models.
Despite the potential power of more complex models like LSTM, a
delicate balance has to be struck to strike, and in this case, it seems
that simpler algorithms prevailed in terms of accuracy.

Limitations And Future Work

The reduction in dataset size due to English language filtering
likely explains the poorer performance of the non-bootstrapped
case. Additionally, Neural Network Architectures’ complexity
can lead to overfitting which is why the Feedforward Neural
Network and LSTM didn’t perform as well as the ML classification
algorithms. Further studies could include further hyperparameter
tuning and trying out other classification algorithms such as
Gradient Boosting Algorithms. Additionally, an alternative
language detection algorithm with higher accuracy may replace
langdetect. Furthermore, techniques like augmentation, merging
datasets, or synthetic data creation offer viable alternatives
to bootstrapping for dataset expansion. Future research could
explore specific sentiment analysis, including emotions like fear,
anger, and sadness, coupled with an examination of users’ prior
activity to uncover the underlying causes of the issue and provide
targeted intervention.
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The Effect of a Trpv4 Mutation on Skeletal
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ABSTRACT

TRPV4 (Transient Receptor Potential Channel Vanilloid 4) is a tetrameric calcium-permeable nonselective cation channel. It plays a
critical role in regulating responses from known activators of the channel including mechanical stimuli, high temperatures, natural and
synthetic ligands, and hypo-osmotic solutions, providing an important biological function in cartilage cells (chondrocytes). Missense
mutations in TRPV4 cause a spectrum of skeletal dysplasias of increasing severity including brachyolmia, spondylometaphyseal dysplasia,
Kozlowski type (SMDK), and metatropic dysplasia. Although the genetic bases of these diseases have been established, studies have yet
to establish an animal model to study the mechanism by which the TRPV4 mutation produces disease. To effectively produce a non-lethal
skeletal phenotype that modeled a human disorder, a conditional knock-in mouse model was generated using the Trpv4 p.R594H muta-
tion, which produces the moderately severe SMDK human phenotype. Postnatal induction in chondrocytes at weaning, using Acan-CreER
(Estrogen Receptor) and tamoxifen, produced mice with significantly shorter femora, humeri, hip bones, tibiae, tail lengths, and lumbar
vertebral heights in comparison to wild-type (WT) mice. Midgestational induction of the same mutation in chondrocytes using Col2al-Cre
resulted in mice with significantly shorter femora, humeri, hip bones, tibiae, lumbar vertebral heights, body length, and tail lengths.
Qualitative analysis revealed abnormal metaphyses, craniofacial features, widened and smaller vertebral bodies, and shorter long bones
in mutant (Mut) mice. Overall, the Trpv4 p.R594H mutation has been shown to shorten skeletal elements and produce abnormal skeletal
development in Mut mice compared to wild-type mice. Thus, there is evidence of an effective animal model for a TRPV4 human skeletal
disorder, which advances our understanding of the effects of TRPV4 mutations on skeletal development. Further studies using this mouse

model could include tests of inhibitor treatments to prevent disease progression of the TRPV4 skeletal disorders.

INTRODUCTION

keletal dysplasias are a heritable group of more than 450 detailed

disorders that have generalized abnormalities in primarily bone
and cartilage (1). Activating mutations in TRPV4 have been found
to cause a spectrum of skeletal dysplasia phenotypes (2). TRPV4
is a tetrameric, calcium-selective, gated ion channel that plays a
role in chondrocyte differentiation and is selectively expressed
in chondrocytes. However, it is also expressed at lower, but still
biologically significant, levels in other cell types (3). Point mutations
in TRPV4 cause disorders consisting of mild to lethal dominantly
inherited skeletal dysplasia phenotypes. These conditions, in order
of increasing clinical severity, include familial digital arthropathy-
brachydactyly, autosomal dominant brachyolmia, SMDK, non-lethal
metatropic dysplasia, and the perinatal lethal form of metatropic
dysplasia (3). Although current treatment methods such as physical
therapy and surgery are appropriate, they are not curative (2).

Since TRPV4 mutations cause disorders predominantly in the
developing skeleton, a viable animal model system is needed
to assess the phenotypic consequences of mutant TRPV4 in
anatomically similar organisms, such as mice, to compare to
human patients with TRPV4 skeletal disorders. Although a milder
Trpv4 mutation has been studied, using a viable animal model

to study its more severe effects on skeletal growth has yet to be
conducted. Therefore, to understand a severe mutation that can
still be studied in a viable animal model, SMDK was chosen. SMDK
is a moderately severe disorder characterized by pronounced short
stature, excessive curvature of the upper spine, and short limbs.
Radiographically, platyspondyly and broader vertebral bodies
within the spine are observed, while metaphyseal irregularity and
flaring are observed in the limbs of SMDK patients (5). Specifically,
the R594H missense mutation was chosen, as it is the most common
mutation found in SMDK patients. In previous studies, mutation
analysis of six SMDK patients demonstrated heterozygosity for
missense mutations in TRPV4 in all patients, with one mutation
leading to an R594H substitution recurring in 4 patients (6). Since
these skeletal dysplasias are caused by gain-of-function mutations
in TRPV4 (3), the SMDK disorder in humans was modeled using a
transgenic mouse construct with CRE-recombinase (CRE).

CRE is a widely used scientific tool that recombines floxed
alleles of transgenes and other genetic constructs, such as knock-
in constructs, which would allow the activation of the mutant
Trpv4 and cause skeletal dysplasia in mice (7). Upon initial testing
with CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) knock-in mice, it was observed that global activation
of the mutation was consistently lethal. Therefore, subsequent
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experiments employed conditional (tissue-specific) CRE activation,
which would allow for isolation of the effects of the Trpv4 mutation
on skeletal development. Combining the CRISPR construct along
with CRE activation, the conditional CRE model allowed control
over where and when the mutation would be activated to affect
only chondrocyte development.

The objective was to use a conditional knock-in mouse model
to determine if the SMDK disorder observed in humans could be
accurately recapitulated in mice. It was hypothesized that mice
carrying the mutant p.R594H Trpv4 allele would exhibit abnormal
skeletal elements compared to their unaffected (WT) counterparts
with wildtype Trpv4, thereby recapitulating the phenotype of a
human TRPV4 skeletal disorder. After both WT and Mut Trpv4
mice grew to about 7-8 weeks of age, they were both collected
and radiographed to assess the effect of mutant Trpv4 on the
developing skeleton. By further understanding the disorder in a
model system, the new information could be used to test inhibitors
on mice with mutant Trpv4, with a longer-term goal of treating
people with a TRPV4 skeletal disorder in a clinical setting.

MATERIALS/METHODS

Trpv4 Construct

The goal was to create a mouse model that replicates the skeletal
dysplasia phenotype after activating the Trpv4 mutation. To that
end, two CRE transgenic mouse lines were created: 1) the Acan-
CreER model in which the mutation was activated at P21, and 2) the
Col2a1-Cre model in which the mutation was expressed after E9.5.
To produce a Trpv4 Mut mouse, with the Jackson Laboratories, an
allele construct was designed using CRISPR technology (8). The
construct replaced one of the wildtype Trpv4 alleles with a modified
allele that expressed WT Tipv4, but incorporated the p.R594H
mutation that could only be expressed after induction with Cre
recombinase. The mouse with the inserted Trpv4 mutant construct
was then bred with a mouse that had a selected Cre. In the presence
of Cre, the section of the construct encoding WT Trpv4 is removed,
allowing the p.R594H mutation to be expressed instead. Thus, the
combination of chondrocyte-specific Cre expression and the specific
Trpv4 mutant construct was generated to create a mouse model
that could recapitulate the effects of heterozygosity only present in
chondrocytes for a mutation seen in SMDK patients.

Cre-recombinase

Two transgenic Cre models were used to activate the mutation, one
using the Aggrecan (Acan) promoter and the other using the type
II collagen (Col2al) promoter. Both models were selected for their
specificity of expression in chondrocytes. The Acan-CreER model
requires activation via tamoxifen, which was used to treat mice after
21 days of age at weaning. For this model, all mice were females due
to the limited availability of male mice, and all protocols involving
mice were IACUC approved. The Col2al-Cre transgene is typically
expressed at 9.5 days gestation (9) and does not require tamoxifen
for activity, allowing the assessment of mutation effects earlier in
development. Mice of both sexes were assessed for this mutant. For
both models, the mice were collected at 7-8 weeks of age.

ImageJ Analysis

To assess skeletal phenotype, anteroposterior radiographs using a
Faxitron model LX-60 cabinet X-ray machine were taken immediately
after the collection and skeletal preparation of mice. Radiograph
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screenshots were extracted and imported into the image analysis
application, ImagelJ. Size calibrations for the global scale, a scale
allowing all skeletal element measurements from each mouse to
be consistent, were determined from direct measurements of the
mouse’s body length (nose to beginning of tail in centimeters).
From there, skeletal elements were measured using the line
function, a function that created a line from one point to another
and measured it using the global scale calibration. This was based
on the X-ray annotation mouse atlas, an atlas separate from ImageJ
used to locate standardized skeletal elements of a mouse (10). The
skeletal elements measured included long bones, vertebral bodies,
tail lengths, and body lengths. Using the radiographs, qualitative
analysis, including observation of abnormal shapes of standard
skeletal elements and the shortening or flatness of certain skeletal
elements when compared to the unaffected mouse, was also
performed to examine the skeletal structure of Mut mice compared
to unaffected mice. Long bones, vertebral bodies, tail lengths, and
body lengths previously mentioned were chosen to be measured
to act as a standard representation of skeletal abnormalities
commonly found in human SMDK patients.

Excel Statistical Analysis

The measurements were grouped and compared according to same-
sex and relative age for each mouse model. Using Microsoft Excel,
average, standard deviation, standard error, variance, 2-sample
variance test, and an unpaired student’s t-test were calculated for
each measured element to determine the significance of the data.
For the Acan-CreER model in females, the two groups compared
were unaffected mice (n=6) and tamoxifen-activated Mut mice
(n=2). For the Col2al-Cre model, the two groups compared were
unaffected mice (n=6 for females, n=7 for males) and the Mut
TRPV4 mice (n=3 for females, n=8 for males).

RESULTS

Reduced Skeletal Size in TRPV4 Mutant Female Mice: Acan-
CreER Model

Radiographs of unaffected and Mut female mice in the Acan-
CreER model were compared via body measurements in both a
quantitative and qualitative manner. Comparison of unaffected
(n=6) and tamoxifen-activated Mut mice (n=2) through an
unpaired student’s t-test demonstrated that Mut mice were
significantly smaller in size than unaffected mice in terms of
skeletal elements of interest (Figure 1). For body length (WT
= 8.85cm, Mut = 7.95cm, p<0.01), tail length, femora length
(WT = 1.323cm, Mut = 1.032cm, p<0.0001), tibiae length,
hip bone length, lumbar vertebral body 1-6 (L1-16) height (L6:
WT = 0.275cm, Mut = 0.220cm, p<0.001), sacral vertebral
body (S1-S4) height (taken as one measurement), and caudal
vertebral body (C1-C6) height, Mut mice were significantly
smaller than unaffected mice (Figure 1A-1B, 1D-1E). However,
for cranium width, L1-L4 width, and C1-C6 width, there was
no significant difference between Mut and unaffected mice
(Figure 1C, 1E). From the radiographs, there were qualitative
differences between the Mut and affected mice (Figure 2). Mut
mice were significantly and observably smaller in body size,
having shorter long bones and shorter vertebral bodies (Figure
1, 2A-2C). Qualitative analysis of the metaphyses revealed
abnormally shaped metaphyses in affected mice, similar to the
flared metaphyses observed in human SMDK patients (Figure 2D).
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Figure 1: TRPV4 mutant female mice show significantly smaller skeletal elements compared to unaffected mice in the Acan-CreER model.

Acan-CreER female mice were radiographed and had various skeletal elements measured in centimeters using the image analysis application ImageJ.
Measurements were recorded between unaffected mice with WT TRPV4 and Mut mice with Mut TRPV4 and then put through an unpaired student’s t-test to
determine the p-value for statistical significance (unaffected/WT n=6; Mut n=2; Data expressed as means + SE. Significance of the differences: ns=p>0.05;
*=p<0.05; **=p<0.01; ***=p<0.001; ****=p<0.0001). (A) Average body and tail length in Mut mice were significantly smaller compared to unaffected mice
(p<0.01). (B) Average long bone length was significantly smaller in Mut mice compared to unaffected mice (p<0.0001, p<0.01). (C) Average lumbar and caudal
vertebral heights were significantly smaller in Mut mice compared to unaffected mice (p<0.05; p<0.01, p<0.001, p<0.0001). (D) Average lumbar and caudal
vertebral bodies were not significantly different between Mut and unaffected mice (p>0.05). (E) Average cranium width was not significantly different between
Mut and unaffected mice (p>0.05). Average sacral vertebral body 1-4 (taken as one measurement) height was significantly smaller in Mut mice compared to

unaffected mice (p<0.0001).
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Figure 2: Radiographs of TRPV4 Mut female mice suggest moderate skeletal dysplasia compared to unaffected mice in the Acan-CreER model.
Acan-CreER female mice were radiographed in various areas to observe the effect of the TRPV4 mutation. Specifically, full body (A), long bones (B), vertebral
bodies (C), and metaphyses (D) were compared. (A) WT (left) vs Mut (right): The Mut mouse was observably smaller in size than the unaffected mouse. (B) WT
(top) vs Mut (bottom): Long bones (indicated by the red arrows) were observably shorter in the Mut mouse than the unaffected mouse. (C) WT (left) vs Mut (right):
Lumbar vertebral bodies in Mut mouse were observably smaller compared to the unaffected mouse. (D) WT (top) vs Mut (bottom): Metaphyses (indicated by red
circles) appear abnormal, appearing as an umbrella shape, compared to the unaffected mouse.
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Smaller Skeletal Elements in TRPV4 Mutant Mice: Col2a7-
Cre Model

Radiographs of unaffected and Mut female and male mice in the
Col2al-Cre model were compared via body measurements in both
a quantitative and qualitative manner. An unpaired student’s t-test
revealed that Mut TRPV4 mice (n=3 for females, n=8 for males)
were significantly smaller than unaffected mice (n=6 for females,
n=7 for males) in both males and females (Figure 3, 4). In female
mice, body length (WT = 8.55cm, Mut = 7.23cm, p<0.0001),
tail length, femora (WT = 1.251cm, Mut = 1.084cm, p<0.001),
tibiae, hip bones, L1-L6 height (L6: WT = 0.268cm, Mut =
0.194cm, p<0.000001), S1-4 height (as one measurement), and
C1-C6 height, Mut mice were significantly smaller than unaffected
mice (Figure 3A-3B, 3D-3E). Mut mice had significantly wider
average caudal 2 (C2) and cranial width compared to unaffected
mice (Figure 3C, 3E). For L1-L4 width, C1 width, and C3-C6 width,
there was no significant difference between Mut and unaffected
mice (Figure 3C). In male mice, Mut mice had significantly
shorter average body lengths (WT = 8.72cm, Mut = 7.76cm,
p<0.001), tail lengths, femora (WT = 1.181cm, Mut = 1.032cm,
p<0.001), tibiae, hip bones, L1-L6 heights (L6: WT = 0.276cm,
Mut = 0.212cm, p<0.000001), L4 widths, S1-4 heights (as one
measurement), and C1-C6 heights compared to unaffected mice
(Figure 4A-B, D-E). Mut mice had significantly wider average
cranium widths, L1 widths, and C1-C2 widths than unaffected
mice (Figure 4C, 4E). For L.2-L3 width and C3-C6 width, there was
no significant difference between Mut and unaffected mice (Figure
4C). From the radiographs, there were substantial qualitative
differences between the Mut and unaffected mice (Figure 5, 6).
Mut mice were significantly smaller, had a much wider, dome-
shaped craniofacial structure, notably shorter long bones, and
abnormal appearing vertebral bodies (Figure 5A-5D, 6A-6D), all
of which are substantiated by quantitative measurements (Figure
3, 4). As observed for the Acan-CreER mice, qualitative analysis
again showed metaphyseal abnormalities comparable to the flared
metaphyses characterized in SMDK patients (Figure 5E, 6E).

DISCUSSION

The goal of this study was to explore if both the Acan-CreER and
Col2al-Cre mouse models could accurately recapitulate the SMDK
disorder seen in human patients. In the Acan-CreER model, with
the exception of vertebral body width, postnatal expression of the
p-R594H Trpv4 mutation resulted in statistically significant (p-value
less than 0.05) shortening of all skeletal elements measured within
Mut mice. This data suggests that the p.R594H Trpv4 mutation was
able to successfully recapitulate the phenotypic effects of SMDK
seen in human patients, even when the mutation was activated
postnatally through the activation of CRE using tamoxifen. However,
due to later activation of the mutation during development, the
mutation was only allowed to take effect for about 3-4 weeks, not
allowing the mutation sufficient time to have a more severe effect on
the developing skeleton. Human subjects afflicted with SMDK vary
in age, but in a clinical study of 6 patients with SMDK, ages ranged
from 8 months to 9 years (6). This age range, compared to the age
range of the mouse models, appears to be much wider and could
account for the lack of some effects not seen in the measurements.
In the Col2al-Cre model, for both female and male mice, prenatal
expression of the mutation resulted in significant shortening of all
skeletal lengths/heights measured, including significant widening
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of some vertebral bodies. A possible explanation for the non-
statistical significance in most of the vertebral body widths is that the
mutation was not allowed enough time to take effect on the width
of the vertebral bodies. Even in the Col2a1-Cre model, although the
mutation was induced embryonically, the mice were still given only
7-8 weeks for the mutation to take effect when mouse development
stopped around 12-24 weeks (11). Overall, data from both the
male and female studies suggests that the R594H Trpv4 mutation
can successfully recapitulate the phenotypic effects of SMDK seen
in patients, especially when the mutation is activated much earlier
in prenatal development. A statistical analysis of the degree of
severity when comparing the Acan-CreER Mut mice to the Col2al-
Cre Mut mice was never performed. However, qualitative analysis
of radiographs suggests that when the mutation is activated much
earlier in development (as in the Col2al-Cre model), craniofacial
abnormalities develop that are not observed in the Acan-CreER
model. However, both prenatal and postnatal activation of the
mutation show significant shortening of both the axial and
appendicular skeleton. Thus, both models provide evidence that
expression of the R594H Trpv4 mutation effectively mirrors skeletal
abnormalities consistent with those observed in the SMDK disorder
in human patients.

Although this study was able to generate a successful model
of recapitulating the SMDK disorder, several limitations were
observed that influenced the results. First, radiographs produced
by the Faxitron X-ray often had lighting and resolution issues that
introduced difficulties for measuring certain areas of the body, such
as the vertebral bodies, and specifically the individual sacral vertebral
bodies. Although using ImageJ somewhat corrected the lighting issue
(by manually adjusting the brightness and contrast features) when
measuring, some lighting and resolution issues remained recurrent
problems that made quantitative measurements less precise. An
example of this problem was when S1-4 could only be used as one
measurement, as in taking a single measurement starting from the
beginning of S1 to the end of S4, since distinguishing the boundaries
between each vertebral body was too difficult. Another limitation of
this study was the sample size. With the exception of the Col2al-
Cre male mice sample size, the sample sizes for the Col2al-Cre
(n=3 Mut mice) and Acan-CreER (n=2 Mut mice) models lacked
Mut mice compared to their unaffected counterpart groups due
to genetic and breeding factors. Due to this, the Acan-CreER male
mice could not be studied and could have possibly influenced the
results of the mice studied. As mentioned previously, radiographs
of SMDK patients demonstrate platyspondyly and broader vertebral
bodies in the spine, as well as irregular metaphyses in the limbs.
The data generated from both models suggest similar symptoms
in R594H Trpv4 Mut mice, revealing a phenotypic consistency
between Mut mice and SMDK patients. Since the mutations that
produce the TRPV4 skeletal disorders result in channel activation
(3), it was predicted that inhibitors of the TRPV4 channel (12) could
be used to treat mice expressing mutant Trpv4 to ameliorate the
severity of the skeletal phenotype. For example, a TRPV4 mutation
that would normally cause neonatal lethality could be reduced to a
milder phenotype, such as brachyolmia. It is speculated that models
similar to those generated in this study could be used to recapitulate
other TRPV4 disorders, such as metatropic dysplasia due to their
similar phenotypic natures, and subsequently be used for inhibition
studies. If the inhibitor leads to a significant reduction in phenotypic
severity, clinical applications of eventually treating people with
TRPV4 skeletal disorders would be possible.
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Figure 3: TRPV4 mutant female mice show significantly smaller skeletal elements compared to unaffected mice in the Col2a1-Cre model.

Col2a1-Cre female mice were radiographed and had various skeletal elements measured in centimeters using the image analysis application ImageJ.
Measurements were recorded between unaffected mice with WT TRPV4 and Mut mice with Mut TRPV4. An unpaired student’s t-test was then used to determine
the p-value for statistical significance (unaffected/WT n=6; Mut n=3). (A) Average body and tail length in Mut mice were significantly smaller compared to
unaffected mice (p<0.0001, p<0.001). (B) Average long bone length was significantly smaller in Mut mice compared to unaffected mice (p<0.001). (C) Average
lumbar and caudal vertebral widths showed no statistically significant difference between Mut and unaffected mice for all lumbar vertebral bodies and caudal
vertebral bodies with the exception of caudal vertebral body 2 (C2) (p<0.05). The average C2 width was significantly wider in Mut mice compared to unaffected
mice (p<0.01). (D) Average lumbar and caudal vertebral body heights were significantly smaller in Mut mice compared to unaffected mice (p<0.05, p<0.01,
p<0.001, p<0.0001, p<0.00001, p<0.000001). (E) Average cranium width was significantly wider in Mut mice compared to unaffected mice (p<0.01). Average
sacral vertebral body height from 1-4 (taken as one measurement) was significantly smaller in Mut mice compared to unaffected mice (p<0.000001).
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Figure 4: TRPV4 Mut male mice show significantly smaller skeletal elements compared to unaffected male mice in the Col2a1-Cre model.

The same procedure, as described in Figure 3 for Col2a1-Cre female mice, was done for Col2a1-Cre male mice (unaffected/WT n=6; Mut n=3). (A) Average body
and tail length in Mut mice were significantly smaller compared to unaffected mice (p<0.001, p<0.05). (B) Average long bone length was significantly smaller in Mut
mice compared to unaffected mice (p<0.001, p<0.000001). (C) Average lumbar and caudal vertebral widths showed no statistically significant difference between
Mut and unaffected mice for all lumbar vertebral bodies and caudal vertebral bodies with the exception of Lumbar vertebral body 1 (L1), L4, C1, and C2 (p>0.05).
The average L1, C1, and C2 widths were significantly wider in Mut mice compared to unaffected mice (p<0.01, p<0.00001). The average L4 width was significantly
shorter in Mut mice compared to unaffected mice (p<0.05). (D) Average lumbar and caudal vertebral body heights were significantly smaller in Mut mice compared
to unaffected mice (p<0.05, p<0.001, p<0.0001, p<0.00001, p<0.000001). (E) Average cranium width was significantly wider in Mut mice compared to unaffected
mice (p<0.05). Average sacral vertebral body 1-4 (taken as one measurement) height was significantly smaller in Mut mice compared to unaffected mice (p<0.00001).
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Figure 5: Radiographs of TRPV4 Mut female mice suggest moderate skeletal dysplasia compared to unaffected female mice in the Col2a1-Cre model.

Col2a1-Cre female mice were radiographed in various areas to observe the effect of the TRPV4 mutation. Specifically, full body (A), craniofacial features (B), long
bones (C), vertebral bodies (D), and metaphyses (E) were compared. (A) WT (left) vs Mut (right): The Mut mouse was observably smaller in size than the unaffected
mouse. (B) WT (left) vs Mut (right): Mut mouse has a dome-shaped, wider head compared to the normal cranium shape seen in the unaffected mouse. (C) WT
(top) vs Mut (bottom): Long bones (indicated by red arrows) are observably shorter in the Mut mouse compared to the unaffected mouse. (D) WT (left) vs Mut
(right): Lumbar vertebral bodies in Mut mouse are observably smaller compared to the unaffected mouse. (E) WT (top) vs Mut (bottom): Metaphyses (indicated
by the red circles) appear abnormal, appearing as an umbrella shape, compared to the unaffected mouse.
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Figure 6: Radiographs of TRPV4 Mut male mice suggest moderate skeletal dysplasia compared to unaffected male mice in the Col2a1-Cre model.
Col2a1-Cre male mice were radiographed in various areas to observe the effect of the TRPV4 mutation. Specifically, full body (A), craniofacial features (B), long
bones (C), vertebral bodies (D), and metaphyses (E) were compared. (A) WT (left) vs Mut (right): The Mut mouse is observably smaller in size than the unaffected
mouse. (B) WT (left) vs Mut (right): Mut mouse has a dome-shaped, wider head compared to the normal cranium shape seen in the unaffected mouse. (C) WT
(top) vs Mut (bottom): Long bones (indicated by arrows) are observably shorter in the Mut mouse compared to the unaffected mouse. (D) WT (left) vs Mut (right):
Lumbar vertebral bodies in Mut mouse are observably smaller and wider compared to the unaffected mouse. (E) WT (top) vs Mut (bottom): Metaphyses (indicated
by the red circles) appear abnormal, appearing as an umbrella shape, compared to the unaffected mouse.
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ABSTRACT

In the early planning stages of a mission, scientists seek a tool that estimates the torque that a spacecraft experiences due to atmospheric
drag as it flies through an atmosphere. If this torque is greater than the torque supplied by the spacecraft’s Reaction Control Subsystem
(RCS), it can interfere with the spacecraft’s attitude control and communication. For the upcoming Uranus Flagship, this problem is es-
pecially relevant because flying deep into Uranus’s atmosphere will allow the spacecraft to avoid collisions with dangerous ring particles
and enable more accurate data collection. However, at low altitudes, the gas giant’s atmosphere becomes dense enough to threaten atti-
tude control. Using existing calculations from the Cassini-Huygens mission as a model, this study aims to determine how low a spacecraft
similar in construction to Cassini can fly in Uranus’s atmosphere while maintaining attitude and reaction control capabilities. To solve this
problem, this study produced a software tool called the Preliminary Atmospheric Torque Calculation Tool (PATCaT) that provides a simple
way to calculate atmospheric torque on any planet given an atmospheric density profile, atmospheric conditions, and parameters describ-
ing the spacecraft. PATCaT was developed by using the standard atmospheric torque equation to calculate the torque that a spacecraft
experiences in a given atmosphere. Using PATCaT, the study concluded that there is a safe zone in between Uranus’s innermost known
ring and the altitude at which the spacecraft would no longer be able to overcome atmospheric torque and tumble out of control. In par-
ticular, a spacecraft may be able to fly as low as 184 km above the 1-bar level in Uranus’s atmosphere. The insight gained from PATCaT
can enable the Uranus Flagship and future missions to avoid dangerously low altitudes and use thrusters strong enough to overcome the

expected torque on a spacecraft.

INTRODUCTION

his study is a contribution to the early planning stages of
NASA’s 2023 Uranus Flagship mission. This mission aimed to
send a spacecraft deeper into the Uranus atmosphere than any
other earlier spacecraft to uncover the mysteries of the origins
and evolution of the ice giant. While flying at the lowest possible
safe altitude on Uranus allows for more robust data collection,
two main risks complicate flying at low altitudes. First, Uranus
has rings with particles that could damage the spacecraft, so
the spacecraft’s trajectory is limited to regions where it will not
encounter ring particles. The second obstacle, the focus of this
paper, is that flying at low altitudes introduces torque on the
spacecraft due to its center of mass and center of torque being
misaligned relative to its direction of motion. It is essential that
the spacecraft is capable of overcoming this torque using its
Reaction Control Subsystem (RCS) and in order to maintain
the necessary orientation for continuous communication with
Earth. Ultimately, this study investigates the hypothesis that
there is an altitude range in Uranus’s atmosphere in which a
spacecraft can be safely flown without risking ring particle
collisions or loss of attitude control by determining, at varying
altitudes, how much force will be required by the spacecraft’s
RCS thrusters to overcome the torque applied to the spacecraft
due to atmospheric drag.
Previous work on a similar problem exists from the Cassini-

Huygens spacecraft, which launched in 1997. After completing
its Titan flyby in 2017, Cassini was driven deep into Saturn’s
atmosphere to avoid collision with the potentially habitable
moons in the vicinity. During this phase, Cassini orbited Saturn
five times before making the catastrophic plunge into the planet’s
atmosphere. As it descended into lower altitudes, the spacecraft
experienced atmospheric torque, tumbled out of control, and lost
communication with Earth. Cassini’s plunge yielded the most
reliable data available at the time to model Saturn’s atmosphere,
enabling scientists to approximately reconstruct Saturn’s
atmospheric density profile (1). This study extends the standard
atmospheric torque calculation and data from Andrade et al. (1)
and Sarani et al.’s (2) studies on the Cassini mission to calculate
atmospheric torque in Uranus’s atmosphere.

As demonstrated by Cassini, the torque applied on a spacecraft
due to high atmospheric density at low altitudes is not unique
to the Uranus Flagship and applies to other missions. Thus, this
study produced the Preliminary Atmospheric Torque Calculation
Tool (PATCaT), a tool that can be used to perform such
calculations on future missions by changing parameters related
to the spacecraft and target planet from mission to mission. The
simplicity of PATCaT characterizes it as a suitable estimation tool
for the early planning stages of a mission as it allows the user
to make estimations when the system has unknown properties
and fine-tune the calculation as mission parameters become clear
throughout the planning process.

VOLUME 37 SPRING 2024 57



SHAYA NAIMI

METHODS

Atmospheric Torque Equation

PATCaT calculates atmospheric torque using the standard equation
presented by Andrade et al., making simplifying assumptions
about the spacecraft’s motion and the user’s needs (1).

It is assumed that a spacecraft whose mass distribution is not
uniform orbits a planet and has constant orientation relative to
the planet it is orbiting (so its orientation relative to the “forward”
direction of motion changes). The spacecraft experiences the
highest atmospheric density of its orbit at perigee, the moment in
its orbit where it is nearest to the planet. Since it is assumed that
the spacecraft’s center of mass is not aligned with the center of
its cross-sectional area when projected onto the plane orthogonal
to its velocity vector, the spacecraft experiences torque applied by
atmospheric particles. Since atmospheric density is maximized at
perigee, so is torque.

PATCaT’s atmospheric torque computation is based on the
standard formula for computing the torque applied on any object:
the cross product of the lever arm (the vector between the pivot
point and the point where the force is applied) and the force
itself. PATCaT takes this equation and incorporates environment-
induced factors on the spacecraft system, such as atmospheric
drag and atmospheric density. This relationship also takes into
account the spacecraft’s orientation and properties, such as its
center of mass, center of torque, and velocity. PATCaT uses the
following equation presented by Andrade et al. (1).

1 :
T.-llm = §CDPV2Apij\’ X ("('T - rC'M) (€D)

Tatm = atmospheric torque, Nm

Cl) = coefficient of drag, dimensionless
p = atmospheric density, kg/m3
V= velocity of the spacecraft relative to the surface of

the planet, m/s
A,,mj = the cross-sectional surface area of the spacecraft, m2
wy- = a unit vector whose direction is aligned with the
velocity of the spacecraft
rer = center of torque; the position of the center of
the spacecraft’s cross-sectional surface area relative
to a predetermined origin, m
r'cas = the position of the spacecraft’s center of mass, m

uy points in the same direction as the force applied onto the
spacecraft by atmospheric pressure (to a factor of +1 depending
on the orientation of the spacecraft’s coordinate system) since it
is a unit vector in the direction of the spacecraft’s velocity vector.
And since (rer — rea) is the vector obtained by subtracting the
spacecraft’s center of mass (which acts as a pivot) from the center
of torque (which acts as the point where the force is applied),
sometimes referred to as center of pressure, it represents the
distance between them. Thus, before considering the scalars in
the equation, it is clear that the directions of the vectors align
with those of the general torque formula.

Now, consider each quantity and how it individually impacts
Tam . The dimensionless coefficient of drag is computed based
on the aerodynamics and texture of the front-facing part of the
spacecraft (relative to its direction of motion). Andrade et al.
uses orbiting data of Earth-orbiting satellites to estimate €' to
be 2.1+0.1 (1).

Consider p and V together as pV/, or the product of atmospheric
density and velocity. The magnitude of force applied on the
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spacecraft by atmospheric particles is proportional to the
amount of mass the spacecraft encounters per unit time.
During a fixed amount of time, the number of particles a spacecraft
encounters is determined by the distance it covers and the
density of particles over that distance. Therefore, the product
pVrepresents the mass that the spacecraft encounters.

The projected surface area represents the surface area of the
spacecraft that comes in contact with atmospheric particles
because it is facing forward relative to the spacecraft’s internal
coordinate frame. Since the spacecraft has constant orientation
towards Earth, its orientation relative to the center of its
orbit (the planet) is changing. In this computation, since the
intended user of PATCaT desires to confirm that the spacecraft’s
thrusters have enough power to overcome the highest torque the
spacecraft may experience at perigee, it suffices to consider the
maximum value of A,,,; , which simply depends on the shape of
the spacecraft and its possible orientations at perigee.

Now consider V'uy , which represents the spacecraft’s velocity
vector as the product of the scalar velocity and its unit (direction)
vector. This factor is directly proportional to Tau because the
faster the spacecraft moves, the faster the particles are moving
when they collide with it, carrying more momentum and
applying more force.

Development of PATCaT
PATCaT is a simple Python tool that is available publicly on
GitHub (3). The following is an overview of the code comprising
PATCaT'’s calculations:

When the PATCaT program is run, it begins by collecting
user-defined parameters: atmospheric density profile, planet’s
angular velocity, spacecraft’s dimensions, spacecraft velocity,
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Figure 1: PATCaT plots the atmospheric torque expected at varying
altitudes for a Cassini-like spacecraft in Saturn’s atmosphere (solid
line).

Magnitude of torque is plotted in Nm using a logarithmic scale along the
x-axis because, given the large range of Saturn’s atmospheric density pro-
file, plotting using a linear scale would make the data appear compressed
and difficult to read. In this figure, the dashed vertical line represents the
maximum atmospheric torque that Cassini’s thrusters can tolerate before
the RCS fails (1 Nm). Thus, the intersection of the dashed and solid lines in-
dicates the minimum altitude at which it is safe for a Cassini-like spacecraft
to fly in Saturn’s atmosphere (1077 km above the 1-bar level). Andrade et
al. finds that loss of signal occurred at 1400 km above the 1-bar level (1).
The difference between these values is discussed in the validation section.



spacecraft orientation, thruster force, thruster lever arm, wind
speed, and drag coefficient. Using these parameters, the program
computes the variables required to compute torque (Equation
1). Projected surface area is calculated by applying a three-axis
rotation transformation to the spacecraft’s dimensions to project
its surface area onto the front-facing plane. The spacecraft’s lever
arm is computed similarly by applying three-axis rotation to the
user-defined lever arm. Atmospheric density data is interpolated
in order to generate additional data points spaced at smaller step
sizes than those given, which is especially useful when working
with a sparsely populated density profile. PATCaT implements
cubic spline interpolation, which yields a polynomial that closely
approximates atmospheric density at intermediate points based
on the given atmospheric density profile. Finally, PATCaT uses
these values to compute atmospheric torque (Equation 1).

RESULTS

The findings of this study indicate that, given the information
currently available about the Uranus Flagship, there is a safe zone
to fly in Uranus’s atmosphere that avoids both collision with ring
particles and intolerable atmospheric torque for the spacecraft.

According to PATCaT, a spacecraft of the approximate shape
and size of Cassini can fly as low as 184 km above the 1-bar level
(the altitude at which atmospheric pressure is 1 bar) in Uranus’s
atmosphere at a velocity of 14,868 m/s (Figure 3). The value
14,868 m/s is the estimated velocity after Uranus Orbit Insertion
currently under consideration by Damon Landau, trajectory
designer for the Uranus Flagship. Thus, the study concludes that
at altitudes greater than 184 km above 1-bar, a spacecraft can
safely handle the atmospheric torque it encounters.

The upper limit of the safe zone in Uranus’s atmosphere is
determined by the presence of ring particles. The 2017 Ice
Giants Flagship Study, a paper that investigates the possibilities
for exploration of the ice giant planets, finds that the hazard of
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Figure 2: PATCaT plots the atmospheric torque expected at varying
altitudes for a Cassini-like spacecraft in Titan’s atmosphere (solid
line).

In this figure, the point plotted with a cross at 1.37 Nm represents the
maximum torque that Cassini experienced in Titan's atmosphere according
to Sarani et al. (2). Sarani et al. finds that Cassini experienced this maximum
torque at 955 km above the 1-bar level while PATCaT estimates the torque
applied at 955 km to be 1.325 Nm. The difference between these values is
discussed in the validation section.

HOW LOW CAN THE URANUS FLAGSHIP FLY?

colliding with ring particles in Uranus’s atmosphere disappears
at approximately 2,500 km above the 1-bar level (5). Combining
the lower and upper limits of safe altitudes yields the conclusion
that the Uranus Flagship can fly within a range of over 2,000 km
of atmosphere without risking ring particle collisions or loss of
attitude control.

DISCUSSION

Model Assumptions

In this study, several assumptions have been made to simplify the
calculation of atmospheric torque. While these assumptions reduce
the rigor of PATCaT’s calculations, they also reduce the burden to
acquire exact parameters of the system and thus allow the user
to experiment, given uncertain conditions in the early planning
stages, ultimately making the tool useful during this phase.

One simplification is that the spacecraft is modeled as a

rectangular prism. This allows the user to estimate torque without
detailed information about the spacecraft’s design. When the user
inputs parameters describing the spacecraft’s orientation, it is
rotated as a rectangular prism.
Additionally, PATCaT assumes solid-body rotation of the planet and
atmosphere. This is a notable assumption because the atmosphere
of a planet does not rotate with the planet due to coupling between
layers and friction, nor does it stand still relative to the planet’s
rotation. If desired, the user can specify either no rotation at all
or an arbitrary wind speed. Introducing wind speed changes the
effective velocity of the spacecraft, ultimately affecting the final
result of the torque calculation because atmospheric torque is
proportional to the square of velocity.

Also, PATCaT assumes that the dimensionless drag coefficient
is 2.1. In practice, this number can be calculated more rigorously
and depends on the aerodynamic design of the spacecraft and
its speed.

Model Limitations Due to Spacecraft Design

Estimating the projected surface area of the spacecraft and its
center of torque is a significant source of error in the calculation
of atmospheric torque. According to Andrade et al., it can account
for up to 30% error (1). In the planning stages of a mission, the
phase in which PATCaT may be implemented, this estimation
accounts for significant error because PATCaT depends heavily
on the design of the spacecraft, which is not known in the early
planning stages.

When a spacecraft is in flight, although all properties of the
spacecraft design are known well, unknown fuel usage makes
it difficult to estimate the location of the spacecraft’s center of
mass relative to its center of torque and direction of motion.
For example, in a monopropellant thruster system, where a
spacecraft uses a single chemical for propulsion, fuel is stored
in a pressurized tank and released periodically to propel the
spacecraft. Thus, it grows difficult to determine how much fuel
has been used at a given point in the mission, introducing errors
in estimations of remaining fuel mass, which is necessary in
order to locate the spacecraft’s center of mass. In addition, the
distribution of the fuel throughout the fuel tank, especially when
fuel is low, is often unknown, providing another source of error in
estimating the center of mass of the entire spacecraft.

Validation on Cassini: Saturn and Titan

PATCaT'’s calculations were validated on two existing atmospheric
reconstructions from the Cassini mission on Saturn and Titan (1,
2). These two flights were selected to validate this study because
PATCaT is intended for use on the Uranus Flagship mission, and
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the spacecraft used in the Uranus Flagship is expected to have
similar dimensions, thruster capabilities, and reaction control
system to the Cassini-Huygens spacecraft, according to trajectory
designer Damon Landau. Atmospheric reconstruction data
from Cassini’s flights in Saturn and Titan’s atmospheres were
obtained directly for this study from Andrade et al. and Sarani
et al., respectively (1, 2). In order to smooth these atmospheric
density profiles and provide data points at finer distance step
sizes than the ones provided by the density profiles, PATCaT
used a standard cubic spline interpolation, as detailed above, to
generate more data points that were consistent with the existing
data. The resulting interpolated data appears almost identical
to the original data, due to the accuracy of the interpolation
(Figure 1).

According to PATCaT, in the moments leading up to the “Final
Plunge,” Cassini should have tumbled out of control at 1077 km
above the 1-bar level (Figure 1). Andrade et al. indicates that loss
of signal occurred at 1400 km (1). The difference between these
two values can be attributed to several sources of error.

The error between PATCaT’s estimation of Cassini’s altitude
at loss of signal and the altitude computed by Andrade et al
could be attributed to the difference between the atmospheric
density profile used by PATCaT and Andrade et al.’s reconstructed
profile. PATCaT reads from Saturn’s atmospheric density profile
provided by the Langley Research Center because it covers a
larger range of altitudes on Saturn, which differs from the data
points in Andrade et al.’s reconstruction (1).

Another source of error is inaccuracy in the estimation of the
force that the thrusters can provide. Cassini uses a blow-down
monopropellant system, where fuel is expelled from the pressurized
fuel tank when thruster force is desired (1). The force that the
thrusters can provide depends directly on the pressure in the fuel
tank, which is difficult to estimate because, as fuel is depleted,
pressure in the tank naturally decreases and is replenished using
helium or nitrogen. Error may also result from the estimation of
projected surface area as discussed in the previous section and the
velocity of the spacecraft being largely unknown.

Validation of PATCaT on Cassini’s Titan-57 orbit also yielded
results with less than 50% error (Figure 2). This error was
calculated by comparing the torque calculated by Sarani et
al. with the torque calculated by PATCaT (2). As with Saturn,
the main sources of error were the atmospheric density profile
utilized and the unknown velocity of the spacecraft.

Further Reduction of Sources of Error

While PATCaT’s rough estimate offers sufficient accuracy for
the early planning stages of a mission, in the future, sources
of error can be reduced in several ways. In general, as more
information about the spacecraft is revealed or determined
throughout the planning process of a mission, using more
accurate parameters such as exact dimensions, orbit insertion
velocity, and orientation can improve the accuracy of PATCaT’s
results. In addition, obtaining a more accurate atmospheric
density profile of the desired planet can increase the accuracy
of the result. However, for certain planets, especially the planets
that are furthest away from Earth such as Uranus, accurate
atmospheric density profiles are not available due to a lack of
research on those planets’ atmospheres.

Another area in which accuracy can be improved is in
PATCaT’s modeling and calculations of the cross-sectional
area of the spacecraft. PATCaT takes a simplistic approach by
modeling the spacecraft as a rectangular prism. There also
exists a rigorous approach to this problem, which involves
projecting the exact design of the spacecraft onto the plane of
motion, but this is unrealistic given the information available in
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Figure 3: PATCaT plots the atmospheric torque expected at varying
altitudes for a Cassini-like spacecraft in Uranus’s atmosphere (solid
line).

Magnitude of torque is plotted in Nm using a logarithmic scale along the
x-axis because given the large range of Uranus’s atmospheric density pro-
file, plotting using a linear scale would make the data appear compressed
and difficult to read. The dashed vertical line represents the maximum
atmospheric torque that Cassini's thrusters can tolerate before the RCS
fails (1 Nm). Thus, the intersection of the dashed and solid lines indicates
the minimum altitude at which it is safe for a Cassini-like spacecraft to fly
in Uranus'’s atmosphere (184 km above the 1-bar level).

a mission’s early stage. However, future work could aim to take
a new approach that balances rigor with simplicity by modeling
the spacecraft as a collection of several rectangular prisms that
approximate its shape.

CONCLUSION AND FUTURE DIRECTIONS

This study aims to answer the question: “How low can a spacecraft
fly in Uranus’s atmosphere?” PATCaT answers the question by
offering insights into the safe zones of this gas giant’s atmosphere
to the 2023 Uranus Flagship team. Using the results from this
tool, the trajectory design team can now constrict the mission’s
trajectory appropriately to avoid overwhelming the spacecraft’s
Reaction Control Subsystem and safely maintain attitude control
throughout the tour of Uranus. Because of PATCaT’s iterability
and simplicity, the Mission Design and Navigation can fine-tune
this constriction as more information about the capabilities of the
Reaction Control Subsystem becomes available.

PATCaT has the potential to benefit any future mission that
plans to fly a spacecraft into an atmosphere of significant density.
Despite its limitations in accuracy, PATCaT provides insight into
how much torque a spacecraft is expected to experience at various
altitudes in a given planet’s atmosphere, which may be utilized
in the planning stages of a mission to more clearly understand
the limitations of the mission and ensure that the spacecraft is
capable of overcoming the torque it expects to experience. While
the ability to rigorously perform these same calculations has
already been developed, existing methods require knowing the
exact design of the spacecraft and mission parameters, which is
unrealistic during the early stages of planning a mission. PATCaT’s
simplicity makes it suitable for these stages because scientists
often only seek an approximation of the mission’s constrictions in



order to inform important decisions related to trajectory design
and navigation.
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ABSTRACT

Neural lineages are defined as groupings of neurons formed by individual, genetically specified neuroblasts. Lineages are distinguishable
at later developmental stages in Drosophila melanogaster via the progression of their axon tracts towards the neuropil, the network of
fine processes (such as growth cones and filopodia) at the center of the embryonic brain. It is speculated that lineages interact with
each other in a preferential and predictable manner, and vary in factors such as axon length and growth cone size. This study aims to
distinguish between lineages at early developmental stages and gain a better understanding of lineage phenotype and interaction and
thus neural circuit development as a whole. Transmission electron microscopy was used to image the Drosophila embryonic brain and
generate 3D reconstructions of neural lineages in mid-late stage embryos. Lineages reconstructed include the antennal lobe (AL) lineage,
the mushroom body (MB) lineage, as well as lineages that have yet to be traced in the posteromedial region of the brain. The AL and MB
lineages were chosen for reconstruction because of their known interactions with each other in the larval brain, and the untraced lineages
from the posteromedial region were chosen because of their potential for identification. These reconstructions confirmed that lineage
phenotype varies most notably in axon length and growth cone size, neurons interact with each other in a preferential manner, and that
neurons belonging to the AL and MB lineages do not interact with one another at the E14 stage. These findings provide insight into how
the interaction of neurons of specific lineages during neuronal development shape the neural circuits of the differentiated brain.

INTRODUCTION

D rosophilamelanogasterisauseful tool to model developmental

questions in neuroscience (1-2), but the current lack of

understanding in the formation of its neural lineages prevents
its effective use as such. Neural stem cells, called neuroblasts,
of the Drosophila melanogaster brain divide in a stem cell-like
manner to form stereotyped sets of neurons called lineages (3).
Neurons of a given lineage project their axons in a cohesive
tract towards the neuropil, a network of neuronal processes
(i.e., axons and dendrites) at the center of the embryonic
brain. The pathway taken by each lineage-associated tract
has a characteristic entry point and trajectory. Based on the
trajectory of their axon tract, lineages can be identified and
followed from larval to adult stages (4).

Axon tracts of Drosophila melanogaster begin to emerge in the
mid-late stage embryonic brain (4) (Figure 1). Ongoing research
reveals that tracts in the embryonic brain can be identified with
corresponding tracts in the larva (5-6), allowing for this study’s
identification of different lineages from embryonic stage 12
(E12) onward and analysis of the characteristics of lineages in
the developing brain (4). Such characterization has not yet been
achieved for Drosophila. Previous studies, primarily in vitro, for
some neuron populations in the Drosophila optic lobe have shown
that growth cones at the tips of advancing axons form filopodia
whose dynamic activity is correlated with different stages of
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Figure 1: Schematic representation of axon growth across different
stages of neural development.

Neural stem cells (called neuroblasts) divide in a pattern-like manner to
form neurons, which occur in the early-mid stages (E10-E12) of embryonic
development. As such, axon tracts at this stage do not yet exist. Neurons
begin to project axon tracts and eventually form bundles during the later
stages (E12-E17) of embryonic development.

axonogenesis and synapse formation (7), which demonstrates
the potential for growth cone and filopodial phenotype/behavior
as valuable markers for understanding neuronal development.
The study’s analysis will address the following questions:
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Filopodia and Connectivity

Neurons have stereotyped synaptic connections and appear
to preferentially connect with specific neurons while avoiding
forming connections with others (7). Connections of the
Drosophila larval brain (“connectome”) have recently been fully
described using a serial electron microscopy (EM) stack of an early
first larval instar (L1) brain (8). The connectome provides an “end
point” of connectivity, or the final product of embryonic brain
development. However, it is uncertain how these connections
arise and at what stage they become visible (8). This study
hypothesized that connections between neurons are established
at an early stage (before the larval stage) through direct contact
with filopodia, when neurons are physically very close to each
other (8). These filopodial connections dictate patterns of
branching and synaptic connections. As more neurons form
and branch, neuropil volume increases and neurons are pushed
away from one another while maintaining connections (9),
which subsequently lengthens the connection between originally
nearby neurons (Figure 1) (4). This study aimed to evaluate this
hypothesis by examining two specific sets of neurons that are
known to form connections with each other in the larval brain:
the mushroom body (MB) and antennal lobe (AL) neurons (10).

Relationship Between Growth Cones and Lineages:
Comparing Lineages

Growth cones, which exist at the tip of the axon tract and are
where filopodia are located, dictate the direction in and depth at
which an axon progresses (11). It is hypothesized that neurons
of different lineages have varying structural properties, such as
variations in growth cone size (Figure 2A). This study aimed to
determine the extent to which growth cones differ in size/shape
depending on their lineage.

Relationship Between Filopodial Properties and Lineages:
Within Lineages

Based on the proliferation pattern of neuroblasts, neurons are
born at different time points over a span of approximately 5 hours
(4). Currently, two hypotheses exist regarding axon development
(Figure 2B). The first hypothesis is that axons of a lineage develop
simultaneously, causing all neurons at a specific developmental
stage to have axon tracts of similar lengths (12). The second
hypothesis is that axon development is staggered, so that neurons
at a specific developmental stage have axon tracts that vary in
length. In this hypothesis, longer axon tracts would belong to
neurons that are more mature (i.e., arise earlier) while shorter
axon tracts would belong to neurons that are less mature (arise
later) (13, 14).

The study produced a 3D model of neurons at stage E14, which
was chosen because it is a mid-late stage of development where
axon tracts begin to arise. Doing so accomplishes three main
goals. First, it would be possible to identify lineages at the earliest
possible stage, allowing for the establishment of links between
corresponding neuroblasts and a more accurate characterization
of lineage phenotypes at prior stages. Second, it would be
possible to determine the way in which synaptic connections are
formed. Seeing interaction between neurons in the mid stage
embryonic brain would provide evidence for the idea that synaptic
connections are pre-established, while seeing a lack of interaction
between neurons in the mid-stage embryonic brain would provide
evidence for the idea that synaptic connections are formed. Lastly,

¥

growth
cone
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Figure 2: Schematic representation of hypotheses regarding growth
cone size/shape and axon projection.

(A) Different hypotheses regarding growth cone size/shape. The first
hypothesis is that growth cones are relatively smaller/seemingly non-
existent, as showcased by the neuron on the left. The second hypothesis
is that growth cones are larger with a distinctive shape, as showcased
by the neuron on the right. (B) Different hypotheses regarding axon
development. The left lineage represents the hypothesis that axon tracts
arise simultaneously, and the right lineage represents the hypothesis that
axon tracts arise in a staggered manner.

with the reconstruction of more neurons in the future, a better
understanding of the structure of neuronal lineages in terms of
their axon lengths, growth cone size, and filopodia patterning will
be achieved.

MATERIALS AND METHODS

Imaging

Drosophila melanogaster E14 embryonic brains were first
embedded externally following standard protocol (15). In the
first osmication step, the samples were treated with 2% osmium
tetroxide and 1.5% potassium hexacyanoferrate in darkness at
room temperature for 30 minutes. The samples were then treated
with 1% thiocarbohydrazide (TCH) in water at 60°C for 10
minutes in an enhancement step. Lastly, the samples were treated
with 2% osmium tetroxide and 1.5% potassium hexacyanoferrate
in darkness at room temperature for 30 minutes again in a second
osmication step.

Following the second osmication step, the samples were rinsed
with water and dehydrated using ethanol. The samples were
consecutively treated with a 1:2 ratio of resin and ethanol, a 2:1
ratio of resin and ethanol, and overnight using pure resin. The
samples were then placed between a Teflon-coated slide and an
Aclar coverslip with 200-mm spacers and polymerized at 60°C,
trimmed and cut into 70 nm sections, mounted onto 3View sample
pins, and trimmed at the ultra-microtome utilizing a glass knife
at right angles. An electromagnetic (EM) beam was then used to
image the samples.

Lineage Classification

Neurons were identified and categorized into the MB and AL
lineages by matching the position of the MB and AL lineages in
the brain from the literature with the observed position of neurons
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from our sample. This project focused on the left hemisphere of
the brain, divided into the following regions: anterior posterior,
anterior medial, central lateral, central medial, posterior lateral, and
posterior medial. Neurons located in the posterior medial region of
the brain were also categorized into classes A-D based on their axon
lengths, axon bundling, and interactions with the neuropil.

Generating 3D Models

Two types of 3D models were generated: the approximate
3D models, and the detailed 3D models. In order to create
the approximate 3D models, the locations of cell bodies were
identified within the EM stack on Fiji ImageJ. Markers were
placed at the location of the cell body and axon tract at each slice,
becoming the cell body and axon tract in the approximate 3D
model. The approximate 3D models display the general location
of the cell body and direction of the axon tract. Phenotypic
characteristics (parallel growth, axon length, growth cone size/
shape, filopodia locations and interactions) were evaluated
both qualitatively and quantitatively. Quantitative analysis of
the distance between the neuropil and cell bodies were done on
Fiji ImageJ using a coordinate system, Euclidean distance, and
standard measurements. Growth cone length was analyzed using
the 3D renderings of neurons and standard measuring tools in Fiji
ImageJ. Qualitative analysis was done by examining the relative
parallel growth of axons and axon lengths. Neurons were then
color-coded based on axon length.

In order to create the detailed 3D models, markers and dots
were followed to show the location of the cell body and axons,
respectively. With these markers and dots as guidance, the shape
of the neuron on each image was outlined, and subsequently
combined using Fiji ImageJ to generate the 3D structures. Neurons
were then color-coded based on axon length.

Distance Measurements and Ratio Calculations

The approximate 3D coordinates were determined for the center
of the neuropil and the center of each neuronal cell body (CB) by
measuring the width and height of each object within Fiji ImageJ
and geometrically determining the center. The distance between
the neuropil and cell body for a sample of neurons located in the
posterior medial region of the embryonic brain were determined
using Euclidean distance. All coordinates and distances are
measured in micrometers (um). Statistical analysis was done using
(1) a Wilcoxon rank sum test and corrected using a Benjamini—
Hochberg correction for the neuronal depth calculations and (2)
a Cl-way ANOVA for the growth cone width calculations. Scripts
for figure generation and statistical testing were run in RStudio.

RESULTS

No Interaction Was Seen Between AL and MB Neurons, and
Mostly Distal Filopodia Were Found

To aid in interpretation, a single neuron is provided (Figure
3). Although AL and MB lineage neurons are known to form
connections in the larval brain, at this stage there were no
interactions between neurons belonging to the AL lineage and
neurons belonging to the MB lineage, meaning that they have no
direct contact (Figure 3). Additionally, it was observed that the
majority of neurons (90%) belonging to the AL and MB lineages
had more distal filopodia than interstitial filopodia (Figure 4,
Table 1 and 2).
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Figure 3: Detailed reconstruction of neurons belonging to MB and
AL lineages.

Representation of neurons belonging to the MB and AL lineages. The
neurons in green shades belong to the MB lineage, and the neurons in
pink shades belong to the AL lineage. At this stage of development,
neurons belonging to the MB and AL lineages do not come into physical
contact or form connections with each other.

Variations in Axon Lengths Were Found, with No Correlation

to Neuronal Positioning

The approximate reconstruction of the neuropil and neurons
belonging to lineages revealed variations in neuronal axon length
and interactions with the neuropil that segregated the neurons
into four classes (Figure 5A). To aid in this interpretation, a single
neuron was provided (Figure 5B). Class A neurons had very
short axon tracts and did not form bundles. This class of neurons
is not long enough to reach the neuropil. Class B neurons had
short axon tracts but were long enough to form bundles. This
class of neurons was also not long enough to reach the neuropil.
Class C neurons had long axon tracts of sufficient length to form
bundles. This class of neurons was long enough to reach the
neuropil; however, their axon tracts ended right as they reached
the neuropil. Class D neurons had long axon tracts that were both
of sufficient length to form bundles, and to reach to and extend
through the neuropil. In the study’s current sample of neurons
(n=26), there appears to be no statistically significant (p>0.05)
relationship between the class that a neuron belongs to, and the
distance between the cell body and the neuropil, and thus the
position in the brain (Figure 6).

Variations Exist in Growth Cone Size and Shape, and
Preferential Interactions Were Seen

Variations were seen in growth cone shape and size. The lineages
classified into class C of neurons had significantly wider growth
cones (p=0.00617) by approximately 260% compared to the
lineages classified into class D of neurons (Figure 7A). Lastly,
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Figure 4: Individual detailed reconstruction of AL and MB lineage neurons

Interstitial filopodia are shown by purple arrows, and distal filopodia are shown by yellow arrows. Neurons with varying physical characteristics, including axon
width/length and cell body shape, were chosen to be represented. The sample of neurons chosen is representative of the total sample of reconstructed neurons.
(A) 3D reconstruction of the 7 la 12c neuron, belonging to the AL lineage, which has more interstitial filopodia than distal filopodia. It also has a large number of
filopodia as a whole. (B) 3D reconstruction of the 11 bamv3a neuron, belonging to the AL lineage, which has more distal filopodia and no interstitial filopodia. (C)
3D reconstruction of the 2 bamv3a neuron, belonging to the AL lineage, which has more distal filopodia than interstitial filopodia. (D) 3D reconstruction of the
1 bamv3 neuron, belonging to the AL lineage, which has more distal filopodia and no interstitial filopodia. (E) 3D reconstruction of the 3 lc a neuron, belonging
to the AL lineage, which has more distal filopodia than interstitial filopodia. (F) 3D reconstruction of the MBc 2 R 9 PM23n neuron, belonging to the MB lineage,
which has more distal filopodia than interstitial filopodia. (G) 3D reconstruction of the MBc 9 9PM20n neuron, belonging to the MB lineage, which has more
distal filopodia than interstitial filopodia. (H) 3D reconstruction of the MBc 6 8PM32n neuron, belonging to the MB lineage, which has more distal filopodia
than interstitial filopodia. (1) 3D reconstruction of the Dpmpl b 3 8PM22n neuron, belonging to the MB lineage, which has more distal filopodia than interstitial
filopodia. (J) 3D reconstruction of the Dpmpl b 4 r 8pm20n neuron, belonging to the MB lineage, which has more distal filopodia than interstitial filopodia. Most
aforementioned neurons. (B-J) have more distal filopodia than interstitial filopodia.

Name of Neuron Distal Interstitial Name of Neuron Distal Interstitial
71a12 ¢ 3 12 MBc 2 R 9 PM23n 3 0

11 bamv3a 3 0 MBc 9 9PM20n 6 0

2 bamv3a 4 1 MBc 6 8PM32n 5 4

1 bamv3 2 0 Dpmpl b 3 8PM22n 4 2

3lca 6 0 Dpmpl b 4 r 8om20n 2 0

Table 1: Table 2:

A count of distal and interstitial filopodia from a sample of neurons
belonging to the AL lineage in Figure 3.

interactions were seen between certain neurons and bundling
of certain neurons, which is defined as the selective groupings
of some neurons and the selective avoidance of other neurons.
Specifically, neurons belonging to class C and D clearly appeared
to belong to a lineage based on how their axons grew in close
proximity and in parallel to one another (Figure 7A). To aid in
this interpretation, a single neuron was provided (Figure 7B).

A count of distal and interstitial filopodia from a sample of neurons
belonging to the MB lineage in Figure 4.

DISCUSSION

Prior studies have primarily focused on the adult Drosophila
brain (1, 2, 16), and thus there is a need for models that focus on
the embryonic Drosophila brain to answer development-specific
research questions. By identifying patterns in the phenotypic
characteristics (axon length, growth cone size, and filopodia
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interactions with other neurons) of neurons in the brain of the
mid-late stage Drosophila embryo, this project allowed for a clearer
characterization of neural lineages at successive previous stages
and identification of phenotypic markers for the recognition of
specific lineages throughout different developmental stages.

It was concluded that there are four different classes of neurons
that differ in their length and interactions with the neuropil:
class A having no axon tracts, class B having short axon tracts and
bundling present, class C having long axon tracts that form bundles
but barely reach the neuropil, and class D having long axon tracts
that form bundles and run through the neuropil. Among specific
classes of neurons, the close interactions and parallel axon growth
at stage E14 are clear evidence of bundling and lineage formation.
Variation in axon tract lengths provides evidence that axons start
development at different times (13, 14). At this stage, there does
not appear to be any relationship between the class a neuron
belongs to and its distance from the neuropil and depth into the
brain. Furthermore, it was concluded that there are variations
in growth cone size/shape based on neuron class, and that the
majority of mushroom body and antennal lobe filopodia are
distal, rather than interstitial. These findings may contribute to
the understanding of the mechanisms of neural circuit (network of
synaptic connections) formation, as this will provide information

Figure 5: Approximate reconstruction of the neuropil and neural
lineages.

(A) Representation of the neuropil, which is the pink structure, and neurons
surrounding the neuropil. Neurons are color-coded according to the class
they belong to. Cyan neurons belong to the first class, dark blue neurons
belong to the second class, red neurons belong to the third class, and
orange neurons belong to the fourth class. At this angle, the dorsal side
faces outwards. (B) Representation of the neuropil, which is the pink
structure, and neurons surrounding the neuropil. Neurons are color-coded
according to the class they belong to. Cyan neurons belong to the first
class, dark blue neurons belong to the second class, red neurons belong
to the third class, and orange neurons belong to the fourth class. At this
angle, the dorsal side faces upwards. (C) Representation of a single neuron.
The sphere is representative of the cell body, and the line is representative
of the axon tract.

The Distance Between the Neurophil and Cell Body Across Different Neuronal Classes
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Figure 6: Relative positioning of neurons within the brain.
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Boxplot of the distances between the cell body of neurons (n=26) and the neuropil (CB-N), measured in micrometers, for each class. Analysis was done using a
Wilcoxon rank-sum test and a Benjamini-Hochberg correction (p>0.05 for classes A-D), and a 95% confidence interval (Cl) is given.
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on how axons are guided and neurons ultimately interact with
one another. Additionally, the lack of physical interactions found
between the antennal lobe and mushroom body neurons at E14
suggests that these connections will form at a later stage.

The current study lacks a large sample size for neurons in each
specific class, given time constraints. In addition, the study is
limited in the approximations made in determining the center of
the neuropil, which is irregularly-shaped. More neurons should be
analyzed in order to reach a more concrete conclusion. Therefore,
the future of this project will focus on 3D rendering neurons at
earlier stages (stage E13 and prior). Lineage identification has
been more successful in the later embryonic stages (17) and
in the larval brain (18-20). As such, much is known about the
phenotypic characteristics and interactions between lineages at
the later embryo and larval stages of development (13, 14, 16, 17).
However, given that axon tracts have yet to form at the early-mid
embryonic brain, less is known about lineages at these early stages.
With this knowledge about the later embryo and larval stages,
phenotypic characteristics found during this project will be used
to draw connections between later and earlier embryonic stages.
Overall, this project provided valuable insight on the phenotypic
characteristics of neural lineages in the mid-late stage Drosophila
embryo brain, which will aid in the overall understanding of the
formation of neural circuits and the tracing of neural lineages at
earlier developmental stages.

Figure 7: Approximate reconstruction of the neuropil and neural
lineages.

(A) Representation of neurons that are color-coded according to the class
they belong to. Cyan neurons belong to class A, dark blue neurons belong
to class B, red neurons belong to class C, and orange neurons belong to
class D. Neurons belonging to class C were found to have significantly
wider growth cones (p=0.00617) in comparison to neurons belonging to
class D. (B) Representation of a single neuron. The spherical structure at the
top is representative of the cell body, the descending rod is representative
of the axon tract, and the structure at the bottom is representative of the
growth cone and filopodia.
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ABSTRACT

Strongyloides stercoralis is a skin-penetrating gastrointestinal parasitic nematode that is prevalent worldwide and primarily infects hu-
mans living in under-resourced and neglected tropical and subtropical regions of the world. Skin penetration is critical to parasitism;
however, the mechanisms underlying the process are poorly understood and uncharacterized as there are no prior research studies avail-
able. This paper investigates the role of dopamine signaling during skin penetration in Strongyloides stercoralis. The effect of silencing
the dopaminergic neurons on skin penetration behavior was examined using ex vivo skin penetration assays. To silence the dopaminergic
neurons, a construct was generated in which a promoter specific for the dopaminergic neurons was used to drive expression of the his-
tamine-gated chloride channel HisCl1. Exposing nematodes expressing this construct to exogenous histamine results in silencing of the
dopaminergic neurons. Silencing the dopaminergic neurons severely impaired skin-penetration behavior: the proportion of time spent
attempting penetration was reduced by approximately 4-fold and the time to initiation of penetration was significantly delayed by ap-
proximately 3-fold. Additionally, silencing the dopaminergic neurons inhibited skin penetration in 20% of the larvae. The results suggest
that dopamine signaling plays an essential role in skin-penetration behavior and provides a deeper understanding of the mechanisms by

which skin-penetrating nematodes invade human hosts.

INTRODUCTION

Strongyloides stercoralis is a skin-penetrating gastrointestinal
parasitic nematode that infects nearly two billion people
worldwide, with infections primarily affecting those in under-
resourced tropical and subtropical areas (I,2). S. stercoralis
infection can lead to strongyloidiasis, a neglected tropical
disease affecting over 600 million people across the world
that can cause abdominal pain, diarrhea, hives, and death
in immunocompromised individuals (2). Skin-penetrating
nematodes also cause extensive morbidity in livestock and pets (3).
S. stercoralis infects host organisms during the developmentally
arrested infective third-larval stage (iL3). At this developmental
stage of S. stercoralis, iL3s penetrate through the skin of the host
to establish an infection (3). Although skin penetration is essential
to parasitism, the exact behaviors that iL3s engage in while
penetrating skin are not well understood, likely because assays to
closely examine these behaviors did not previously exist and no
current research has expanded on this further. Furthermore, the
neural mechanisms that underlie skin-penetration behaviors have
not been investigated. It is unclear whether the sensory neurons
of S. stercoralis drive skin penetration in response to specific
mechanical properties of the skin surface.

Caenorhabditis elegans, a well-studied and free-living
nematode, is morphologically and genetically similar to S.
stercoralis; thus, studies in C. elegans provide a good starting point
for investigating the role of homologous genes and neurons in
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parasite-specific behaviors in S. stercoralis (4). Some behaviors,
such as texture-sensing in the environment, and their underlying
neural mechanisms have been studied in C. elegans. When C.
elegans encounter a bacterial lawn, their speed of locomotion
slows, and mechanosensory texture-sensing neurons drive
this slowing response (5). Dopamine signaling in C. elegans
is necessary for sensation of the texture of the surrounding
environment. Dopamine is also required for C. elegans to discern
and discriminate between features of the tangible environment, a
behavior known as spatial pattern selectivity (6). C. elegans uses
this behavior to select a preferred surface, one with the highest
texture density, as elucidated by previous research where C.
elegans were exposed to different textured chambers. Underlying
these behaviors are the mechanosensory dopaminergic neurons,
which integrate spatial information and behaviors (6). Thus,
dopamine appears to be important for the ability of C. elegans to
sense and respond to the surrounding environment.

As further evidence that dopamine is a critical and conserved
regulator of the nervous system across different animals,
critical components of the dopamine biosynthesis pathway have
homologs in different species (5). In C. elegans, the gene cat-2
encodes a tyrosine hydroxylase that is a critical component of the
pathway for dopamine biosynthesis (7) (Figure 1). Additionally,
the C. elegans gene dat-1 encodes a transporter that recycles
dopamine from the synaptic cleft (8). The S. stercoralis homologs
of the C. elegans cat-2 and dat-1 genes were identified. Thus,
key components of the pathways that synthesize dopamine and
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regulate the bioavailability of the neurotransmitter are conserved
in Strongyloides species.

Of the mechanosensory neurons of C. elegans, the dopaminergic
neurons cephalic sensillum (CEP), anterior deirid sensillum (ADE),
and posterior deirid sensillum (PDE) have been extensively studied
for their critical role in modulating the detection of mechanical
stimuli (9). Specifically, these neurons are implicated in the
sensation of harsh touch and texture (10). These neurons sense
the mechanical properties of bacterial food and can be triggered
via touches to the nose and with specific excitation by a bacterial
food source. Further research on the dopaminergic neurons in C.
elegans and S. stercoralis, is required to expand this understanding
in different biological contexts such as in the human-infective
hookworm, Ancylostoma duodenale.

Thisstudy tests whether the dopaminergic neurons of S. stercoralis
modulate skin-penetration behavior. It is hypothesized that the
S. stercoralis dopaminergic neurons modulate skin-penetration
behavior in response to the sensation of skin surface texture. To test
whether dopaminergic neurons regulate skin-penetration behavior,
the dopaminergic neurons are chemogenetically silenced using the
histamine-gated chloride channel HisCl1 (11). In nematodes that
express these constructs specifically in the dopaminergic neurons,
exposure to exogenous histamine silences the dopaminergic
neurons (Figure 2). In support of this hypothesis, it was found
that silencing the dopaminergic neurons impaired the ability of
S. stercoralis iL3s to penetrate the skin. These results enhance the
understanding of the mechanisms that drive skin penetration by S.
stercoralis and other skin-penetrating nematodes and may inform
the development of therapies that prevent infection.

METHODS

Maintenance of S. Stercoralis

S. stercoralis was cultured by serial passage through Meriones
unguiculatus (Mongolian gerbils) using protocols approved by
the UCLA Office of Animal Research Oversight (Protocol ARC-
2011-060), which adheres to the standards of the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC)
and the Guide for the Care and Use of Laboratory Animals. The
strain of S. stercoralis that was used for these studies was a generous
gift from Dr. James Lok at the University of Pennsylvania School
of Veterinary Medicine. An infective dose of 2000 iL3s was used
for each gerbil, with a total sample size of 8. Feces were collected
from infected gerbils from days 14-44 post-inoculation by placing
animals on wire racks, over a damp techboard, overnight. The
collected feces were mixed with approximately 3 times the amount
of autoclaved charcoal and plated on damp Whatman filter paper
in 10 cm Petri dishes. Fecal-charcoal plates were placed at 20°C for
the first 2 days and then at 23°C for a maximum of 7 days until
used for collection of iL3s. S. stercoralis iL3s used in these studies
were collected from 7-day-old plates.

DNA Constructs for Silencing the S. Stercoralis Dopaminergic
Neurons

To silence the dopaminergic neurons, constructs were generated
in which a promoter specific for the dopaminergic neurons is
used to drive expression of the histamine-gated chloride channel
HisCl1 (11,12). The plasmid pAGR0O2 was first generated using
the bioinformatics software, Geneious Prime. pAGRO2 comprises
the following elements: the Ss-dat-1 promoter, which corresponds

5 CAT-2 BAS-1 -
Tyrosine (Lﬁ\saggz)a — Dopamine
tyrosine
hydroxylase
Figure 1: Sch tic of the dop biosynthetic pathway.

The cat-2 gene encodes a tyrosine hydroxylase required for dopamine
biosynthesis. Levadopa (L-DOPA) is required to catalyze this sequential
reaction, with bas-1 being a critical aromatic amino acid decarboxylase
that mediates the conversion of L-DOPA to dopamine. Figure was adapted
from Chase and Koelle, 2007 (7). Figure made with Biorender.
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0% @0
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Figure 2: Sch tic of the hist gated chloride channel HisCl1
(A) HisCl1 is not activated in the absence of histamine (top), and therefore
neuronal activity is not inhibited (bottom). (B) HisCI1 is activated by the
addition of exogenous histamine (top), leading to an influx of chloride ions
and inhibition of neuronal activity (bottom). Transgenic iL3s were treated
with 1 mL of either 50 mM histamine solution or the corresponding vehi-
cle-only control (double-distilled water mixed with buffered saline). iL3s
are soaked in exogenous histamine solution for 3-4 hours prior to assays.
Figure made with Biorender.

to nucleotides 145032-147610 of SSTP_contig0000014; the
coding sequence for the histamine-gated chloride channel HisCl1
(12); the self-cleaving peptide P2A; and the coding sequence
for the fluorophore mScarlet. This fluorophore was selected as
previously established constructs in the lab have utilized mScarlet.
Given that mScarlet is a fluorophore, expression of mScarlet was
used to identify and separate transgenic nematodes from non-
transgenics under a fluorescent microscope since it marks which
nematodes express the construct. P2A induces ribosome skipping,
which is necessary to produce two separate proteins (HisCl1 and
mScarlet) from the initial bicistronic transcript. P2A allows for
the expression of multiple proteins with a single promoter. In the
absence of P2A, the HisCl1 protein might not be able to silence
neurons effectively because of misfolding due to fusion with the
mScarlet protein. All coding sequences were previously codon-
optimized to maximize expression in S. stercoralis. The Ss-dat-1
promoter was amplified from S. stercoralis genomic DNA using
the primers RP15 and RP16 and cloned upstream of the Str-
HisCl::P2A::Str-mScarlet cassette in pRP09 using the restriction
enzymes HindIIl (New England Biolabs #R0104) and Agel (New
England Biolabs, #R3552). The sequences of the primers RP15
(5 TCAAGCTTTTTATTATAATTTTTTTTTATTTCAATTATATA 3’) and
RP16 (5 ATACCGGTTTGATTTTAAAAATCTTTTATTAATGATTC 3°)
were synthesized by Integrated DNA Technologies.

The construct pAGR02 was microinjected into 146 S. stercoralis
free-living females at a concentration of 80 ng/ul. over 6 non-
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Figure 3: Silencing of the dopaminergic neurons delays or inhibits skin penetration.

(A) Schematic of the transgene used for chemogenetic silencing of the dopaminergic (DA) neurons of S. stercoralis. (B) Tracks show the behaviors of two repre-
sentative mock-treated (+DA neurons, top two tracks) or histamine-treated (-DA neurons, bottom two tracks) iL3s on rat skin. (C) Bar graph shows the percentage
of mock-treated (+DA neurons) and histamine-treated (-DA neurons) iL3s that either initiated and completed skin penetration, initiated but did not complete skin
penetration, or neither initiated nor completed skin penetration. (D) Violin plot depicts the percentage of time on skin that mock-treated (+DA neurons) and his-
tamine-treated (-DA neurons) iL3s spent attempting skin penetration. (E) Violin plot depicts the time taken by mock-treated (+ DA neurons) and histamine-treated
(-DA neurons) iL3s to attempt penetration for the first time following placement on skin. (F) Violin plot depicts the time taken by mock-treated (+DA neurons) and
histamine-treated (-DA neurons) iL3s to initiate penetration. For D-F, dots depict individual worms, dashed lines indicate the median, and dotted lines indicate
the interquartile range. In D-F, the dotted line aty = 10 indicates the time at which the assay ended.

consecutive days with a 1 to 2-week gap in between each round.
This concentration has been previously shown to produce effective
neuronal silencing (12). S. stercoralis transgenic iL3s, which
were identified based on the fluorescence signal of mScarlet,
were isolated from the next generation and used in single-worm
behavioral assays.

Skin Penetration Behavioral Assays

To observe the behaviors of skin penetration, an ex vivo
skin penetration assay was used. Skin was obtained from 6
euthanized rats and then shaved and waxed to remove the fur.
For the skinning process, an incision was made in the epidermis
in the dorsal area of the rat, close to the neck reaching through
to the hypodermis. The dorsal region was selected as it is not
susceptible to puncturing other regions of the rat while making
an incision. This incision was continuously cut underneath the
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hypodermis around the rat until the skin could be peeled off and
separated from underlying organs. The skin used was from the
dorsal and lateral areas of the rat. Skin on the ventral surface
was excluded as a precautionary measure to avoid potentially
puncturing the intestines while skinning the region.

For the behavioral assays, a piece of skin, measuring 1 cm x
1 cm, was placed on top of a single CellCrown 12-well plastic
insert. Both the skin and the insert were placed inside a single
well of a 6-well plate filled with saline solution composed of 50
mM disodium phosphate, 22 mM monopotassium phosphate, and
70 mM sodium chloride dissolved in water. Using 2 mg/mL Dil, a
fluorescent lipophilic dye, iL3s were stained for 15 minutes before
placing them on the surface of the rat skin. The staining duration
was selected based on prior observations and optimization;
prolonged staining can lead to lethargic worms. Staining for under
15 minutes does not completely dye the iL3s. Lethargy is deduced
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based on the mobility of the worm: a worm is considered lethargic
if immobile on the surface of the skin. Together, the removal of
fur and the staining of iL3s ensured that the worms were visible
on the epidermal surface. For silencing neurons, a histamine
solution was made by diluting 1 M histamine, previously dissolved
in double-distilled water, in buffered saline to a final working
concentration of 50 mM. Nematodes were imaged on the skin for
a 10-minute period using a Basler ace (acA5472-17um) camera
at 4 frames per second. These settings were chosen to clearly
visualize the worms under the microscope and video-capture
the behaviors performed on the skin. The images were analyzed
post hoc using Fiji version 2.9.0/1.53t. The position of worms
was tracked manually using the Trackmate plugin in Fiji and the
behaviors were scored by eye. The behaviors of 31-39 worms
were tracked and analyzed over 6 different trials.

Statistical Analysis

A chi-squared test was used to determine if there was a significant
difference in the distribution of larvae among the 3 stages—
completed penetration, initiated but did not complete penetration,
or did not initiate penetration—between the histamine-treated
and control iL3s (Figure 3C). Mann-Whitney U tests were used
to detect statistical differences between histamine-treated and
control worms (Figure 3D-F). In all of these figures, * indicates
a p-value of <0.05 and **** indicates a p-value of <0.0001.
The test family was the t-test with the statistical test being the
Wilcoxon-Mann-Whitney test. A priori power analysis using the
G*Power 3.1 software was conducted to estimate the minimum
sample size needed, considering a two-tailed test with a normal
parent distribution. The effect size was set at 1.05, the alpha error
at 0.05, the power at 0.08, and the allocation ratio at 1.

RESULTS

This study tested whether silencing the dopaminergic neurons
of S. stercoralis altered behavior on rat skin using an ex vivo skin
penetration assay. Figure 3 shows the schematic of the construct
that was used for silencing the dopaminergic neurons. To
determine whether silencing of the dopaminergic neurons affected
skin penetration, skin penetration assays were done to compare
the behaviors of transgenic iL3s treated either with or without
histamine. S. stercoralis iL3s normally push down on the rat skin
with their heads and make a penetration attempt by puncturing
the skin (insert their heads into the skin) prior to penetration
(full entry into the skin). Silencing the dopaminergic neurons
inhibited skin-penetration behavior, with differences in pushing
and puncturing between the two groups of worms (Figure 3B).
Exactly 18% of the iL3 with silenced dopaminergic neurons did
not initiate penetration, as compared with 0% of the control iL3s
(Figure 3C). The iL3s with silenced dopaminergic neurons spent
2.33 + 30.22% (median =+ interquartile range) of the time on
the skin surface attempting penetration; this metric was 9.76 +
40.53 (median =+ interquartile range) for control iL.3s (Figure 3D).
On average, the first penetration attempt of iL3s with silenced
dopaminergic neurons was about 5-fold later than control iL3s
(Figure 3E). Similarly, the time to initiation of penetration in
iL3s with silenced dopaminergic neurons differed by about 3-fold
relative to control iL3s (Figure 3F). Collectively, this data shows
that the dopaminergic neurons play a crucial role in regulating the
decision of iL3s to penetrate host skin.

DISCUSSION

The results from this study indicate that skin-penetration behaviors
are modulated in part by dopamine signaling. Specifically,
chemogenetically silencing the dopaminergic neurons impairs the
ability of iL3s to penetrate host skin (Figure 3C-D). In addition, the
data suggest that dopaminergic neurons modulate both the time
to the first penetration attempt and the initiation of penetration
(Figures 3E-F). When dopaminergic neurons are silenced, iL3s
may not be able to sense the texture of the skin surface, which
could cause them to fail to initiate skin-penetration behaviors
despite being on host skin conducive to penetration (6).

One limitation of this study is that the histamine treatment
itself might be causing a delay in skin penetration. To exclude
this possibility, future skin penetration assays with non-transgenic
nematodes that are treated with histamine will be conducted.
The behavior of these worms will be compared with that of the
transgenic worms treated with histamine.

The dopaminergic neurons may be modulating skin penetration
by releasing either the neurotransmitter dopamine or unknown
neuropeptides. Therefore, as a future direction, a model whereby
the dopaminergic neurons in S. stercoralis sense the texture
of the skin surface and release dopamine that communicates
with downstream dopamine receptors to drive the initiation of
skin penetration can be used to further examine the role of the
DA neurons in skin penetration. To test this model, a Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)
approach will be used to inactivate the cat-2 gene to determine the
extent to which the dopaminergic neurons of S. stercoralis modulate
skin penetration in a future study. CRISPR/Cas9-mediated
targeted gene disruptions have been successfully achieved in
S. stercoralis (13). CRISPR/Cas-9 mediated inactivation of cat-
2, an enzyme that is essential for dopamine biosynthesis (14),
followed by skin penetration assays would help distinguish these
possibilities. CRISPR will also be used to inactivate the trp-4 gene,
which encodes the pore-forming subunit of mechanotransduction
channels (15), to elucidate the mechanoreceptor(s) in neurons that
might sense skin texture and promote skin-penetration behaviors.
As a long-term future direction, calcium imaging will be used to
better explore and understand how the dopaminergic neurons
drive skin penetration. Using these approaches, the underlying
goal of the CRISPR/Cas9 and calcium imaging approach is to
explore whether the dopaminergic neurons sense skin texture to
promote skin-penetration behaviors.

Previous studies have not evaluated the mechanisms that
drive the process of skin penetration (16). This study elucidates
the understanding of parasitic behaviors on host skin and the
mechanisms that underlie these behaviors; this is essential to
identify new strategies to prevent infection by skin-penetrating
parasitic nematodes. For example, the identification of
mechanoreceptors that drive skin penetration would enable the
design of drugs that target these receptors. These drugs could be
applied in the form of topical creams that prevent skin penetration
by S. stercoralis and thereby prevent infection (17).
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