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Dear Readers,

I, along with the rest of the CUSJ board, are ecstatic to present you with the 16th volume of our
publication. Since its inception in 2006, CUSJ has strived to promote scientific journalism among
undergraduate students and help foster a deeper appreciation and enhanced engagement for
everyone in the science community. In this regard, | hope this issue will do exactly that.

This issue encompasses a wide range of topics in hopes that you as a reader will be able to
resonate and immerse yourself with the research presented such that you, too, feel provoked
to challenge, corroborate, and contribute to the deeply enriching discussions that these articles
naturally invite.

This publication is a culmination of a year of hard work from the CUSJ team. Specifically, |
would like to thank the editorial board for their input in reviewing and selecting the articles pre-
sented in this issue as well as the CUSJ committee who were always so dependable throughout
the year and were responsible for editing the articles alongside the authors. Without them, this
publication would not have been possible. In addition, | would like to thank our president, Arjun
Kudinoor. Throughout the year, Arjun was always able to provide great feedback to improve our
processes and was a guiding hand in ensuring that this specific publication lives up to, if not ex-
ceeds, the quality that has come to be expected from those before it. | am truly excited for what
is to come for the future of CUSJ given Arjun and the rest of the board's dedication to improving
and setting up a foundation for CUSJ to suceed in the long-term, which is especially apparent
with the inaugural publication of the Columbia Scientist this May led by Aaron Jackson. Lastly,

| would like to thank the CUSJ Faculty Advisory Board, whose support has helped us greatly in
allowing us to present you with research of the highest standard.

And with that, it is my honor to present you with the 2021-2022 edition of CUSJ. It has been a
privilege serving as CUSJ's Editor-in-Chief and | cannot wait to see what is to come!

Thank you so much for reading and supporting CUSJ!
Kazi Rabbe

Editor-in-Chief, CUSJ
Columbia Undergraduate Science Journal
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Dear Readers,

I am proud to announce the publication of the 2021-22 edition of the Columbia Under-
graduate Science Journal! The Columbia Undergraduate Science Journal is our original
namesake publication, dedicated to sharing scientific knowledge of the highest quality of
scholarship resulting from undergraduate scientific research.

The need for accurate scientific research and reporting is ever-present, especially now
more than ever before. A significant issue that plagues society today is misinformation.
Opinions uninformed by science present a danger to society - we need not look any
further than the still-ongoing COVID-19 pandemic for an example of the consequences
of unscientific misinformation. A society misinformed miscalculates. So, in a world of
chaotic opinion, we must remain steadfast in our pursuit of scientific knowledge.

Although scientific facts should inform our opinions, it is important to remember that
science itself is not a list of facts, but rather a process of discovery. Students all over the
world contribute to this collective process as scientific researchers. Through scientific
research we explore nature, discover truths, and debate ideas in our relentless pursuit
of knowledge. The Columbia Undergraduate Science Journal is a platform for student
scientists to share their knowledge so that we may become a better informed society.

It was an honor to read, edit, and review submissions made to our journal. | am grate-
ful to our Columbia Undergraduate Science Journal team and editorial board for their
significant contributions to our scientific review process. | am especially grateful to Kazi
Rabbe, Editor-in-Chief of the Columbia Undergraduate Science Journal, whose lead-
ership made this publication a success. | would also like to thank the Columbia Un-
dergraduate Science Journal Faculty Advisory Board, a group of esteemed Columbia
University professors whose support ensures publication of the highest quality of schol-
arship.

Congratulations to our authors, and thank you to our readers!
Arjun Kudinoor

President, Chief Editorial Officer
Columbia Undergraduate Science Journal
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ABSTRACT: Dengue virus (DENV) is a type of flavivirus transmitted globally by the
Aedes aegypti mosquito and is the causal agent of Dengue fever. Due to global warm-
ing and rising temperatures worldwide, the rate of exposure to DENV is now reaching
unprecedented levels, with over 400 million people getting infected each year. Despite
worldwide attention to DENV, there is not currently an effective treatment or vaccine.
Here, we focused on developing an antibody for the NS1 protein of the DENV, which
enables earlier detection of disease and could further decrease the rate of death. Our
study utilized a method more time-saving and cost-effective than the traditional method
of extracting antibodies from the blood or B-cells of infected animals that show immu-
nity: Phage Display. This technique allowed us to derive monoclonal antibodies (mAbs)
from the genome library and select DENV antibodies that bind to antigen proteins. In
this study, we used Phage Display to select ninety-six potential antibodies from three
phases of panning, which then went through indirect ELISA screening for optical density
(OD) confirmation (OD > 1.5). Sixteen of the high optical density antibodies were sent
to a DNA sequencing analysis facility where fifteen of them were revealed to be the
same 1G1 strain. By understanding how antibodies are discovered using phage display
technology, we hope to advance the field with reevaluation of current vaccines and the
development of novel ones.

regions where high temperatures are main-

Dengue is a mosquito-borne viral infection
mostly mediated by Aedes albopictus. The vi-
rus has 4 distinct serotypes (DENV 1-4), which
are members of the Flaviviridae family, ge-
nus flavivirus. Dengue Virus (DENV), namely
DENV 1-4, spreads remarkably well in tropical

tained all year long. The global temperature
increase has resulted in a higher number of
tropical and subtropical regions. Previous-
ly safe regions have become targets of the
DENV, increasing the number of people at risk
[1]. These opinions are supported by statistics

© 2022 Yoon, Kim, Ahn, Kim. This is an open access article distributed under the terms of the Creative Commons Attribution Li-
cense, which permits the user to copy, distribute, and transmit the work provided that the original authors and source are credited.



gathered by well-known organizations such as
the Centers for Disease Control and Preven-
tion (CDC). Their statistics reveal a dramatic
increase in the incidence rate of Dengue in
recent decades with over 400 million infections,
100 million people showing symptoms, and
22,000 deaths each year [2]. While 22,000
deaths alone are not a statistic to be ignored,
we must also watch out for the symptoms of
Dengue fever. Most people who are infected by
DENYV recover within 2 -7 days, accompanied
by mild symptoms including nausea, vomiting,
and rash. However, severe dengue can result
in severe internal bleeding and organ impair-
ment [2].

In order to prevent such symptoms
and casualties, it is imperative to diagnose the
disease quickly and precisely. Currently, most
diagnoses is based on reverse-transcription
PCR (RT-PCR), a technique that enables the
identification of a patient’s serotype of DENV. In
addition to diagnosing, we must also find a cure
or vaccine for Dengue. The vaccine, Dengvax-
ia, is currently in use; however, in 2017, the
manufacturer announced that even those who
have received the vaccine may be at risk of de-
veloping severe dengue if they become infect-
ed after being vaccinated [3]. As such, finding
a more effective vaccine or treatment against
DENV has become more important than ever.
Conventional methods of vaccine development
require the injection of the virus’s antigens into
experimental animals such as mice and rab-
bits. Scientists wait for the animals to develop
an immune reaction and then extract either
the animal’s antibodies against the virus from
their blood or B cells, which develop the anti-
bodies [4]. Due to the duration of the antibody
development in the animal's immune system,
this method is time-consuming (usually about
6 months when using rats). Furthermore, we
cannot disregard the ethical implications of ani-

mal testing. Therefore, in our study, we offer an
alternative —Phage Display technology- in the
discovery of an antibody for the non-structural
protein 1 (NS1) antigen, a biomarker for DENV.
Phage Display technology refers to a
bioengineering technique that allows in vitro
selection of monoclonal antibodies (mAbs) by
displaying peptides or antibodies on the sur-
face of bacteriophages. Since the whole pro-
cess occurs outside a living organism in a short
timeframe, it is more ethical and time-effective
compared to conventional methods [5]. The
procedure consists of two main parts: antibody
discovery and antibody production. The an-
tibody discovery phase begins with the con-
struction of the phage display library. Once the
library is created, the panning process begins,
which exposes the library to the target protein -
the NS1 protein. Unbound phages are washed
away, and those that show affinity for the pro-
tein are recovered by elution. The recovered
phages are used to infect new host cells for
amplification. Repeated panning in the Phage
Display technique allows for the selection
of only those that maintain a high affinity for
the protein, resulting in high specificity of the
antibodies. Once the final panning is complete,
bounded antibodies go through ELISA screen-
ing with a secondary antibody containing an
anti-HA tag. Only those with Optical Density
(OD) values over 1.5 are considered valuable.
The plasmid of these antibodies is separated
and sent to sequencing analysis. The antibody
production phase began with the cloning of
eligible colonies. Consistent human antibody
fragments produced through the Phage Dis-
play technique can be re-cloned into IgG ex-
pression vectors for the generation of antibod-
ies in the human body. Because it maintains
compatibility with the human immune system,
it should be highly efficacious and safer com-
pared to the conventional method.
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Over the course of this project, we
focused on developing an antibody for the
Earth-threatening Dengue virus with a more
productive ‘Phage Display’ technique. Discover-
ing the specific sequence of antibodies for the
NS-1 protein of Dengue Virus has the potential
of manufacturing helpful vaccines or treatments.

1. Antigen coating, panning, rescue

Immune tubes containing a coating
buffer and protein were prepared prior to the ex-
periment. The panning and rescuing steps were

executed three times each.

Phages and a 3% skim milk 1XPBS
solution were added to the tubes. After washing
and eluting, the solution was transferred to a
tube containing Tris-Cl and bacterial strain TG1.
In order to estimate the number of infected bac-
teria, the cultured bacteria were smeared on a
90mm LB agar plate containing Ampicillin. The
remaining infected bacteria were centrifuged
and smeared on a 150mm LB agar plate before
overnight incubation.

After counting the number of bacteria
grown in the 90mm plate, a culture medium was
added to the 150mm plate. The mixture was
then inoculated in a SB-ampicillin culture me-
dium. Helper phage and Kanamycin were also
added before overnight incubation.

To prepare for the third and final pan-
ning step, the final medium was centrifuged and
added to a tube containing 5XPEG. The super-
natant was then filtered and used for panning
and rescuing.

2. Seeding and induction

The bacteria grown in the 90mm plate
were counted. Single colony bacteria were
picked from the 90mm plate and seeded into
a 96 well plate containing the SB-ampicillin
culture medium. After overnight incubation, the
single colony bacteria stock was transferred to
another 96 well plate containing the SB-ampi-
cillin culture medium and placed in the deep
freezer. IPTG, a molecular mimic of allolactose,
was added before overnight incubation.

3. Screening and seeding

To prepare for screening, periplasmic
sup was collected. The incubated single colony
bacteria were centrifuged. After removing the
supernatant, 1XTES buffer was added to the
bacteria pallet, creating a concentration differ-
ence. This was kept in ice to extract periplasm



using osmosis. After a 0.2XTES buffer was
added and kept in ice, the mixture was centri-
fuged to collect the periplasmic sup from E.coli
in a form of supernatant.

In order to prepare ELISA screening,
the protein-coated 96 well plate was blocked
with 3% skim milk. 3 columns of the plate
were coated with protein and skim milk, while
another 3 columns were blocked by skim milk
only (for the control). The periplasmic sup was
added to each well (6 columns). After 3 times
of washing with a wash buffer, a TMB substrate
solution was added. TMB reaction was stopped
by adding sulfuric acid, and the result was
compared with the control. The optical density
(O.D) of each well was recorded with an ELISA
reader (450nm). The stocks of the wells with
positive results (1.5 < O.D) were transferred
into different 15mL tubes.

4. DNA prep and Sequencing

The incubated stocks were transferred
to 1.5ml tubes, which were then centrifuged.
The pallet was filtered and resuspended with
P1 buffer (resuspension buffer) [7]. P2 buffer
(lysis buffer) was added and mixed by flipping
the tubes upside down several times, and it
was repeated with P3 buffer (neutralization
buffer) [7]. After centrifuging the mixture, the
supernatant was transferred into miniprep tube
columns. With these columns, the mixture was
centrifuged 5 times (first: the mixture itself;
second: with EW buffer; third: with PW buffer;
fourth: the resultant mixture; fifth: with new tube
columns and DW buffer). In order to sequence
the DNA collected, they were quantified with
a TAKE3 device. These samples were sent to
Macrogen and sequenced. Using the online
website, Expasy, the sequenced DNA was
translated into an amino acid sequence. The
website gave several amino acid sequences
depending on the starting base to be read as a
codon. The frame containing the linker (GQSS

... GGGG) and H6 tag was chosen as the cor-
rect sequence.

Titering Results from Panning and Seeding
in 90mm plate

To estimate the number of colonies after
the 3rd panning, we counted the number of sin-
gle colonies in the 90mm plate. Table 1 shows
the number of colonies counted on each plate
(total 4). We divided the section of the plate into
eighths and counted each section. Assuming
each section maintains a similar number of
colonies, we multiplied the number of colonies
counted in each section by 8.

Analyzing the ELISA Result

In order to test the presence of targeted
antibodies, we performed ELISA screening on
the samples of periplasmic sup. The result of
the ELISA test was presented in tables 2A to
2D, each with separate columns for antibody
and for 3% skim milk. We compared the col-
umns for antibody to the columns for 3% skim
milk which were controls.

After the analysis of the data from the
ELISA reader (450nm wavelength), we collected
several positive results (blue and yellow cells
from Table 2) with an anomaly (C6 in Table
2A). Each table is performed by different peo-
ple. Stocks with a number greater than 0.2 are
highlighted in blue with the gradient (darker blue
means the value is greater). Blue samples indi-
cate positive results which means the antibod-
ies are present. 8 yellow stocks were randomly
selected for sequencing.The anomaly could
have resulted from contamination during pipet-
ting or unsuccessful washing. Based on these
results, we randomly chose 8 stocks that gave
positive results (Table 2) to quantify the DNA
of antibodies before sequencing. 8 randomly
selected stocks are colored in yellow in Tables
2Ato 2D.
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Table 1. Titering Results of Four Plates After the 3rd Panning Process

Plate number | Number of Colonies | Number of Colonies in 1uL | Number of Colonies in 10ml
1 496 x 2 1*1043 1*10°A7
2 712 x 8 5.7%¥10~3 5.7%10n7
3 457 x 8 3.6%1073 3.6*10A7
4 537x8 4.3%1073 4.3%1007

Table 2. Cultured antibody ELISA Test Result under 450nm wavelength

A)
Antibody 3% Skim Milk
1 2 3 4 5 6
A 0.049 0.669 0.787 0.043 0.044 0.043
B 0.043 1.386 0.044 0.045 0.045
c 0.876 1.691 0.046 0.047 0.081
D 0.077 0.76 0.043 0.043 0.045
= 0.046 0.135 0.044 0.043 0.045
F 1.39 0.043 0.043 0.045
G 1.895 0.1 0.043 0.047 0.043
H 0.044 0.053 0.045 0.044
B)
Antibody 3% Skim Milk
1 2 3 4 5 6
A 0.054 1.515 0.416 0.045 0.046 0.044
I_ 0.045 0.051 0.044 0.067 0.044
C 0.052 0.046 0.043 0.045 0.05 0.044
D 0.046 1.695 0.042 0.051 0.046 0.082
E 0.305 - 0.045 0.044 0.043 0.042
F 0.043 0.044 0.043 0.044 0.045 0.043
G 0.044 0.047 0.044 0.044 0.044 0.047
H 0.045 0.043 0.043 0.045 0.048 0.046

11



DNA Quantification before Sequencing

The stocks that have absorbance
ratios of 260 nm/280 nm above 1.8~2 were
considered to have sufficient amounts of DNA
for successful sequencing [8]. With the Take3
micro-volume plate, the absorbance ratio
(260nm/280nm) of each sample was collected
(Table 3). Samples were randomly selected (8
stocks which are yellow cells in Figure 2). The
highlighted number indicates the concentration
of DNA.

There were variances in the value

Antibody 3% Skim Milk
1 2 3 4 5 6
A 0.062 0.044 0.043 0.049
B 0.05 0.044 0.046 0.047 0.044 0.047
C 0.393 0.045 1.758 0.045 0.045 0.044
D 0.047 0.78 0.2797 0.047 0.046 0.045
E 1.869 0.115 0.049 0.046 0.065 0.045
F 0.225 0.049 0.044 0.044 0.047
G 0.045 0.046 0.056 0.046 0.046 0.049
I_ 0.055 0.064 0.046 0.045 0.048
Antibody 3% Skim Milk
1 2 3 4 5 6

A 0.043 0.043 0.491 0.045 0.042 0.043
B 0.045 0.044 0.778 0.044 0.043 0.043
C 0.044 0.044 0.043 0.044 0.045 0.043
D 0.045 0.389 0.043 0.043 0.046 0.044
E 2.034 0.045 0.25 0.043 0.043 0.044
F 2 152 0.046 0.044 0.044 0.045 0.044
G 0.044 0.044 - 0.043 0.044 0.043
H 0.043 0.044 0.044 0.043 0.044

of the DNA quantities per microliter. It was
expected to have no variance as the sam-
ples were prepared with the same method
and the environment. These variances may
indicate that the samples were not pure or

the sequencing was unsuccessful. However,
because the observances at 260 nm were
greater than those at 280 nm, resulting in high
DNA to protein ratios (greater than 2), we as-
sumed that the DNA samples were sufficiently
pure to be sequenced.



Analyzing the Sequencing Results

After the DNA quantification, we re-
quested Humanizing Genomics Macrogen to
sequence the 8 samples. The purpose of single
chain Fragment variable (scFv) sequencing was
to understand the different types and positions
of amino acids within the created antibody.
After obtaining the plasmid of the single colony
antibodies, each DNA strand was sequenced
using the 5'-, 3-oligonucleotide of a scFv. The
final order of the scFv was determined after
reading the sequence from both directions and
combining the common regions. (ABI3730XL,
Sanger-method sequencing, Phred Score 220).
In order to analyze the results of the sequencing,
we used an ExPASY (https://web.expasy.org/
translate/) that translated the DNA sequence in
our raw data (Figure 2) into corresponding amino
acids. From the results, we determined the ac-
curate reading frame (Figure 3) by identifying the
H6 tag and the linker. Within the scFv, there is
a light chain variable region followed by a linker
and a heavy chain variable region. As heavy and
light chains of the antibodies were linked with
linker protein (gggssggggs) at heavy chain 6, the
presence of the linker and H6 tag on the amino
acid sequence indicates that we have success-
fully discovered our targeted antibody.

2 3
SPL1  |WellID
0.063  |260
0031 280
260/28
2055 |0
63.015 |ngil
SPL2 SPL3  [WellID
0.055 0.158  |260
0.025 0.069 280
260/28
218 2283 |0
55.241 157537  |ng/ul
SPL4 SPL5  |WellID
0.033 0178|260
0.019 0085 280
260/28
1.703 2103 |0
33.008 178.005 |no/ul
SPL6 SPL7  |WellID
0.163 0133|260
0.076 0.064 280
260/28
2 159 2078 |0
163.393 133.356  [ng/ul
SPL8 Well ID
0.116 260
0.053 280
260/28
2182 0
116.458 ng/yl
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TEINEKTAIAIAVALAGFATVAQAALTOPSSVSANLGETVEITCSGSSGGYGWYQQKSPGSA
PVTLIYDNTNRPSDIPSRESGSKSGSTATLTITGVOAEDEAIYFCGGYDSSSDSGIFGAGTT
LTVLGQSSRES5GGGGSSGGGGSAVTLDESGGGLY)TPGGALSLVCKASGFDFSSYEMOWVROA
PGKGLEFVAGIGNTGSSTAYGAAVKGRATISRDNGRSTVRLOLNNLRAEDTGTY YCAKTTGS
GYCDIFTDYSCWGYSTGNIDAWGHGTEVIVSSTSGQACGOHHHHHHGAY PYDVPDYAS-EGGG
SEGGGSEGGGSEGGGSGEESGSGDFDYEKMANANKGAMTENADENVLOSDAKGEKLDSVATDY
GAATDGSLVTFPALLRENCYG-FAGSNSOQWLKSGTG-FPLRKIPQITSPPQR-RPPFLWAGH
IEFFCGREELFRGFVEFFCPFFF P LSNTAKKKHEKYKRPPAGSGGERFIFFFFFFFFLSLLE

We demonstrate here the successful discovery
of an antibody for the non-structural protein 1
(NS1) antigen, a biomarker of DENV. Our dis-
covery employed Phage Display Technology,
which enabled in vitro selection of monoclonal
antibodies by presenting antibodies on the
surface of bacteriophages.

At large, our results indicate that dis-
covered antibodies are highly specific to the
targeted NS1 antigen. scFv sequencing con-
firmed our accuracy with the identified H6 tag
and linker on our Amino acid sequence. The
high specificity of the antibody was derived
from the ELISA technique and the quantity of
DNA in the cultured colony was verified through
DNA quantification prior to sequencing. Clones
that had an OD value above 1.5 in the ELISA
technique were only allowed in cultivation and
colonies that maintained an absorbance ratio
(260nm/280nm UV light) above 2 were consid-
ered pure enough to be tested.

Due to an increasing number of DENV
patients concurrent with global warming, the
necessity for therapeutics to overcome this cri-
sis is on the rise. The ultimate goal of our study
was to aid the development of effective vac-
cines or treatments for DENV; thus, enabling

earlier detection of the disease and further
lowering the rate of death.

Clearly, further studies are warranted
to elucidate the immune parameters that could
suggest a solution to overcome the limitation
of the current vaccine (Dengvaxia). Unlike the
current vaccine, the novel vaccine derived from
our NS1 Protein antibody is expected to sig-
nificantly lessen the possibility of re-infection
of Dengue Variants. In prospective studies, the
sequence of the antibody should be investi-
gated further to figure out the adequate se-
quence of DNA that could potentially neutralize
the targeted antigen. We thereby anticipate
yielding efficient antibody therapeutic from the
antigen-specific neutralizing sequence.
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ABSTRACT: Glioblastomas (GBMs) are one of the deadliest cancers, and yet still lack
treatment. In this study, serine protease inhibitor AEBSF is shown to decrease GBM vi-
ability and proliferation through a series of intertwined steps. By decreasing the expres-
sion of ATP6V1A--the first step of the “cascade effect’--AEBSF creates an unfavorable
environment for protease activity. Such “unfavorability” is proven by a decline in expres-
sion of proteases MMP9 and ELANE upon GBM treatment with AEBSF. Increasingly
higher concentrations of AEBSF are shown to decrease the percentage of cell viability,
proliferation, and metastasis. This is explained through biological process enrichment
analyses, which indicate that MMP9 and ELANE play a role in the disassembly of the
extracellular protein network. This disassembly of the extracellular environment enables
tumorigenic spread and viability. The results of the viability and proliferation assays,

in combination with those of the indirect ELISAs, enrichment analyses, and scratch
assays, underscore an intricate and profound sequence of events that constitute the

“cascade effect”.

Glioblastomas (GBM) are grade IV gliomas and
arethemostlethal primary malignancy ofthe cen-
tral nervous system (CNS). Despite comprising
54% of all gliomas and 16% of all primary brain
tumors, GBM lacks a cure and only has a hand-
ful of treatments [1]. The lack of curative treat-
ment for GBM can be attributed to several fac-
tors, some of which being high GBM resistance
rates, rapid angiogenesis, and vast spread [10].

Studies have demonstrated that, un-
like non-tumorigenic cells — which have extra-
cellular pH (pHe) of approximately 7.4 — GBM
have acidic pHe ranging between 6.7-7.1 [3].

This acidic extracellular pH has recently been
demonstrated to activate proteases (such as
serine proteases, plasminogen activators, and
metalloproteinases). These proteases degrade
the GBM extracellular environment, explaining
why they have been indicated to be involved in
GBM growth, invasion, angiogenesis and me-
tastasis [2, 4]. Given the importance of pH in
GBM progression, this study aimed to focus on
pH regulation as a means of GBM treatment.

A major regulator of physiologi-
cal pH is the vacuolar (H+)-ATPase (V-AT-
Pase). V-ATPases are ubiquitously ex-
pressed and can be found in lysosomes,

© 2022 Mirza. This is an open access article distributed under the terms of the Creative Commons Aftribution License,
which permits the user to copy, distribute, and transmit the work provided that the original authors and source are credited.



endosomes, secretory vesicles, clathrin-coat-
ed vesicles, and the plasma membrane [4].
Consisting of 13 subunits in mammalian cells,
the primary function of these proton pumps is
to regulate both intracellular and extracellular
acidification [5]. V-ATPases comprise two do-
mains: the VO and V1 domains. The peripheral
V1 domain consists of eight subunits (A-H), all
of which assist in ATP hydrolysis. The mem-
brane-embedded VO domain--consisting of
subunits a, ¢, ¢", d, and e--is responsible for
proton translocation [6]. In this study, subunit A
of the V1 domain (ATP6V1A) is closely exam-
ined due to its cytoplasmic location and ubiqui-
tous nature across the body [14, 15].

Discovering the "Cascade Effect" of AEBSF in
Glioblastoma Metastasis
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This study explores the sequence of
events in the “cascade effect” perpetuated
by 4-benzenesulfonyl fluoride hydrochloride
(AEBSF). AEBSF, also known as AEBSF hy-
drochloride, is an irreversible serine protease
inhibitor that has previously been indicated to
inactivate serine proteases such as chymo-
trypsin and proteinase K [11]. AEBSF has been
shown in literature to have a potential regulato-
ry effect on the secretion of antitumor effector
molecules in leukemia [12]. AEBSF has also
been shown to reduces dengue virus infection
via decreased cholesterol synthesis [13].

In this study, AEBSF was studied under
the context of GB, proliferation and metastasis.
The question sought to be answered is, “What
are the chronological events that occur in the
reduction of GBM metastasis perpetuated by
AEBSF?”

The findings in this study may: 1)
provide more insight into the mechanics of
GBM metastasis, 2) highlight the role of serine
proteases in GBM progression, and 3) provide
greater insight into such proteases’ mecha-
nisms of action, thereby clarifying the link be-
tween ECM disassembly and GBM metastasis.

Cell Culture

T98G human glioblastoma cells were
obtained from the American Type Culture
Collection (CRL-1690; ATCC, Manassas, VA,
USA). Cells were grown in Dulbecco's modified
Eagle medium (DMEM) supplemented with
1% 5000 U/mL Penicillin-Streptomycin (Ther-
moFisher, Waltham, MA, USA) and 10% fetal
bovine serum (FBS) (Gibco, Waltham, MA,
USA). Cells were incubated at 37 °C with 5%
CO2 and 100% humidity. Cell culture images
were taken with a Nikon Eclipse TS100 light
microscope at 100x magnification.



Reagent preparation
AEBSF (solubility 50mg/mL H20, molar
mass: 239.69 g/mol) was dissolved in H20.

Treatment of cells with AEBSF

Cells were seeded at ~10”6 cells in T25
flasks for 24 hours (incubated at 37°C with 5%
CO2 and 100% humidity). Cells were subse-
quently treated with the appropriate AEBSF
concentrations--125uM, 500uM, or 2000uM--for
48 hours.

Preparation of lysates for enzyme-linked immu-
nosorbent assay (ELISA)

Phosphate buffered saline (PBS) (Ther-
moFisher, Waltham, MA, USA), 1X cell lysis
buffer (Cell Signaling Technology, Danvers, MA,
USA), and protease inhibitor cocktail (Sig-
ma-Aldrich, St. Louis, MO, USA) were used to
lyse 1076 cells/mL from each treatment group.
Cells were incubated at 37°C with 5% CO2 and
100% humidity with trypsin for 3 minutes until
detachment. Cells were subsequently neu-
tralized with DMEM and transferred to 15mL
centrifuge tubes. Tubes were gently inverted
and cells were counted using ViCell XR (Beck-
man Coulter, Indianapolis, IN, USA). Tubes
were subsequently centrifuged at 1000 rpm for
7 minutes at room temperature, after which the
pellets were poured off and the pellet was bro-
ken. Chilled PBS was added to the tubes, which
were subsequently re-centrifuged at 1000 rpm
for 7 minutes at 25°C. The residual supernatant
was poured out and the pellet was broken up.
The appropriate volume of lysis buffer, calculat-
ed using the following equation, was added to
each tube and incubated on ice for 10 minutes:
[Viable cell count (cells/mL) x volume of cell
suspension prior to first round of centrifugation
(mL)] + 106 cells/mL

Lysates from the tubes were subse-
quently transferred to chilled Eppendorf tubes.

The tubes were micro-centrifuged at 13000 rpm
for 15 minutes at 4°C. The supernatants were
stored at -80°C.

Indirect ELISA

100uL/well of lysates were transferred
at 4 replicates per treatment group to a 96-well
plate. Lysates were left to incubate for 24 hours
at 4°C and then removed by blotting. 200uL/
well of blocking buffer (ThermoFisher, Waltham,
MA, USA) with 1% bovine serum albumin (BSA)
(Seracare, Milford, MA, USA) was added and
left to incubate for 10 minutes at 25°C.

Cell proliferation assay

Cells were seeded at 62,500 cells/well
24 hours prior to treatment in a 6-well plate.
Cells were subsequently treated for 48 hours,
supernatants were collected, and cell prolifera-
tion was analyzed using a synergy machine.

Trypan Blue Exclusion Viability Assay

Cells were seeded at ~40,000 cells/
flask 24 hours prior to treatment. Cells were
subsequently treated for 48 hours, superna-
tants were collected, and cells were trypsinized
and counted using ViCell XR (Beckman Coulter,
Indianapolis, IN, USA).

Reverse Docking

Reverse docking tool ChemMapper was
used to predict the protein targets of AEBSF.
The SMILES (Simplified Molecular Input Line
Entry System) notation of AEBSF, obtained
from PubChem, was inputted into ChemMap-
per. Subsequently, the “Target Navigator” ser-
vice was selected and the 3D similarity method
SHAFT was chosen. The default similarity
threshold of 1.2 was selected, and the Bioactiv-
ity Database ChEMBL was then chosen [7-9].



Data Analysis

Statistical and computational biology
analyses were performed using Microsoft
Excel. An unpaired, two-tailed T-test was
performed in Excel, and a p-value < 0.05 was
considered statistically significant. Means and
standard deviations are taken for all data and
compared as % of control.

AEBSF reduces T98G proliferation

AEBSF was first demonstrated to
reduce proliferation in T98G cells. As hypothe-
sized, AEBSF reduces proliferation in a statis-
tically significant manner, demonstrating the
efficacy of this treatment (Fig. 1A).

AEBSF decreases T98G viability

AEBSF was also demonstrated to re-
duce viability in T98G cells. Specifically, higher
concentrations of AEBSF were shown to de-
crease the number of viable cells and increase
the number of dead cells (Fig. 2). As hypothe-
sized, AEBSF reduces viability in a statistically
significant manner, once again demonstrating
the efficacy of this treatment (Fig. 2).

Plasma membrane V-ATPase subunit A (AT-
P6V1A) protein expression is enhanced in
glioblastomas and decreased upon AEBSF
treatment

V-ATPase subunit A (ATP6V1A) plays
a vital role in the primary function of the overall
proton pump--acidification of the extracellular
environment. Through an indirect ELISA, it is
demonstrated that ATP6V1A protein expression
decreases with increasing AEBSF concentra-
tion (Fig. 3).

AEBSF targets serine proteases and metallo-
proteinases
AEBSF is a well known serine protease

inhibitor. Although it is known that AEBSF inhib-
its serine proteases such as trypsin and chy-
motrypsin, shape-screening tool ChemMapper
was utilized to predict its protein targets with
the highest confidence scores. ChemMapper is
fundamentally rooted in the “chemical similarity
principle”, which states that structurally similar
compounds have similar bioactivies [7]. Thus,

it can be said that a higher similarity score
between the query ligand (AEBSF in this study)
and the database ligands indicates a higher
likelihood that a given protein target of the
database ligand is also a target of AEBSF, the
query ligand. Thus, as previously discussed,

a similarity threshold of 1.2 (on a scale of 2.0)
was set in order to filter out protein targets of
database ligands with low-similarity scores. Us-
ing ChemMapper, it was predicted that AEBSF
targets 6 serine proteases (Fig. 4A) and 2
metalloproteinases (Fig. 4B).

Serine proteases and metalloproteinases tar-
geted by AEBSF primarily play a role in extra-
cellular matrix disassembly and cell migration
in glioblastomas

The eight protein targets predicted by
ChemMap were plugged into “Search Tool for
the Retrieval of Interacting Genes/Proteins”
(STRING) to carry out an enrichment analy-
sis of the biological processes that they are
involved in. The top five biological processes,
along with their false discovery rates (FDRs)
and strength values, were analyzed (Fig. 5).
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Figure 5. Biological process enrichment analysis of AEBSF serine protease (Chy-
motrypsin-C, Trypsin-1, Trypsin-2, Neutrophil Elastase, Urokinase-type plasminogen
activator, Prothrombin) and metalloproteinase (MMP9, MMP14) targets. Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) was utilized for this analysis.
False discovery rates (FDRs) and strength values are displayed; p = 7.61e-1. Five
biological processes with the highest strength values are displayed.

AEBSF downregulates ELANE and MMP9
protein expression

Following the reverse docking and bio-
logical processes enrichment analyses, neutro-
phil elastase (ELANE) and matrix metallopro-
teinase-9 (MMP9) expression were selected to
be analyzed. These two proteins were selected
to be studied, as in the reverse docking analy-
sis, ELANE and MMP9 were demonstrated to
have the highest similarity scores, which was
previously established to be a good indicator
of the likelihood that a given protein target of
the database ligand is also a target of AEBSF,
the query ligand (Fig. 4A, 4B). Hence, serine
protease ELANE and metalloproteinase MMP9

expression were analyzed through indirect
ELISAs. Both ELANE and MMP9 protein ex-
pression were demonstrated to decrease with
increasing AEBSF concentrations (Fig. 6A, 6B).
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Figure 6. MMP9 and ELANE ELISAs on T98G cells treated with 4-benzenesulfonyl fluoride
hydrochloride (AEBSF). Bars are means = STDEV (n=4). A: MMP9 ELISA on T98G cells
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pression in T98G. B: ELANE ELISA on T98G cells treated with AEBSF for 48 hours. 48-hour
treatment with AEBSF reduces ELANE protein expression in T98G.



This project sought to explore the
sequence of events of the “cascade effect”
perpetuated by AEBSF in GBM. Through an
indirect ELISA, it was demonstrated that serine
protease inhibitor AEBSF decreases ATP6V1A
expression, thereby activating ELANE and
MMP9 proteases. This, in turn, was indicat-
ed to stimulate ECM degradation and overall
GBM metastasis and migration (Fig. 7). It was
demonstrated that higher AEBSF concentra-
tions had a greater effect on the studied pa-
rameters. However, the optimal AEBSF dosage
remains to be determined and will be studied in
the future.

In the future, the mechanisms of EL-
ANE and MMP9-mediated ECM disassembly
will be studied. This may give greater insight
into these proteases’ mechanisms of action,
and possibly further clarify the link between
ECM disassembly and GBM metastasis.

The findings in this study may provide
more insight into the mechanics of GBM metas-
tasis, highlighting the role of serine proteases
and tumor metastasis.
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ABSTRACT: Tissue Engineering offers a novel, curative approach to treating Age-Re-
lated Macular degeneration (AMD), a disease characterized by excessive drusen depo-
sition beneath the retinal surface and consequent vision loss. Preclinical studies in rats
have shown that transplanted Retinal Pigment Epithelium (RPE) derived from human
Embryonic Stem Cells (hESC) have not only slowed AMD but have also restored vision.
There are two main methods of delivering RPE cells: direct injection and monolayer
surgical insertion, the latter demonstrating long-term integration. Biocompatible scaf-
folds allow for better delivery of RPE cells, induced Pluripotent Stem Cells (iPSC), and
Retinal Progenitor Cells (RPC). Unlike animal-derived extracellular matrix components,
soft modulus biomaterials such as poly(lactic-co-glycolic acid) (PLGA) and poly(l-lactic
acid) (PLLA) are ideal for AMD cell transplants because of fast degradation times, high
cellular attachment proliferation, and strong adherence to Bruch’s membrane. These
biomaterials can also be created at a 10-100um thickness so that vision is not distorted.
Use of biomaterials could be improved by cross-linking them with anti-vascular endothe-
lial growth factors (VEGFs) like Brolucizumab and retinal growth factors such as fibro-
blast growth factor (FGF). Similarly, hESC and iPSC cells can be genetically modified to
secrete anti-VEGF factors.

While methods such as complement

Age-related macular degeneration (AMD) is
the leading cause of irreparable blindness in
the developed world, affecting approximately
170 million people worldwide. Over 11 million
people in the United States suffer from AMD,
with that number projected to reach over 22
million over the coming decades [1]. People
affected by AMD experience a significant de-
crease in their quality of life due to impaired
visual acuity at or near 20/200 (Figure 1) [2].

therapy and neuroprotection are currently be-
ing researched, there are no efficacious treat-
ments for dry AMD. AMD must progress into
the later and more severe wet AMD stage for
current treatments to be effective [3]. The pre-
vailing therapies of photodynamic therapy and
anti-vascular endothelial growth factor (VEGF)
therapy are inadequate, as their focus is not on
curing AMD and restoring sight, but on slow-
ing down and preventing further vision loss [4].

© 2022 Challa, Sama, Morishetty. This is an open access article distributed under the terms of the Creative Commons Attribution
License, which permits the user to copy, distribute, and transmit the work provided that the original authors and source are credited.
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As such, a tissue-engineered approach
for treating AMD has impressive implications,
potentially allowing for the reversal of a dis-
ease previously thought to be irreversible. This
article reviews the clinical features of AMD, its
current treatment options, stem cell and bioma-
terial tissue engineering therapeutic approach-
es, and pitfalls of and suggestions for such
tissue-engineered approaches.

CLINICAL FEATURES OF AMD

The clinical trademark of AMD is the
accumulation of fat and protein deposits, com-
monly known as drusen, in the macula, an area
that is dense with photoreceptors responsible
for high visual acuity [5]. Drusen accumulates
underneath the photoreceptors beneath the ret-
inal pigment epithelium (RPE), which functions
as a source of nutrients and growth factors, as
well as a photoreceptor phagocytosis mecha-
nism. The RPE attaches to Bruch’s Membrane
(BM), which acts as a barrier between the
retina and the choroid while regulating diffusion
between the choroid and the RPE [6]. While the
disease can be categorized into early, interme-

diate, and late stages based on the extent of
drusen proliferation and vision loss, the most
important distinction remains between dry and
wet AMD. Dry, or non-exudative, AMD occurs
when excess drusen is deposited between

the RPE and BM. This causes gradual RPE
and photoreceptor cell death, as well as cen-
tral macular atrophy and blind spots. Wet, or
neovascular/exudative, AMD usually follows dry
AMD and is characterized by choroidal neovas-
cularization (CNV), or the invasion of choroidal
blood vessels into the RPE. Bleeding and leak-
ing from these vessels result in RPE cell death
and rapid progression of blurriness and loss of
visual acuity [7].

CURRENT TREATMENTS AND MEDICA-
TIONS FOR AMD

There are currently no effective curative
treatments for AMD; however, existing thera-
pies aim to manage the disease and stop its
progression. Treatments for Wet AMD include
laser photocoagulation and anti-VEGF ther-
apy, such as Brolucizumab or Ranibizumab.
Inhibiting vascularization in the eye prevents
further progress of CNV, but it also contributes
to chorioretinal atrophy due to less vascu-
larization and potential narrowing of choroid
capillaries. In fact, followups with anti-VEGF
treated eyes indicate an extremely high level
(98%) of macular atrophy, particularly in the
fovea [8]. Photodynamic therapy (PDT) like
Vertreporfin aims to simply stop the progres-
sion of destructive vascularization through
laser-activated medication. However, there is
no clinically significant improvement of visual
acuity because of this therapeutic method [9].
As such, monthly anti-VEGF drug injections
are currently prescribed and have had minimal
to moderate success in restoring some vision
to patients (about 30% of treated individuals),
only maintaining the eye equivalent to its initial



state in which treatment first began. Even
when PDT and anti-VEGF drugs are used

in conjunction, a secondary approach when
neither therapy is individually effective, there

is a similar rate of visual acuity improvement
(~11-13 letters) [10]. Recent advancements in
pharmacology have led to the development of
better-performing injections, such as Broluci-
zumab, which has a higher rate of visual acuity
correction than Ranibizumab. Coupled with

its small size, this compound allows for better
vision improvement with fewer injections, but
still holds the risk of injection-related complica-
tions and excessive drying [11]. Currently, there
are no current treatments for dry AMD besides
a surgical transplantation of a homologous
donor retina. Transplantation has previously
been shown to be ineffective due to a failure in
synapse formation between fully differentiated
tissue and the host. Surgical approaches of
cleaning the debris near the retina and attempt-
ing to replace the degenerating retina with
bolus injections have only offered temporary
respite to the afflicted retina as it regresses
back to its damaged form [12].

CELL THERAPY APPROACHES

Due to the difficulties of conventional
therapies, recent years have witnessed much
research and development in the use of stem
cells and induced pluripotent cells as treatment
or cures for AMD. In 1987, the first significant
study on the use of transplanted RPE cells for
treatment was conducted by Gouras et al, who
placed transplanted rabbit RPE adjacent to the
neural retina of a different rabbit [13]. Anoth-
er landmark occurred ten years later, when
Al-gvere et al. transplanted human fetal RPE
patches into the subretinal space of human
patients with wet or dry AMD. The results of this
grafting indicated that RPE transplants would
not be rejected and further degrade vision,

even without immunosuppression, and that dry
AMD had a lower graft rejection rate [14]. Since
these landmark studies of RPE transplants,

iris pigment epithelium (IPE) cells and human
embryonic stem cells (hESC) have been trans-
planted in many animal models, showing vision
improvement. Additionally, researchers have
transplanted RPE cells, choroid-Bruch’s-RPE
explants, IPE cells and hESC in human pa-
tients with AMD, aiming to evaluate transplan-
tation safety (Figure 2) [15].

Preclinical studies conducted in rats
have shown that using transplanted RPE cells
derived from hESC have slowed retinal degen-
eration [16] and even improved visual acuity
[17][18]. Additionally, hESC-RPE has formed
a polarized epithelial layer in vitro, secreting
growth factors such as pigment epithelium de-
scribed factor and VEGEF, all while expressing
the barrier properties of normal adult human
RPE cells [19]. Currently the two preferred
methods for delivering hESC-RPE into the
subretinal space are either injections of cells
suspended in a fluid, which are inexpensive
and simple but carry the risk of RPE cell dedif-
ferentiation, or creating monolayers of hESC-
RPE which can be surgically placed subreti-
nally, necessitating a biologically compatible
substrate [20]. Monolayers have shown higher
rates of cell survival in comparison to injected



cell suspensions, as well as less clumping of
cells [21]. Recent advancements with hESC-
RPE therapy include a completed three-year
and an ongoing clinical trial conducted in part
by the London Project to Cure Blindness, with
the former demonstrating the safety of long-term
grafts while being the first to record longitudinal
effects of hLESC-RPE monolayer implantations.
The completed study also showed lasting
improvement in visual acuity of about 14-15
letters, as well as no adverse proliferative re-
actions such as teratoma formation, even after
37 months of observation. Similarly, the phase |
results of the ongoing clinical trial, with interven-
tions provided to two human patients, indicate
hESC-RPE integration while presenting im-
provement of visual acuity and reading speeds
[22][23]. While the former study was conducted
using bolus cell injections of hESC-RPEs, the
latter utilized a polyester sub-strate for monolay-
er insertion. Furthermore, there are also other
clinical trials using cell sheets, such as a trial
using induced pluripotent stem cell (iPSC)-RPE
cell sheet transplantation in patients with dry
AMD rather than wet AMD, although this trial
has only very recently begun (NCT04339764).
Though the retinal space in the eye is immuno-
logically privileged, various studies have used
immunosuppression (such as tacrolimus and
mycophenolate mofetil) during their trials of
implanted stem cells, while others have relied
purely on the immunological status of the eye
[24]. Both methods have had been successful in
avoiding immunological rejection.

iPSCs have been studied for in vivo
curative treatments and for the modeling of AMD
and other eye-related diseases. This is because
there is an information deficit in the exact mech-
anisms for the progression of AMD, specifically
the non-exudative form. In response, the wide
range of iPSC potential differentiation offers nov-
el breakthrough methods in terms of replace-

ment therapy and disease modeling [25]. To
dedifferentiate human fibroblasts for use in iP-
SC-RPE procedures and other iPSC techniques,
cells can be transfected with vectors such as the
Venezuelan Equine Encephalitis RNA vector,
inducing exogenous expression of pluripoten-
cy markers such as OCT4, SOX2, KLF4, and
GLIS1. With a dedifferentiation rate of >95%,
newly formed iPSC cells are then suspended to
form embryoid bodies, which are then placed in
RPE medium. This allows for iPSC-RPE cells
from different lineages to express high levels of
RPE genes and proteins, such as RPEG5 and
MERTK [26]. Already, iPSC-RPE cells have
been used to better understand the molecular
etiology of AMD, with one study identifying a
single-nucleotide polymorphism near the VEG-
FA gene in AMD patients that decreases gene
expression (Figure 3). In conjunction, another
study has been able to identify genes that are
differently regulated in AMD patients, alongside
cell proliferation and localized immune response
changes [27][28]. In this vein, iPSC-RPE re-
search is exciting in its ability to better elucidate
previously unknown mechanisms in AMD devel-
opment.
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BIOMATERIALS APPROACHES

Surgeons currently do not have com-
plete control over where the RPE or retinal
progenitor cells (RPCs) are placed subretinally,
with random clumps of cells not being condu-
cive to regeneration. Additionally, without a way
to ascertain the polarity and orientation of inject-
ed bolus or unoriented sheet cells, adherence
to Bruch’s membrane is drastically lowered. The
use of biocompatible materials allows the pa-
rameters for delivery to be adjusted so that RPE
cells, iPSCs, and other RPCs can be delivered
subretinally to regenerate the damaged RPE
cell layer, attaching to photoreceptors apically
and BM basally. Thus, biomaterials must allow
for cell attachment, proliferation, and correct
orientation/polarization. To allow for RPE cell
proliferation and BM attachment, the material
must degrade by 2-3 weeks post-implant, and is
ideally 10-100um to allow for precise manipula-
tion without retinal distortion and nutrient diffu-
sion limitation [29].

Some biomaterials that have been
explored as substrates for RPE monolayer
insertion are collagen, Matrigel®, fibronectin,
laminin, vitronectin, and oligopeptides. Howev-
er, these organic, animal-derived extracellular
matrix components were found to discourage
cell proliferation and have variable degradation
times based on individual enzymatic digestion
rates [30]. Nanowires of poly(e-caprolactone)
(PCL) may also be cast, but require precise
construction in order to ensure porosity levels
conducive to RPC polarization and attachment
[31]. Poly(dI-lactic-co-glycolic acid) (PLGA),
poly(glycolic acid) (PGA), poly(ethylene gly-
col) (PEG), and poly(dl-lactic acid) (PLA), are
synthetic, thin, and degradable bio-materials.
However, PLGA has an ideal degradation time
of 2-3 weeks (whereas the others do not sig-
nificantly degrade until about four weeks after
initial cell seeding), can be 10-130um thick,

and has a feasible manufacturing process [32]
[33]. Once solvated in chloroform or hexafluo-
roisopropanol (HFIP), these polymers are left to
deposit on an even glass or Scaffdex surface for
8 hours while the solvent evaporates. The thin
sheets are then left to dry, potentially stored in
nitrogenous atmospheres over desiccators like
calcium sulfate. They may then be crosslinked
and sterilized using UV light [34][35]. The RPE,
RPC, and iPSCs can thus be seeded. It has
been found that there is 99-100% attachment
of non-hESC human RPE cells to PLGA after

8 hours, and both PLGA and PGA sheets allow
for RPE cell metabolism and protein expression.
These polymers are therefore viable for cell
attachment and proliferation, allowing for apical
microvilli and basilar diffusion and molecule
excretion [36][37]. However, these RPE cells do
not attach significantly to PLA or PEG. After 3-7
days, cells become confluent, forming a multi-
layer or monolayer (depending on the cell type)
of polarized RPE or RPCs and are ready for
implantation.

PLGA sheets have been found to be the
smoothest, thinnest, have the highest polarized
RPE cell attachment, and most proliferation/
material area repopulation. This is due to a
50:50 high molecular weight PGLA that contains
an optimal ratio of lactic acid to glycolic acid.

In comparison to previous substrates such as
collagen, PLGA sheets are much smoother,
thinner, and allow for the formation of an RPE
monolayer with both correct orientation and
polarity of cells. Additionally, multiple PLGA
ratios of lactic acid to glycolic acid, such as high
molecular weight (high MW) 50:50 and 75:25
PLGA, allowed for significant levels of cell pro-
liferation. However, due to its faster degradation
time, a high MW 50:50 PLGA blend is thought
to be optimal [38]. The porosity of this blend
allows correct adherence to BM so that as the
biomaterial is degraded, the RPE cells attach



and are integrated into the eye. Studies also
indicate that creating a polymer blend of PLGA
and poly(l-lactic acid) (PLLA) may improve

the porosity of the substrate, thus allowing for
higher rates of cell proliferation. The modulus
(hardness) of PLGA and poly(L-lactic acid)
PLLA 50:50 is low enough to overcome the
otherwise stiff composition of pure PLGA, with
the flexibility provided by PLLA mitigating the
risk of retinal damage. This 50:50 PLGA:PLLA
was implanted in the rat model and the viabil-
ity of the cells was monitored for 14 days [39].
Unlike previous attempts to directly inject RPC
cells into the retina, the PLGA:PLLA bound RPC
and RPE cells were still viable and expressed
GFP, unlike transplanted cells, which only had

a 10% survival rate 14 days after implantation
(Figure 4). A more recent study shows that a
25:75 PLLA:PLGA blend might be more efficient,
with a higher level of porosity and a lower elastic
modulus (Figure 5) [40]. Soft modulus biomate-
rials of PLGA and PLLA are ideal for AMD cell
delivery because they degrade fast, have high
cell attachment, RPE and RPC cell polarization,
cell proliferation, adherence to BM, and high
viability after implantation.
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SHORTCOMINGS

Although cell therapies have evolved
greatly over the past few decades, regarding
both transplantations and surgical monolayer
integration, there are still many unanswered
questions. Transplanted hESC-RPE cells
demonstrated an increase in retinal pigmen-
tation and visual acuity by about 14 letters
in patients [41]. However, a 2008 study that
surgically implanted fetal RPE into ten patients
saw a four times improvement in visual acuity
in one patient, from 20/800 to 20/200, which
remained stable for five years [42]. This mag-
nitude in visual improvement has not yet been
seen from hESC or iPSC approaches, which are
also marred by complications such as cataract
formation and vitreous inflammation. And while
iPSC-RPE clinical trial results are increasing in
number, there is no published research on the
longitudinal effects of iPSC-RPE cell transplan-
tation in human patients with AMD. It is known
that iPSC-RPE cells also have a faster rejection
time than hESC-derived cells, triggering macro-
phage-mediated phagocytosis such that almost
no iPSC cells remain after 13 weeks [43].

Given that donor retina scaffolds are dif-
ficult to procure, tissue engineering approaches
provide alternative avenues. Regardless, the



use of cutting-edge stem cell engineering tech-
niques and substrates like PLGA and PLLA still
pose problems. Some of these problems include
inflammation and injury due to the injection of
cells, incomplete attachment of RPE cells to BM
or a lack of subsequent proliferation, and the
inability to replicate the true retinal environment.
Cells may also dedifferentiate once attached to
BM, which would only lead to the presence of
more harmful debris in the retina and subretinal
space. Both injected and surgically inserted
cells have not yet shown complete restorations
of vision and have only demonstrated peripheral
and minor macular vision improvement. Final-
ly, the toxicity of the material used as the cell
substrate must also be considered, as degra-
dation of these scaffolds will inevitably lead to
the presence of small subunits in the macular
region. With the use of PLGA, a potentially
toxic and immunogenic substance in the eye,
careful construction of scaffolding must be used
in accordance with shape and size restraints.
As more data comes out regarding biomaterial
interactions with the actual human eye, rather
than approximating animal models, it will be
important to modify scaffold compositions and
morphologies accordingly [44].

IMPROVEMENTS FOR CURRENT TECH-
NIQUES

Based on current research, there are
many hypothesized methods of improving the
treatment of AMD. Cell therapies utilizing stem
cells can be further improved with genetically
modified RPE cells, able to impede or revert the
progression of AMD through genome and tran-
scriptome modifications to counteract the chang-
es of the disease. Neovascular AMD is due in
part to an imbalance in growth factors such as
VEGF. RPE cells naturally express many an-
ti-VEGFs like pigment epithelium-derived factor
(PEDF), but damage to these cells allows for ex-

cess vascularization. To further treatment, trans-
planted cells should be genetically modified to
upregulate the production of anti-VEGFS, such
as endostatin, PEDF, basic fibroblast growth
factor (bFGF), brain-derived neurotrophic factor
(BDNF), or ciliary neurotrophic factor (CNTF). To
perform the necessary genetic modifications for
the aforementioned suggestions, possible trans-
fection methods include the Sleeping Beauty
(SB100X)" transposon system or the CRISPR/
Cas9 system. During the later stages of AMD
when damage has occurred to both photorecep-
tors and RPE cells, another improvement would
be to transplant autologous ESC or iPSC which
differentiate under a wider range of factors. This
would allow for the reconstruction of the entire
BM-RPE-photoreceptor complex, potentially
leading to greater improvements in vision. In
addition to therapeutic uses, it would also be
helpful to use iPSC-RPE cells to model dry
AMD alongside wet AMD in humans, as these
cells could uncover more about dry AMD while
finding use as high throughput drug screens.
Gene therapy efficacies could also be tested
in this way. This knowledge could lead to not
just curative methods, but perhaps preventative
interventions as well.

In using biomaterials as a substrate for
RPE cells, endogenous factors can perhaps
be crosslinked to PLGA or PLLA. As protases
break the crosslinks in PLGA scaffolds, an-
ti-VEGFs such as Ranibizumab and retinal
growth factors like FGF could be freed, allowing
for retinal regeneration [45]. Delivery of Ran-
ibizumab via nanoparticles has already been
demonstrated, so it is now a matter of delivering
these types of medications on PLGA scaffolds
for AMD patients (Figure 6) [46].
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Because RPE cells must be polarized,
incorporating PLGA with this cell type alongside
RPCs and iPSCs may allow for differentiation
into RPE and other retinal cells. In this manner,
the eye can heal any damage done by the deg-
radation or delivery of the substrate biomaterial
and cells in the first place. Similarly, the use of
drugs to modulate calcium systems has shown
down-regulating effects on proliferation, which
could be used in the case of teratomacreating
iPSC-RPE cells. If cross-linked in PLGA scaf-
folds, these inhibitors could be used as a form
of cell control [47]. In regard to surgical place-
ment, current methods require the rolling up of
PLGA/PLLA scaffolds. These rolled-up scaffolds
are then delivered to the subretinal space. An
improvement would be to develop a method by
which a higher modulus material can be deliv-
ered to the eye directly in between the BM and
the photoreceptors, perhaps via a small incision.
This higher modulus material could then be
removed to leave softer biomaterials, which are
less harmful to retinal health and vision. Finally,
cleaning up dedifferentiated cell and degraded
scaffolding debris with lasers may also allow for
better vision and healing.

Age-related macular degeneration is one of the
leading causes of blindness in aging adults and
is prevalent in today’s population. Tissue engi-
neering solutions for AMD have improved upon
conventional treatments, thanks to their ability
to not just stop the progression of AMD, but also
result in visual improvement. The use of hESC-
RPE and iPSC-RPE, coupled with a thin PLGA/
PLLA scaffold, may allow for effective and safe
integration of RPE cells in the macula. With
more research on polymer toxicity, molecular
crosslinking, and methods of efficient insertion,
these cellular engineering techniques may be-
come the best way to reverse AMD damage and
fully regenerate the patient’s eye.
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AMD - Age-Related Macular Degeneration
VEGF — Vascular Endothelial Growth Factor
RPE — Retinal Pigment Epithelium

BM — Bruch’s Membrane

CNV — Choroidal Neovascularization

PDT — Photodynamic Therapy

IPE — Iris Pigment Epithelium

hESC — Human Embryonic Stem Cells
iPSC — Induced Pluripotent Stem Cells
RPC — Retinal Progenitor Cell

PLGA — Poly(dl-lactic-co-glycolic acid)
PGA — Poly(glycolic acid)



PEG - Poly(ethylene glycol)

PLA — Poly(dl-lactic acid)

HFIP - Hexafluoroisopropanol

PLLA — Poly(l-lactic acid)

PEDF — Pigment epithelium-derived factor
bFGF — Basic fibroblast growth factor
BDNF — Brain-derived neurotrophic factor
CNTF - Ciliary neurotrophic factor
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ABSTRACT: Rural minorities in America are in poorer health compared to other demo-
graphics, as illustrated by deficits in several health metrics. Such deficits are great in
magnitude and temporally persistent. Furthermore, the unrecognized diversity of rural
areas means that these deficits affect a larger proportion of rural areas than convention-
al stereotype dictates. This review analyzes existing research to characterize the health
of rural minorities, focusing on specific challenges and elucidating recurring themes that
arise within and between minorities. Specific demographics were chosen for in-depth
analysis based on prominence in nonmetropolitan areas, utility as case studies, and
availability and quality of research. Population-specific analyses delineate themes that
apply across demographics as well as challenges specific to each group, revealing the
complexity of rural minority health. Analysis elucidates some key themes surrounding
rural minority health. The invisibility of these demographics underlies many surface-level
issues such as ineffective interventions and the underfunding of health organizations.
Social context also plays a great yet underappreciated role in health, lending complex-
ity to this issue through unique demographic-specific challenges. Above all, knowledge
gaps are one of the most impactful and long-staying factors affecting rural minorities,
impeding solutions and promoting disparity through ignorance on the part of both policy-
makers and providers.

have steadily increased over time, while rural

The poor health of rural communities is well-es-
tablished in literature, vividly illustrated by con-
sistently reduced scores in health metrics.
One example is urban-rural discrepancies in
life expectancy. From 2006 to 2009, residents
of nonmetropolitan counties were expected
to live 76.8 years compared to 78.8 years in
metropolitan counties [1]. Compounding this
disparity is its stagnation; urban lifespans

lives have remained at their current length for
decades [2]. Only half a year separated rural
and urban lifespans from 1971 to 1974, but
this gap quadrupled to 2.0 years from 2005 to
2009 [1]. Rural populations also have a high-
er prevalence of obesity than metropolitan
populations [3,4]. With close ties to chron-
ic, severe illnesses such as type 2 diabetes,
high obesity rates imply poor health [5,6].
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Rural mental health is challenged as well. In
rural areas, all psychiatric disorders except for
non-PTSD anxiety disorders are more prev-
alent [7]. Furthermore, from 1999 to 2016 in
rural areas, drug overdose deaths increased by
749.4% and the suicide rate for those aged 25
to 64 years increased by 38.3% [8]. These sta-
tistics led the NIH to establish rural residents
as a health-disparity population [9].

The healthcare struggles of rural ar-
eas are both distinct and difficult to overcome,
rooted in the unique communities, cultures, and
environments of a rural context. For instance,
healthcare workers cite different obstacles
in the workplace depending on their locality.
Compared to urban providers, rural providers
report struggling more with provider scarcities,
finding continuing medical education, and stay-
ing compliant with the Health Insurance and
Portability Accountability Act, a law that dictates
acceptable usage and privacy protocols for
medical records [10]. Rural culture is distinct as
well, emphasizing family, traditionalism, trust,
and independence. Cultural competence is
paramount in rural health to gain patient trust,
correctly and appropriately convey information,
and foster accessibility [11]. However, propor-
tionally few providers are recruited from rural
backgrounds, promoting a cultural disconnect
[12], facilitating the high patient-to-provider
ratios that characterize rural healthcare [10].
Providers that fail to understand these values
encounter community distrust and struggle to
meet patient needs [13].

A defining struggle in rural health is long
geographic distances. Compared to those in
large metropolitan counties, five times as many
rural households have no car and live further
than a mile from a grocery store [1]. These vast
distances spawn communication issues that
hamper patient-provider contact, block cohe-
sion between services, and damage efficiency,

all of which limit healthcare access, making
accessibility a prominent issue in rural health
[14,15]. Rural providers, already few in num-
ber, are spread thin over vast distances; lower
service demand due to diffuse populations
particularly affects specialists, who cluster in
urbanized areas to support their practice [16].
High business expenses minimize profit mar-
gins for rural providers as well [17]. Large met-
ro counties have 263 specialists per 100,000
people whereas rural counties see only 30 per
100,000, contributing to reliance on primary
care [16]. With greater dependence on primary
care, rural areas also suffer from the nation-
wide shortage of general practitioners, where
25-30 providers serve 100,000 people in both
urban and rural areas [16].

Less well-understood, however, are
the obstacles faced by minorities within rural
communities. Despite a common stereotype
of ethnic homogeneity, rural areas are home
to significant proportions of vulnerable de-
mographics and host a unique demographic
makeup. The distinctions between rural and
urban healthcare are mirrored by the distinc-
tions between rural minorities and the majority.
Furthermore, this diversity is growing due to
the growth of low-wage industries. The number
of minorities in rural areas increased by 20%
between 2000 and 2010, while the number of
rural Whites remained largely the same [18].
Just as rural communities have unique needs,
cultures, and contexts compared to metropol-
itan areas, so do individual minority groups.
Issues that independently plague rural and
minority populations overlap in the doubly-un-
derserved rural minorities, damaging patient
outcomes [19]. Understanding these growing
demographics is critical to serving their unique
healthcare needs.

Medicine that understands and ad-
dresses the impact of rural minority standing



is better able to reach these vulnerable pop-
ulations. This review will first identify several
prominent demographics of rural areas: the
disabled, Native Americans, veterans, and
elderly. These are explored as illustrative case
studies due to their high rural prevalence and
availability of research. Their distinguishing
factors are highlighted and, as these separa-
tions are identified, the overarching themes
that unite these demographics emerge. Com-
mon ideas, observations, and challenges
throughout rural minority health research are
then explored. Keynote research motifs include
ongoing research gaps on both rural health and
rural minorities, leading to unaddressed issues
and uninformed, ineffective policy. This contrib-
utes to another recurring theme, the invisibility
of rural minorities in both public policy and the
research world; the enduring struggles of these
demographics is testament to this. Finally, the
powerful negative effects of overlapping minori-
ty statuses continuously appears throughout
research. Concluding this review is an analysis
of these research themes and current deficien-
cies in our knowledge of these complex demo-
graphics.

OVERVIEW OF RURAL MINORITY HEALTH
The rural-urban dichotomy in geogra-
phy, culture, and historical context has been
well-described with demonstrated, quantifi-
able impacts on health. However, distinctions
between rural demographics are less recog-
nized. For example, ethnic disparities in rural
communities remain largely overlooked and
undiscussed in literature [20]. Non-racial and
non-ethnic demographic factors, such as the
traits that define veteran, elderly, and disabled
groups, are equally forgotten, rendering these
groups invisible. Small population sizes and
lack of representation in healthcare further ob-
scure rural minorities, and underrepresentation

of the rural perspective among medical provid-
ers and researchers encourage stereotypes of
homogeneity. This melange of factors occludes
the recognition of specific needs and contextual
factors both in literature and in medical prac-
tice. This theme of unacknowledged distinctive-
ness underpins rural minority health research.

Such lack of recognition conceals the
desperate status of rural minority health. A
strong recurring theme in literature is how inter-
secting geographic and minority disadvantages
damage patient outcomes. As medically-under-
served groups make up great amounts of rural
populations, substantial amounts of people
suffer from these intersections. For example,
spatial isolation and low healthcare accessi-
bility disproportionately impact rural minorities
compared to their urban counterparts or the
rural majority [20,21].

Compounding these common chal-
lenges are the unique struggles of individual
groups, such as the powerful yet cryptic effects
of social and cultural contexts. Apostolopoulos
et al. see syndemics as the defining factor of
rural minority health, describing the pathogenic
interaction of biological and social factors [22].
The effects of syndemics appear frequently in
literature; even cursory reviews of rural minori-
ty research underscore their obvious strength.
For example, among Black Americans, several
struggles — structural racism, inequitable so-
cial, education, labor, and health policies, and
economic — are linked to trauma, stress, and
syndemics [22]. Rurally, research regarding
the magnitude of hardship for minorities takes
disproportionately little notice of these con-
textual effects. This invisibility amalgamates
with other factors, such as high and increasing
rates of rurally-concentrated poverty and high
employment in dangerous industries like man-
ufacturing, to injure rural minority health [23].
Furthermore, for non-white rural residents,



the white-dominated rural setting means that
specific cultural needs and experiences find
little understanding. Coethnic networks and
communities are sparse due to diffuse popu-
lations, and culturally-intelligent resources are
few and far between. A prime example is in the
rural Native American community, which strug-
gles with fragmented healthcare services, low
funding, and lack of community support [16].
Unsurprisingly, its members experience re-
markably poor health even compared to other
rural underserved [2].

All of these factors combine to produce
visible, quantifiable damage to health. Rural
minorities have lower life expectancies, see
higher mortality rates, rate their healthcare
as lower quality, receive fewer preventative
services, and suffer higher rates of chronic
disease compared to their urban counterparts
[6,24]. Table 1 summarizes health statistics in
rural ethnic and racial demographics [20].

The complex aggregation of social,
cultural, and geographic factors generates the
current healthcare plight of rural minorities.
“Health outcomes are inexorably linked to ZIP
code, are notably worse for the millions who
live in rural and underserved communities and
are further compounded by health disparities
common among racial and ethnic groups.” [21]
Interventions to address social determinants of
health are equally as important as secondary
prevention and treatment efforts yet remain
underutilized in policy due to poor recognition
of these determinants. [25] Research is limited
for all rural minorities, but available literature
reveals the distinctive qualities of each group

as well as overarching patterns that unite them.

Understanding the interplay of unique chal-
lenges and broader factors will allow for more
powerful interventions in these underserved
communities.

NATIVE AMERICANS

Native Americans exemplify the strug-
gles of rural minorities, experiencing some of
the poorest health outcomes in America de-
spite their intimate ties to rural land: in 2010,
29% of Native Americans lived in rural areas
compared to 15% of the U.S. population [26].
Furthermore, where other rural ethnicities have
experienced gradual but measurable gains in
healthcare access and quality, lingering histori-
cal biases and social factors continue to nega-
tively affect Native American health [27].

Notably, rural Native Americans suffer
one of the highest risks of maternal and infant
mortality in the U.S [21,28], high rates of men-
tal illness, stress [27], substance abuse [29],
and suicide [24], and damaged mental well-
being as well [4]. Native Americans also suffer
higher mortality rates of preventable disease.
Per 100,000 people, pneumonia and influen-
za kill 26.6 Native Americans per year versus
15.1 for all races, and heart disease kills 194.7
Native Americans as opposed to 179.1 for
all races [29]. Unsurprisingly, the rural-urban
disparity in life expectancy is exaggerated for
Native Americans, where a gap of 11 years
stands between metropolitan and nonmetropol-
itan Indigenous lifespans [1]. Economic obsta-
cles hinder Native healthcare, as well: 33% of
rural Native Americans report recent problems
accessing healthcare, and 28% recently expe-
rienced major problems paying medical bills.
High costs do not indicate high quality, either,
as 28% of rural Native Americans reported
recent problems with quality of healthcare [30].

Perhaps one of the greatest issues
faced by this group is healthcare fragmen-
tation. “Services and support for health and
social programmes are typically fragmented
in Indigenous populations... Fragmentation
results in the isolation of symptomatic issues—
addiction, suicide, fetal alcohol syndrome, poor



housing, and unemployment—followed by the
design of stand-alone programmes to try to
manage each issue separately.” [31] Fragmen-
tation is bred by chronic underfunding, small
populations, and long geographic distances
[32], and as a population known for its small
size and economic hardship, Indigenous health
is the paragon of such fractionation. Frag-
mented healthcare services interrupt cohesion
between services, leading to poor outcomes,
inaccessibility, and inefficient resource use
[33]. The Indian Health Service (IHS), which
only provides non-comprehensive health insur-
ance and experiences chronic underfunding,
suffers extensively from fractionation [29]. As
many rural American Indians/Alaska Natives
receive healthcare through the IHS (approxi-
mately 1.5 million of 4.1 million Native Ameri-
cans [34]), a great number of rural Indigenous
encounter fractionated, underfunded health-
care: 46% of American Indian/Alaskan Natives
receiving care through the IHS experienced
funding shortfalls and subsequent reductions in
healthcare [29].

More factors than just the IHS affect
rural Native American healthcare, such as stark
socioeconomic status. Compared to the total
U.S. population, Native Americans working full-
time earned less and were more likely to live in
poverty compared to non-Hispanic whites [26].
There are also substantial differences between
the experiences of rural Native Americans and
whites not only in healthcare discrimination,
but also in police treatment, racial violence,
and housing [30]. Health outcomes are not
produced in a vacuum; social factors influence
healthcare at all levels, from policymaking to
patient-provider interactions, to generate palpa-
ble impacts [21,25]. Rural Black and Hispanic
Americans suffer the same pattern, where
structural racism influences health to damage
outcomes [35]. From the poorer healthcare out-

comes across all rural ethnic minorities, we see
how minority standing in majority-white rural
areas affects patient outcomes. Interventions in
rural Indigenous healthcare struggle to address
these. Prominently, even the introduction of
the IHS, specifically created to address Native
American healthcare, made little change in Na-
tive American healthcare over time [29]. Other
interventions outside of the IHS are primarily
targeted at individuals and communities [63].
While helpful, the greater systemic pressures
on rural Native Americans remain, thus no sub-
stantial, national change in Indigenous health
has been accomplished.

Rural Native Americans’ twice-erased
status in locality and ethnicity contributes to
their current healthcare struggles. Thus, the
healthcare effects of such a unique context are
forgotten. As indigeneity is an inherently social
and cultural concept, poor Indigenous health is
rooted in cultural factors such as loss of com-
munity, lack of land connection, and feelings of
spiritual, emotional, and mental disconnected-
ness [31]. This disconnection is a great mental
burden: the rural Indigenous experience the
highest suicide rate out of all rural demograph-
ics, double that of rural whites and twelve times
that of rural African- and Asian-Americans [24].
The fractionated state of rural Native health-
care mirrors this disconnection. Overall, the
rural Indigenous have not received the benefit
of medical advancements, leading to stagnated
improvement in health [21].

The pervasive stereotype of rural com-
munities as homogenous oversimplifies them,
rendering the diverse experiences of ethnic
and racial constituents invisible. Such invisibil-
ity affects healthcare at all levels, from public
health initiatives and funding to patient-pro-
vider interactions. This invisibility is woven
throughout rural health research, not just
among the Native American population. Other



rural health researchers have commented on
the difficulty of finding high-quality samples,
trends, and pre-existing research. The issues
dogging the unseen rural Indigenous -- eco-
nomic, social, and cultural, not just in health-
care -- have halted improvement in their health
as others advance.

DISABILITY

Rural populations have markedly high
proportions of disability. Compared to metro-
politan adults, rural adults are 9% more likely to
report having any disability, 24% more likely to
report having more than one disability [36], and
are more likely to have hearing or vision loss
[4]. Low workforce participation and economic
constraints facilitate the high rates of pover-
ty experienced by disabled households [37].
Despite the substantial presence of disability in
rural areas, the rural disabled are a rare topic in
healthcare research [21].

Accessibility frames the daily lives
of disabled people. In a healthcare context,
disability management and quality of life are
contingent on accessible, high-quality care, as
the disabled community requires more health
services than abled persons [38]. Thus, rural
scarcity of both specialty and primary care, a
necessity in the lives of many disabled people,
disproportionately impacts this population.

Geographic inaccessibility defines rural
areas, where vast distances between services
make car travel essential. As driving requires
well-functioning sight, hearing, cognitive abili-
ty, and mobility, many disabled people cannot
drive long distances and struggle to access
care. Provider scarcities build only more ob-
stacles, as many disabled people struggle
to locate specialist care for disability-specific
services [38]. The vacuum of nonurban special-
ty care impacts the health of the rural disabled,
who need these services most. Rural residents

rely heavily on primary care providers as well,
even to manage conditions largely overseen
by specialists [12]. Regardless of the fact that
primary care cannot provide the same services
as a specialist, the shortage of rural primary
care inordinately affects the rural disabled, for
whom consistent access to healthcare is crit-
ical. Low socioeconomic status magnifies the
effect of provider scarcity. Many disabled adults
(42.0%) depend on Social Security Disability
Insurance or Supplemental Security Income
as well, including services such as Medicare
[38]. As these public programs pay around half
of what private insurance pays practitioners
[39], providers have less incentive to care for
rural disabled, further limiting care options.
Financial barriers also impede access to care:
working-age adults with disabilities are much
more likely than those without to report inability
to pay medical bills, problems paying medical
bills, and not accessing care due to cost [38].

A recurring theme throughout rural
minority healthcare is the numerous overlaps
between marginalized populations. Few de-
mographics exemplify this better than rural
disability. Non-White populations [37] and
veterans experience higher rates of disability
and veterans have high rates of disability as
well [40]. The elderly often encounter disability
as they age, and healthcare obstacles in these
separate populations frequently overlap, as
in transportation struggles, high incidence of
poverty, and dependence on public programs.
Overall, frequent overlaps with underserved
groups results in rural disability generating
more destitute outcomes.

Disability and rurality have a close
relationship that directly affects healthcare and
quality of life. Several layers of inaccessibility
hinder rural health, from financial to geograph-
ic, and the overlap of disability status with
other individual factors lends further com-



plexity to rural disabled healthcare. However,
research into the rural disabled is noticeably
lacking despite a critically underrepresented
status. For example, the interplay of disability
with other minority standings is known in only
very broad, general trends. Financial impacts
remain understudied as well. Further research
to characterize rural disability is needed to fully
understand its effects and its intersections with
other groups.

VETERANS

Rurality and veteranship are closely
tied, with approximately 4.7 million veterans
currently living in rural and highly rural areas
[41]. Unsurprisingly, the issues that plague rural
healthcare merge with veteran-specific traits to
damage rural veteran health, resulting in low
health-related quality-of-life scores for rural vet-
erans compared to their nonrural counterparts
[42]. Institutional underfunding and high intrin-
sic rates of disability are some of the prominent
factors affecting the health of rural veterans.

Similar to the struggles of the IHS, the
Veterans Health Administration (VHA) has seen
regionalization and cutting of rural services due
to small service populations and limited financ-
es [7,43]. Dilute service populations require the
establishment of large referral regions and, as a
result, VHA tertiary care referral centers tend to
be located in urban areas even if many clients
are rurally-located [43]. This creates referral
systems that are geographically separated from
patients. For veterans, this disconnection exac-
erbates foundational issues in rural healthcare,
generating long travel times and augmenting
the lack of specialty care. As illustrated in the
rural Indigenous, fractionation and defunding of
healthcare is common among the rural under-
served and damages healthcare outcomes.

As found above, disability frequently
intersects with other minority statuses to im-

pact health, exemplified by the high rates of
disability among veterans. 29% of veterans are
classified by the US government as having a
service-connected disability [40] compared to
the general disability rate of 4.3% [44]. Ser-
vice-connected disabilities include physical
maladies as well as mental illness, with mental
illness being a defining veteran’s issue. Of vet-
erans utilizing Veterans Affairs health services,
21.8% are diagnosed with post-traumatic stress
disorder and 17.4% are diagnosed with depres-
sion, proportions much higher than in civilians
[44]. High disability rates affect more than just
health, contributing to, for example, high rates
of household poverty. 13.19% of disabled
veterans are in poverty compared to 5.51% of
non-disabled veterans, damaging quality of life
and introducing financial barriers to healthcare
[37].

Mental iliness is a prominent veteran
struggle due to traumatic experiences and mil-
itary culture discouraging the use of behavioral
healthcare. Veteran suicide rates increased by
15% for men and 35% for women from 2001
to 2010 [45]. Rural veterans struggle even
more: physical and mental health scores are
far lower for nonurban veterans compared to
urban veterans, showing the larger burden of
mental iliness for rural veterans [7]. The lack
of care sensitive to veterans’ particular needs
and context, such as for mental health, fuels
these struggles. If rural healthcare is sparse in
general, there are less informed on the specif-
ic circumstances of veterans. Military culture,
with values of strength and independence,
impacts how veterans approach healthcare;
effective healthcare for veterans is sensitive to
these cultural considerations and the distinct
obstacles veterans face [40].

Though veteranship holds unique
contextual considerations for healthcare,
recurring challenges across minorities impact



this population. Demographic-specific health-
care organizations struggle to support diffuse
rural populations, demonstrated in rural Native
Americans with the IHS and in veterans with
the VHA. Similarly, the lack of veteran-specific
care echoes the cultural gaps that impact the
rural Indigenous. Predominately white provid-
ers struggle with the specific issues surround-
ing the Indigenous; metropolitan providers
struggle to fully appreciate rural culture; the
effects of military culture often go unrecognized
by civilian providers. Military values emphasize
“the physical and mental well-being of soldiers,
as well as their independence and self-reli-
ance...” discouraging veterans from seeking
healthcare [40]. Nonmilitary providers unaware
of these considerations thus struggle to reach
veterans. Coupled with rural obstacles to care,
there is little incentive for veterans to pursue
healthcare, facilitating health disparity.

Rural veterans, by virtue of both their
locality and life experiences, represent a
deeply underserved population. Thinly-spread
health services, lack of funding, high disabil-
ity and poverty rates, poorly-defined referral
areas, and care uninformed on military culture
combine to generate uniquely poor health
circumstances for rural veterans. This mixture
of struggles incorporates wider issues in rural
health and unique contextual obstacles. The
poorer health of veterans, reflected in high sui-
cide rates and reduced quality of life, is rooted
in many different factors, difficult to untangle
from each other but powerful in their combined
effect.

ELDERS

Quiet, idyllic, and slow-paced, rural
locales make popular retirement destinations.
25% of the rural population is age 65 or older,
though the elderly constitute 12% of the U.S.
population [48]. More Americans are reaching

retirement age and increasing this propor-
tion, foreshadowing growth of current issues
with provider shortages [49]. The effects of
this shortage are compounded by the inten-
sive healthcare needs of elderly patients. The
medical intricacy of aging merges with issues
in service access and provider shortages to
establish the elderly as a medically vulnerable
population. Rural geography and overlaps with
other minority statuses only exacerbate these
issues.

Elderly patients benefit from special-
ty healthcare that is trained in complex and
aged patient care [48,50]. However, a drastic
shortage in geriatricians is developing, espe-
cially in rural areas [51]: for example, 56% of
geriatric fellowship spots remained unfulfilled
in the 2015 Main Residency Match of the
National Resident Matching Program [52].
Rural elders thus suffer not just from broad
deficiencies in rural specialty care, such as
cardiology for age-related heart disease, but
for a demographic-specific specialty trained in
their specific needs. Mental health is also se-
verely underemphasized in the elderly. Social
and spatial isolation plague the rural elderly
[49], yet psychological services to cope with
such loneliness are scarce [54]. Suicide risk
increases significantly after age 65, and 18%
of completed suicides in 2019 were by older
Americans [55]. Aside from specialty care, rural
elders encounter pronounced challenges in pri-
mary care access, such as physical frailty and
long geographic distances [5]. Compounding
this hardship is insufficient public transporta-
tion in rural areas [17].

Care that would circumvent these
physical barriers, such as home-based support
services, is lacking. Limited provider availabili-
ty, inadequate transportation, poor telecommu-
nications access (i.e. poor Internet and tech-
nological literacy in elders), and low caregiver



recruitment and retention plague these ser-
vices [14,17]. The same issues that haunt all of
rural healthcare impact home health, damag-
ing the health of rural elders who need these
services most.

Socioeconomic factors also impact the
elderly. High poverty rates in rural elders intro-
duce financial barriers to care. Compared to
urban areas, rural elders have lower incomes
and are more likely to be below the poverty
line. Although they are more likely to own their
homes, those homes are more likely to be
substandard [55]. Greater reliance on Medic-
aid and Social Security may also limit provider
options [55]. Long distances to work or support
services only worsen financial issues. Overall,
vast distances may impose insurmountable
barriers to healthcare, employment, prescrip-
tions, or social services for rural elders [56].

As American lifespans stretch longer
and more retirees seem to seek calm, idyllic
towns and views, healthcare in the rural elderly
will only become more important. These el-
ders, however, will find only sparse healthcare
services, whether in primary care, specialty
care, or home health. Frequent intersections
with other marginalized statuses mar the health
outcomes of rural elderly as well. For example,
56% of the 2.8 million rural veterans enrolled
in the VHA are over the age of 65 [57]. Fur-
thermore, the proportion of ethnic and racial
minority groups among the American elderly is
expected to rise sharply in coming years: the
percentage of elderly non-Hispanic whites is
expected to drop from 78% in 2014 to 55% in
2060 [49]. Throughout rural health, overlapping
circumstances facilitate poor outcomes, and
rural elders follow the same pattern [56]. Little
research has been completed about these
overlaps, however, leaving a number of unan-
swered questions.

ONGOING KNOWLEDGE GAPS

The experiences of rural minorities
are important to consider in rural health due
to the surprising heterogeneity of rural areas.
Factors that independently affect minority and
rural populations overlap to damage healthcare
quality and access. The intricacy and signif-
icant numbers of rural minorities make them
critical aspects of rural areas, yet are often
overlooked. Current research into rural minority
health highlights unique challenges of each
demographic and implies universal challenges
that unite them. Some overarching patterns
include the magnification of extant rural health
issues for minorities, socioeconomic obsta-
cles, and underfunded programs for specific
demographics. Of these patterns, persistent
invisibility in their own communities and health-
care itself is the most consistent and impactful.
Such invisibility camouflages the impact of
rural minority standing on health, causing it to
be overlooked and understudied.

Large, ongoing gaps in our knowledge
unify rural minority research, with rural Native
Americans being a prime example of these
gaps. The Indigenous are a group already
poorly-understood, with the rural Indigenous
only doubly so. Small samples and inconsis-
tencies in research methods, such as how
tribes and ethnic groups are merged, make
the Indigenous difficult to research and con-
tribute to the lack of literature surrounding
them [33]. Baldwin et al. report that, even for
a basic measure such as mortality rate, “few
studies have reported [American Indian/Alaska
Native] mortality nationally and stratified by
residence location.” [58] Other minorities suffer
the same invisibility. For the disabled commu-
nity, little is known about disability prevalence
and types of disability by urbanization level
[36]. For rural elders, demographic-specific
issues such as elder mistreatment are known



to be understudied, and such issues affect
rural elders even more due to geographic
obstacles in knowledge and intervention efforts
[49]. As for veterans, there is little information
on current suicide rates, let alone historical
trends, who make up great proportions of rural
areas [45]. Multiple-minority demographics

are doubly affected by these gaps and remain
chronically understudied.

Knowledge gaps are particularly wide
in rural minority mental health. This is deeply
concerning for a number of reasons. As both
rural and minority populations experience sepa-
rate shortages in mental health services, a poor
understanding of these overlaps is deeply detri-
mental [15]. Jensen et al. argue that rural areas
require stronger interventions to overcome
mental health deficits, as the combination of a
distinct culture and strong, established barriers
to behavioral health care damage accessibility
and quality [59]. They echo King et al. who,
in reference to rural Native Americans, argue
that further research into social determinants of
health will form better interventions [31]. Across
demographics and healthcare specialties,
research agrees that a broad lack of research
makes effective solutions difficult to form.

More broadly, research into rural health-
care itself is lacking. Many studies are limited
to phone surveys or analyses of aggregated
hospital data, a shaky choice of data collection
considering the rapid closures of rural hospitals
[60] and rural dependence on small clinics and
private practices. General consensus holds that
rural health is poorer than that in urban areas,
but large-scale studies in specific health indi-
cators are scarce. For example, even as the
US has defined increasing life expectancy as a
key goal [61], few studies analyze rural-urban
life expectancy disparities and factors affecting
lifespan. Literature examining the plight of rural
specialty care is also diffuse. Cyr et al. find an

“...insufficient understanding of differences in
facilitators and barriers between U.S. urban
versus rural specialty care. While conceptual
frameworks exist to guide these efforts... none
specifically focus on US urban versus rural
specialty care.” [62] A lack of research leaves
the details of rural health unexplored.

The depth and persistence of these
knowledge gaps may render interventions in
rural minority health ineffective. For example,
Apostolopoulos et al. identify several common
yet low-leverage interventions (e.g., self-man-
agement education) often employed in rural
communities that generate underwhelming
results [22]. Our thready understanding of rural
areas, frequently informed by stereotypes and
assumptions, obscures more effective solu-
tions. Thus, the health of the rural underserved
stagnates and declines.

Previous literature unanimously agrees
that rural communities and their substituent
minority groups are distinct from both urban
populations and each other. Each demographic
has particular needs, values, and problems
influenced by unique contextual and cultural
factors; however, research has not fully stud-
ied the effect of intersecting minority statuses.
Such research gaps preclude a complete un-
derstanding of the unique context of minorities,
impeding the implementation of solutions to
uplift individual demographics and rural com-
munities as a whole. A richer understanding of
the rural minority experience -- their unique,
defining factors, their prevalence, and their
historical context -- will illuminate effective
solutions and additional factors to bridge the
gap between them and their urban counter-
parts. Targeted research into rural minorities is
a direct pathway to this deeper understanding.
As shown in literature, there are several unan-
swered questions about the specific challenges
rural minorities face, occluding effective solu-



tions. There is a wealth of information still to be
gained about these highly complex, incredibly
interesting groups. Greater research efforts will
increase public awareness and direct effective
interventions, creating decisive changes to
overcome these ongoing challenges.

FIGURES

Metric Black % | Hispanic% | Native American% | White %

Health status: furor [ 28.8* 84t 289¢ 185
poor

Frequent physical 159* 139 19.6* 133
distress

Frequent mental 139* 12 17.1% 125
distress

Could not see a doctor | 24.5* BI1* 19.1* 150
in the post 12 months
due to cost

Have at least one 732* 61.5* 63.7¢ 786
personal
doctor/provider
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