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ABSTRACT

THE EFFECT OF AUTOPHAGY INHIBITORS ON RVFV PRODUCTION
Niloufar Boghdeh, MS
George Mason University, 2021

Thesis Director: Dr. Kylene Kehn-Hall

Rift Valley Fever Virus (RVFV) is an arbovirus that can infect ruminants and
humans. It can cause many diseases including encephalitis, hemorrhagic fever, and ocular
disease. A severe version of the disease is observed predominantly in pregnant and young
livestock. While it is primarily transmitted by mosquitoes, most human cases are acquired
through contact with blood or organs of an infected animal. Autophagy is an intracellular
pathway that allows for the degradation of cytoplasmic organelles during cellular stress.
The role of autophagy during viral infections is unclear. In some cases, it slows the
progression of the infection, whereas, in many other cases the virus uses the autophagy
system to enhance its replication. We hypothesized that inhibition of autophagy will cause
RVFV titer reduction and provide evidence that the process of autophagy can be pro-viral
to RVFV. To explore the impact of autophagy on RVFV replication, small molecule

modulators of autophagy were utilized. CA-5F, DBBC661, and ML240, which are all



known autophagy inhibitors, were shown to be capable of reducing RVFV infectious titers.
CA-5F was selected for further studies due to it being one of the most potent and least toxic
inhibitors. CA-5F is a late-stage autophagy inhibitor that functions by inhibiting the
autophagosome-lysosome fusion. Previous studies have shown CA-5F to have anti-tumor
effects against lung cancer cells. HSEACs (Human Small Airway Epithelial Cells) were
treated with non-toxic concentrations of CA-5F and a significant decrease in viral
production was observed. Furthermore, the greatest decrease in RVFV titers was observed
at 16 and 24 hours post-infection as compared to 8 hours post-infection. Additionally,
intracellular RNA analysis showed that although CA-5F decreases RVFV infectious titers
in a dose-dependent manner, it does not impact viral RNA production. This study provides
evidence that the autophagy inhibitor, CA-5SF, is capable of reducing RVFV production.

Future studies will assess the importance of the viral protein NSs in CA-5F inhibition.



INTRODUCTION

Bunyaviruses: Phlebovirus

Bunyaviruses are a large and diverse order of negative-sense RNA viruses that are
capable of infecting vertebrates, invertebrates, and plants (9,11,21,23). They are enveloped
viruses with a tri-segmented [large (L), medium (M), and small (S)] negative-sense RNA
genome, and are divided into 9 families based on biological and structural characteristics
(11). The family Phenuiviridae that includes the genus phlebovirus contains 70 viruses that
comprise 9 species (9). All phleboviruses have an ambisense coding region meaning their
N protein is encoded in the negative sense and their nonstructural (NSs) protein is encoded
in the positive-sense orientation on the S segment of their RNA (9).
Rift Valley Fever Virus

Rift Valley fever virus (RVFV) is the most well-known phlebovirus that can infect
both humans and livestock (27). RVFV can be transmitted by mosquitoes or through
contact with the blood or organs of infected animals (2,13). The virus can cause many
diseases ranging from mild flu-like illnesses to a severe one that includes jaundice,
encephalitis, hemorrhagic fever, and ocular disease (5,15). In livestock, the disease is more
severe in pregnant females and young animals (27). RVFV is also difficult to control due
to the ability of mosquito eggs to survive up to 10 years in soil, and due to climate change

the outbreaks could increase in the near future, according to recent reports from the centers



for disease control (CDC) (6). The virus was first identified in the 1930s during an outbreak
in sheep in Kenya. Then in the early 2000s, it was seen in the Middle East causing a large
outbreak and infecting both livestock and humans (27,30). Although RVFV is more
common in Sub-Saharan Africa, it has spread to the middle east, and with increasing
international trade of livestock, it is an important virus to study. RVFV has the capability
to be used as a potential bioweapon (24,31). New evidence also indicates that the aerosol
route of infection is possible. (6) The recent MV A-vectored (Modified Vaccina Ankara)
vaccine made for livestock shows promising results, however, the production is limited
and there are currently no single-dose vaccines available for the treatment of RVFV in
ruminants or humans (5,6).
Viral Replication and Nonstructural Proteins: NSs

Understanding the RVFV basic molecular structure is an important step in
understanding its pathogenicity. The viral RNA genome of RVFV is composed of 3
segments L, M, and S (4). The L segment encodes the RNA-dependent RNA polymerase
that is responsible for transcription and replication of the viral RNA, the M segment
encodes for two glycoproteins important for cell attachment and viral-host membrane
fusion, and the S segment codes for nucleoprotein (N protein) and nonstructural protein
(NSs) (4,8,24). Once the virus enters the host cell through receptor mediated endocytosis,
it releases its RNA into the host cell and from there it goes through replication and
transcription (13,24). During the replication cycle, each genomic segment is transcribed
into mRNA (messenger RNA) and is also used to make an anti-genome copy known as

complementary RNA (cRNA). cRNA is then used as a template to make viral genomic



RNA (VRNA) which is packaged in the Golgi prior to the release of the virions from the
cell through exocytosis (13).

In RVFV, the S cRNA segment is found in the virion which enables NSs to be
expressed immediately after viral entry, indicating that it plays an important role during
the early stages of viral infection (24). NSs is a major virulence factor, present in both the
cytoplasm and nucleus of infected cells and inhibits cellular transcription by interacting
with host transcription factor (TF) components, and promotes post-translational
degradation of proteins including protein kinase RNA-activated (PKR) (21). PKR is an
important antiviral protein kinase induced by interferons after viral infection (10). In many
in vivo studies, PKR has been shown to restrict viral replication and results in apoptosis
induction. The importance of PKR’s antiviral action is illustrated by viral proteins of most
animal viruses using many strategies to impair its action (10,26).

Attenuated RVFV strain

RVFV is classified as a Category A priority pathogen by the National Institute of
Allergy and Infectious Diseases (NIAID) and a select agent according to the CDC and the
United States Department of Agriculture (USDA). Work with RVFV must occur in a high-
containment biosafety level 3 (BSL-3) laboratory due to the lack of therapeutics and
vaccines and has the potential to be transmitted via the respiratory route. However, the use
of RVFV MP-12 vaccine strain allows studies to be performed in BSL-2 laboratories (6
,30). This strain was made after a series of 12 passages in presence of a chemical mutagen.
It is highly attenuated at the M and L segments while the S segment has the virulence

phenotype, and this strain is capable of inducing high levels of antibodies (20). Recent



studies found that there are viral subpopulations of RVFV and a possible risk of reversion
to virulence, causing many scientists to study MP-12 generated through a molecular clone
(rMP-12), making it a model system to better understand the virus and to develop a long-
lasting vaccine (4,20).
Autophagy

Autophagy is a major intracellular degradation system induced by both
extracellular and intracellular stress (12). The three types of autophagy that can take place
are  macroautophagy, microautophagy, and chaperone-mediated autophagy.
Macroautophagy is the major and most common form of autophagy. It occurs when large
portions of cellular content are engulfed into a double membrane vacuole called the
autophagosome, which later fuses with the lysosome for degradation (17,33).
Microautophagy is the process where lysosomes directly engulf and digest small amounts
of cytosolic substrates (33). Unlike these two, chaperone-mediated autophagy does not
include vesicular trafficking. Rather, its target proteins are delivered straight to the
lysosomal lumen for degradation (12,17). During these processes, if the carried materials
are recognized and identified by specific receptors for degradation then it is called selective
autophagy. However, when a group of proteins are transported together, all are degraded
in a nonspecific manner then this is known as nonselective autophagy (17,33).

The process of macroautophagy takes place in 5 steps: induction, elongation,
autophagosome formation, autophagolysome, and degradation (17). Extracellular or
intracellular stress causes the cytoplasm to generate autophagosomes in several sites. In

mammalian cells, studies suggest the endoplasmic reticulum (ER) associated structures



known as omegasomes may also be the initiation site for autophagy. After initiation, the
membrane starts to expand forming a double membrane spherical autophagosome. In
selective autophagy, the curvature of the phagophore membrane expands enough to fit the
cargo being carried. The autophagosome delivers the material to lysosomes by fusing its
membrane and forming autolysosome. The acidic lumen of the lysosome then causes the
materials to degrade (12). Autophagosome formation is mediated by two ubiquitin-like
conjugation systems and many autophagy related proteins such as Atgl2 (17).
Small molecule modulators

Inhibition of protein-protein interactions and disease specific molecular
mechanisms using small molecule modulators are emerging therapeutic strategies for
targeting many viruses (22). Targeting the host cell and its proteins for antiviral effects
carries advantages in understanding cellular processes during viral infection. When
different protein-protein interactions within the host are targeted it is less prone to
resistance unlike the proteins of a virus (14). There are many small molecule modulators
of autophagy that have been previously studied, these include inhibitors such as CA-5SF,
DC661, and ML240 (7,29,34). Autophagy inhibitors can either be early suppressors of
autophagy induction or late stage autophagy suppressors. Most autophagy inhibitors have
high toxicities and are clinically limited in use. CA-5F is a curcumin analog and a late-
stage autophagy inhibitor and blocks the fusion of autophagosomes with lysosomes
(25,34). DC661 treatment of cancer cells showed inhibition of autophagic flux with greater
lysosomal deacidification and induced apoptosis (29). ML240 inhibits autophagy by

causing a defect in the autophagosome maturation and disrupts the protein homeostasis of



cells (7). Although most autophagy inhibitors are not specific, using these drugs will help
us learn more about the importance of autophagy for RVFV and potentially find new ways
of preventing RVFV infection.
Previous studies of autophagy in viral infections

The role of autophagy in virus infected cells and cancer cells have been previously
studied in many different ways. There are many viral studies that consist of both activating
and inhibiting autophagy in order to decrease viral infectivity showing both the proviral
and antiviral role of autophagy (33, 34). Many viruses have evolved to induce autophagy
in order to use the autophagic pathway to increase their replication and pathogenicity. In
HIV (human immunodeficency virus) infection the host Atg genes enhance infection
through their functions in autophagosome formation, and inhibition of autophagy in
machrophages reduces HIV yields. (18) Another study showed that HIV Gag proteins
promotes autophagosome formation in macrophages which in return promotes maximum
extracellular viral yields (18). Many RNA viruses such as Influenza A, Poliovirus, and
HCYV (hepatitis C virus) have all shown to induce autophagy in vitro and use of autophagy
inhibitors caused reduction in viral titers (1,18). HCV induces early stages of autophagy in
hepatocyte cell lines through induction of unfolded protein response leading to increased
viral replication (18). In poliovirus infected human cells, components of cellular apparatus
of autophagosome formation stimulated poliovirus replication (1,18). Similarly,
coronavirus mouse hepatitiv virus (MHV) infection also induced autophagy and
components of autophagic pathway were used for forming viral replication complex. When

cells without certain autophagic proteins were infected with MHV there was no induction



of autophagy, indicating proteins necessary for autophagy vacuole formation are needed
for MHV to induce autophagy (28). All these studies show evidence of proviral role of
autophagy and inhibition of autophagy reducing viral yields (18,33). With autophagy
modulation showing effectiveness in reducing RVFV infection, we decided to further study
the effect of inhibition of autophagy in RVFV infected mammalian cells. We hypothesized
that inhibition of autophagy will cause RVFV titer reduction and provide evidence

suggesting a pro-viral role of autophagy in RVFV infection.



MATERIALS AND METHODS

Cell Culture

Human small airway epithelial cells (HSAECs) were grown in Ham’s F-12 medium
according to the vendor’s protocol. Ham’s F-12 was supplemented with 5S0mL FBS, SmL
L-glutamine, SmL penicillin/streptomycin, SmL sodium pyruvate, SmL nonessential
amino acids, 500puL B-mercaptoethanol (Thermo Fisher, Lot 21985023). Vero cells
(ATCC, CCL-81) were grown in DMEM medium and supplemented with 50mL FBS, SmL
L-glutamine, SmL penicillin/streptomycin. Human hepatoma cells (Huh7, a kind gift from
Charles M. Rice, Rockefeller University, New York, NY) were grown in DMEM medium
and supplemented with 50mL FBS, SmL L-glutamine, SmL penicillin/streptomycin, 5 mL
nonessential amino acids, 5 mL sodium pyruvate. All cell lines were maintained at 37 °C
in incubators humidified 5% CO,. All cells were plated at a density of 1.5 X 10° for 12-
well plates and 2.0 X 10* for 96-well plates.

Viruses and Viral infection

RVFV recombinant (r)MP12 strain was tittered and rescued as previously described in (2).
For experiments using rMP12, HSAECs were cultured in 96-well plate at 2 x 10* per well
and cells were infected at MOI of 0.1 for 1 hour.

Drug treatment and Plaque Assay



HSAECs were seeded at 2.0 X 10* in 96-well plate pretreated for 1 hour with DMSO, CA-
5F, ML-240, DC661. Cultured cells were infected at MOI of 0.1 for 1 hour with RVFV
rMP12. The drugs were reintroduced to the cells and collected at different time points (8,
16, 24 post infection) and analyzed by plaque assays. For plaque assays, Vero cells were
plated in 12-well plates at 10° cells per well. Samples were diluted in DMEM from 10! to
10® and infections were then carried for each dilution. After 1 hour of infection, 1 mL of a
1:1 solution of 1% agarose in distilled H>2O with 2x Eagle’s minimal essential medium was
added to each well. The plates were allowed to solidify at room temperature and then
incubated at 37 °C for 72 hours. At 72 hours, the cells were fixed using 10% formaldehyde
for 1 hour at room temperature. At 1 hour, the agar plugs are discarded and fixed cells were
stained with 1% crystal violet and 20% methanol solution for 15 minutes. The plaques were
counted for each plate and PFU/mL for each sample was determined. The mean and
standard deviation was determined using the average of the 3 replicates for each sample.
Cell Viability Assay

Cell viability assays were performed on drug-treated cells (CA-5F, ML240, DC661,
DMSO) using Cell Titer Glo Cell Luminescent Viability Assay according to vendor’s
instructions (Promega, G7570, Madison, WI, USA). The cell viability assay measures the
relative ATP levels and is detected via luminescence detection using DTX 880 multimode
detector (Beckman Coulter) and percent viability was calculated relative to the DMSO
control.

RNA Extraction and reverse transcription, quantitative PCR



Cells were lysed with TriZol LS, and total RNA was isolated from cells with the Direct-
zol RNA miniprep kit (Zymo Research) according to the manufacturer’s protocol. The
amount of intracellular RNA was determined by reverse transcription quantitative PCR
performed with the RNA UltraSenseTM One-step Quantitative RT-PCR System (Applied
Biosystems). The experiment was performed according to a standardized protocol using
15puL of master mix containing 1pL of enzyme mix, 4uL of 5X reaction mix, 0.4puL of
50mM magnesium sulfate, 0.4pL of ROX reference dye, 7.4uL of PCR water, 1puL of
10uM Tagman probe (6FAM-AAAGCTTTGATATCTCTCAGTGCCCCAA-TAMRA),
0.8uL of 10uM forward primer (AAAGGAACAATGGACTCTGGTCA), 10uM reverse
primer (CACTTCTTACTACCATGTCCTCCAAT) added to SuL of extracted RNA. The
samples were heated at 50°C for 30 minutes, 95°C for 2 minutes, followed by 40 cycles of
95°C (15 seconds), and 61°C (60 seconds). RNA genomic copies were determined relative
to a standard curve containing known amount of viral RNA.

Statistics

All quantifications are based on data obtained from triplicate samples unless indicated
otherwise. Error bars in all figures indicate standard deviations. P values were calculated

using an unpaired Student's t test.
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RESULTS

Small molecule inhibitors of autophagy can decrease RVFV infection

We examined three different autophagy inhibitors for their impact on RVFV
production in HSAECs. Autophagy is a cellular degradation process that helps keep the
cell homeostasis in balance. The process of autophagy starts with stress or growth signals
causing the induction of phagophore formation which then elongates while taking in the
proteins and substrates that need to be degraded. This then becomes the autophagosome.
The autophagosome then fuses with the lysosome creating an acidic environment for the
degradation of proteins (Fig. 1). We examined three different autophagy inhibitors for their
impact on RVFV production in HSAECs. CA-5F, ML240, and DC661 were tested on
HSAECs using Cell Titer-Glo to determine non-toxic concentrations of each inhibitor.
HSAECS were treated with various concentrations of each inhibitor for 24 hours and the
percent viability was determined relative to the DMSO control. CA-5F was the least toxic
out of the three inhibitors with its percent viability only dropping below 100% at 12.5uM
(Fig. 2A and 2B). Cells treated with CA-5F at a SuM concentration had a viability of 100%.
Given that no concentration tested induced cell death rates of 50% or greater a CCso for
CA-5F was unable to be determined and was estimated as being greater that 12.5 pM.
While ML240 and DC661 were highly toxic at concentrations higher than 2uM (Fig. 2A,

2C, and 2D). ML240 and DC661 CCso values were determined to be 3.434 uM and 2.005
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uM, respectively. Cells treated with ML240 and DC661 showed a 90-100 percent viability
at 1.5uM. Thus, for initial antiviral testing CA-5F at 5uM, and ML240 and DC661 at
1.5uM concentrations were selected. Then, HSAECs infected with RVFV were treated
with autophagy inhibitors (Fig. 3). After 24 hours of treatment, the supernatants were
collected and viral titers determined using a standard plaque assay. The data showed that
CA-5F and ML240 decreased RVFV infectious titers by more than 1logio in HSAECs.
DC661 also showed some decrease with almost a 11ogio decrease in RVFV infectious titer
relative to the DMSO control (Fig. 3). We decided to test the effect of ML240 and CA-5F
at different time points to further decide the best autophagy inhibitor.
CA-5F decreases RVFYV infectious titers at 8, 16, and 24 hours

We tested CA-5F and ML240 on RVFV infected HSAECs at 5uM and 1.5uM
concentration respectively to determine its impact at different time points after infection.
The supernatants were collected at 8, 16, and 24 hours post infection. A standard plaque
assay was performed to determine the effect of each inhibitor on RVFV infectious titers.
In CA-5F treated cells, there was 1logio decrease at 16 hours post infection and half a log
about 1logio decrease at 8 and 24 hours. While there was no significance difference at 8
and 16 hours post infection with ML240 compared to the DMSO control, at 24 hours post
infection, ML240 decreased RVFV infectious titer by more than 1logio. The data shows
that CA-5F has a more significant impact on RVFV infectious titer at all time points post
infection while ML240 only had a significant impact at 24 hours post infection (Fig. 4).
Furthermore, ML240 inhibits valosin containing protein (VCP), which complicates the

interpretation of our data as it relates to autophagy. Additionally, we have previously
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shown that VCP is important for RVFV egress (3). Therefore, we turned our focus to CA-
SF since it is an autophagy inhibitor that hasn’t been studied in the context of RVFV, has
more impact at 8 and 16 hours, as well as a more favorable cell viability profile.

CA-5F inhibits RVFV infectious titers in a dose-dependent manner, but does not
impact viral RNA production.

In order to understand the impact of CA-5F on RVFV infection, HSAECs were
treated with different doses of CA-5F at 16 and 24 hours post infection. As shown in Figure
2, HSAECs were viable when treated with 10uM of CA-5F, therefore a dose analysis was
performed using 2.5, 5, and 10 10uM of CA-5F. HSAECs were treated with CA-5F for 1
hour, followed by infection with RVFV, and then post-treated with CA-5F. The
supernatants and the cellular lysates of each sample were collected. A standard plaque
assay was performed using the supernatants. Infected cells treated with 10uM of CA-
SFdecreased RVFV infectious titer by 2logio at 16 hours post infection and 1logio at 24
hours post infection (Fig. 5SA). RNA extraction followed by RT-qPCR of was used to
measure intracellular viral RNA levels. The intracellular RNA levels in all samples were
relatively the same compared to the DMSO control (Fig. 5B). These results suggest that
CA-5F does not impact viral RNA production, but rather inhibits a later stage of viral
replication such as viral assembly or egress.

The effect of CA-5F on RVFYV in different cell types.

CA-5F was tested in Vero and Huh7 cells to determine a viable concentration in

each cell type. Vero cells are African Green Money kidney epithelial cells and are

interferon deficient, while Huh7 cells are physiologically relevant as RVFV causes hepatic
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damage in vivo. Huh7 cells have also previously have been used in studies with autophagy
inhibitors (16). The cell viability assay showed that CA-5F is not toxic to the cell lines at
up to 25uM (Fig. 6A-B). Based on these data, 25uM was used to test CA-5F’s ability to
affect viral production in both cell types at 16 and 24 hours post infection. With Vero cells,
CA-5F was tested at concentrations of 5, 10, and 25uM at 16 and 24 hours post infection
to compare with the HSAECs dose analysis. In Vero cells, CA-5F decreased viral titers by
3logio at 16 hours when treated with 25uM and about a log when treated with 10uM. There
was no significant difference at 16 hours when Vero cells were treated with SuM of drug
(Fig. 7A). There also was more than a 2log10 decrease at 24 hours with CA-5F 25uM and
about a log with 10uM, while a minimal statistically significant change was observed when
treated with SuM. (Fig. 7A) RNA extraction followed by RT-qPCR of the was used to
measure intracellular viral RNA levels. The intracellular RNA levels in samples at SpM
and 10puM were relatively the same compared to the DMSO control (Fig. 7B). There was
a log decrease at both 16 and 24 hours in samples treated with 25uM of CA-5F, but there
was no statistical significance at 16 hours and a minor significance at 24 hours (Fig. 7B).
These results suggest that CA-5F has limited impact on viral RNA production in Vero cells,
but rather inhibits a later stage of viral replication such as viral assembly or egress. Due to
limited Huh7 cells available, we were only able to test CA-5F at 25uM. At 16 hours post
infection there was more than a 2log10 decrease of infectious RVFV titers and at 24 hours
post infection there was almost 5log10 reduction of infectious titer. This suggests that CA-
SF reduces viral infectious titer in Huh7 cells (Fig. 7C). These data indicate that CA-5F

inhibits RVFV infectious titers in multiple cells types.
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Figure 1 Model of Cellular Autophagy Pathway. Autophagy is a regulated multi-step process that leads to
cargo degradation. Autophagy can eliminate cargo such as viruses and viral-derived antigens. It can be
organized into 5 distinct steps beginning with (1) the initiation of phagophore formation which (2) nucleates
around the intended cargo. The cargo can be selectively recruited by autophagy receptors such as p62, which
can be regulated by TBK1. (3) The phagophore elongates and completes to form a structure termed the
autophagosome which then fuses with nearby lysosomes carrying hydrolytic enzymes. This eventually leads
to (4) the acidification and hence degradation of the contained cargo. (BioRender.com)
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Figure 2 Determining Viable Concentrations of Autophagy Inhibitors in HSAECs. (A) HSAECs cells
were treated with CA-5F, ML240, DC661, and cell viability was analyzed at 24 hours using Cell Titer-Glo.
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Figure 4 CA-SF and ML240 timepoint infection. (A-B) HSAECs cells were pre-treated for 1 hour with
autophagy inhibitors (S5uM CA-5F, 1.5uM ML240) then infected with rMP12 for 1 hour (MOI 0.1), followed
by removal of viral inoculum and retreatment again with the saved autophagy inhibitors. The supernatants
were collected for a standard plaque assay at 8, 16 and 24 hours post infection. All sample data determined
relative to the DMSO control in PFU/mL The means and standard deviation from 2 experiments (N=3) are
plotted.

18



) 10'0
10°9d ns . [ ca-s5F 2.5uM
1w e 1 = [ ca-5F sum
T

10 . 3 ca-sF 10uM
10°*
10° B omso
10°
10°
10°
10'
10° T v

|

PFU/mL

Hours Post Infection

B)

10"
[ cA-5F 2.5uM

] CA-5F 5uM
10° [ cA-5F 10uM
104 B8 omso

cells

107

4

10’
10°

10’

Genomic Copies/ 10

10"+ T T

Hours Post Infection

Figure 5 CA-5F inhibits RVFYV infectious titers in a dose-dependent manner, but does not impact viral
RNA production. (A) HSAECs cells were pre-treated for 1 hour with various viable concentrations of CA-
S5F (10 pM, 5 pM, 2.5 uM) then infected with MP12 for 1 hour (MOI 0.1), followed by removal of viral
inoculum and retreatment again with the saved CA-5F doses. The supernatants were collected for a standard
plaque assay at 16 and 24 hours post infection. The means and standard deviation (N=3) are plotted. (B) The
Intracellular infectivity per infection was determined using RT-qPCR and genomic copies of each
concentration were plotted.
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Figure 6 Determining Viable Concentrations of Autophagy Inhibitors in Huh7 and Veros. (A-B) Huh7
and Vero cells were treated with CA-5F at different concentrations and cell viability was analyzed at 24 hours
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Figure 7 Determining the effect of CA-5F on RVFYV in different cell types. (A) Vero cells were pre-
treated for 1 hour with CA-5F (25, 10, 5 pM) then infected with MP12 for 1 hour (MOI 0.1), followed by
removal of viral inoculum and retreatment again with the saved CA-5F. The supernatants were collected for
a standard plaque assay at 16 and 24 hours post infection. (B) The Intracellular infectivity per infection was
determined using RT-qPCR and genomic copies of each concentration were plotted. (C) Huh7 cells were
pre-treated for 1 hour with CA-5F at 25 uM, then infected with MP12 for 1 hour (MOI 0.1) followed by
removal of viral inoculum and retreatment again with the saved CA-5F. The supernatants were collected for
a standard plaque assay at 16 and 24 hours post infection. All sample data determined relative to the DMSO
control in PFU/mL. The means and standard deviation from 2 experiments (N=3) are plotted.
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DISCUSSION

RVFYV is a zoonotic arbovirus and an agricultural pathogen that can infect humans
and livestock (30). RVFV can cause severe mortality rate in young animals and causes
almost a 100% abortion rate in pregnant livestock (30). With the potential to be used as a
bioweapon, finding potential therapeutics and understanding how host factors affect RVFV
pathogenicity is an important research topic (3,25,27,30). In this study, we looked into
treatment that target host cells rather than the virus directly. Autophagy is an essential
cellular degradation process that keeps eukaryotic cellular homeostasis (12,34).
Understanding the autophagic process in the innate immune response against pathogens is
an emerging topic of research that has sent ripples through related scientific fields (24).
The host response to viral pathogens has been an emerging target with the use of small
molecular modulators (14). In this study, we examined 3 specific small molecule
modulators of autophagy, CA-5F, DC661, and ML240 (7, 29,34).

We tested these autophagy inhibitors on RVFV infected HSAECs (Fig. 3). DC661
had the least effect on decreasing the RVFV infectious titer when compared to DMSO
control, while ML240 and CA-5F had the best results with a 1 logio or more decreased
compared to the DMSO control. DC661 inhibits autophagy by deacidifying the lysosomes
and is capable of inducing apoptosis. (29). CA-5F inhibits autophagic flux by blocking the

fusion of the autophagosome with the lysosome instead of affecting the pH and the
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hydrolytic function of lysosomes. Similarly, ML240 also impacts autophagy inhibition by
disrupting autophagosome maturation preventing autophagosome from fusing with
lysosome (7). The results could suggest increasing lysosomal pH could not have a
significant effect on the role of autophagy in RVFV and steps prior to lysosome
degradation in autophagy could impact RVFV infection. Since ML240 also inhibits VCP,
which has previously been studied for its impact on RVFV replication, we selected CA-5F
for further testing on RVFV infection (3). CA-5F is an analog of curcumin that was recently
identified as a late-stage autophagy inhibitor (34). Curcumin has been previously shown to
decrease viral load in RVFV infected mice, by binding and inhibiting IKK-Beta2 complex
activity in infected cells (25). CA-5F is a relatively new compound and has previously only
been studied on cancer cells (34). CA-5F showed promising results at 16 hours post-
infection in cells treated with 5SuM of CA-5F. Additional concentrations of CA-5F were
tested for their impact of RVFV infectious titers at 16 and 24 hours post infection. Our data
shows that CA-5F is an effective inhibitor of RVFV in HSAECs. CA-5F decreased RVFV
infectious titer by 2 log and 1 log respectively when treated with 10uM of CA-5F at 16 and
24 hours post infection. Although our data showed there is a dose dependent decrease of
viral titer, CA-5F does not affect viral RNA production (Fig. 5B). CA-5F targets proteins
associated with cytoskeleton, gene expression, membrane trafficking, cellular redox state,
and is a late-stage autophagy inhibitor that targets autophagosome-lysosome fusion (33).
Our data combined with previous understanding of CA-5F shows that RVFV is affected

by the inhibition of the autophagosome-lysosome formation. It also indicates that the
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components of this process promote viral production possibly via enhancing the release of
virions from the cell.

It has been shown the role of autophagy is different depending on which cell type
and cellular environment it is in (16). To further investigate the role of CA-5F on host cells
when infected with RVFV, we tested CA-5F in Huh7 and Vero cells. CA-5F was less toxic
to Huh7 and Vero cells (Fig. 6 A-B) as compared to HSAECs (Fig. 2). CA-5F has been
shown to be more toxic towards lung epithelial cells. A previous study showed that CA-5F
was more toxic to most lung cells including A549 and other human bronchial epithelial
cells compared to HUVECs and induced higher levels of apoptosis and necrosis when
treated with higher doses of CA-5F (34). HSAECs are similar to A549 which can explain
why CA-5F was more toxic to HSAECs. Another reason for the toxicity observed in
HSAECs could be due to the fact that they are non-transformed cells. Cell-titer Glo assay
of CA-5F treated Huh7 and Vero cells showed the cells were viable up to 25uM of CA-5F
at 24 hours (Fig 6.A-B). Various concentrations (5, 10, 25uM) were tested on Vero cells
and supernatants were collected at both 16 and 24 hours post infection. (Fig. 7A) CA-5F
at 25uM decreased viral titers by 3logio at 16 hours and about a logio when treated with
10uM. There was no significance at 16 hours when Vero cells were treated with SuM (Fig.
7A). Additionally, there was more than a 2log10 decrease at 24 hours with CA-5F at 25uM
of concentration and about a log with 10uM. Very little significant change was observed
when treated with SuM (Fig. 7A). In Huh7 cells, CA-5F 25uM was able to reduce viral
infectious titers by almost 3logl0 at 16 hours and by almost 5logl0 at 24 hours post

infection (Fig. 7C). The results indicate that CA-5F can reduce viral infectious titers in
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multiple cell types. Furthermore, the results also show even in interferon deficient Vero
cells, CA-5F is able to reduce RVFV infectious titer suggesting that there is a role
autophagy plays in RVFV infection independent of interferon. Intracellular RNA analysis
of infected Vero cells also showed little to no significant reduction in viral RNA production
(Fig. 7B), which is in agreement with the data obtained in HSAECs.

CA-5F is a curcumin analog and has previously been only studied on cancer
efficacy. Although CA-5SF has previously not been studied with RVFV or any other virus,
curcumin has been previously tested on RVFV and by interfering with protein-protein
interaction it was found to reduce the RVFV extracellular infectious virus as well as
partially inhibit RVFV replication. (25) Additionally, a previous study found that loss of
key autophagy proteins such as ATGS5 in Drosophila cells, mouse embryonic fibroblasts,
and U20S human bone osteosarcoma cells increased RVFV replication, suggesting that
autophagy activation is antiviral (24). The study also showed in Drosophila that Toll-like
receptor-7 limited RVFV replication by activating autophagy. They showed in mammalian
cells that pattern recognition receptors are needed for activation of anti-viral autophagy and
tested autophagy activating compounds (rapamycin and SMER28) on RVFV infected
primary hepatocytes and neurons. The use of these compounds inhibited RVFV infection
in mammalian cells (24). In contrast, our results suggest inhibition of autophagy reduces
RVFV infectious titers, and reduction in CA-5F concentration increases RVFV infectivity.
Furthermore, our experiments were all done in human cell lines while the antiviral
autophagy study focused on mouse cells (MEFs) and a human bone cell line U20Os.

Additionally, this study utilized rapamycin as an autophagy modulator which induces
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autophagy by inhibiting mTOR, which is upstream of autophagy preventing induction step
(24,33). In constract, CA-5F is a late-stage inhibitor preventing autophagosome and
lysosome fusion. The difference in the experiments also can be due to the difference in
measurement of viral infectivity. While similarly our studies look into RNA levels, the
plaque assays are the main form of experimental method we used to measure the infectious
viral titer while the paper used intracellular RNA and viral protein levels as a form of viral
measurement (24). While our results suggest a different way autophagy might impact
RVFYV replication, it is clear that autophagy plays an important role in the infectivity of
viruses in cells. Future studies on the impact of autophagy inhibitors and autophagic flux
in viral replication is needed for better understanding the significant role of autophagy in
viral infections. It is also important to investigate both host response to pathogenesis and

virus utilization of host cellular processes for the same purpose.
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