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Abstract

Despite over 60 years of research on antiviral drugs, very few are FDA approved to treat acute 

viral infections. Rift Valley fever virus (RVFV), an arthropod borne virus that causes hemorrhagic 

fever in severe cases, currently lacks effective treatments. Existing as obligate intracellular 

parasites, viruses have evolved to manipulate host cell signaling pathways to meet their replication 

needs. Specifically, translation modulation is often necessary for viruses to establish infection in 

their host. Here we demonstrated phosphorylation of p70 S6 kinase, S6 ribosomal protein, and 

eIF4G following RVFV infection in vitro through western blot analysis and in a mouse model of 

infection through reverse phase protein microarrays (RPPA). Inhibition of p70 S6 kinase through 

rapamycin treatment reduced viral titers in vitro and increased survival and mitigated clinical 

disease in RVFV challenged mice. Additionally, the phosphorylation of p70 S6 kinase was 

decreased following rapamycin treatment in vivo. Collectively these data demonstrate modulating 

p70 S6 kinase can be an effective antiviral strategy.

1. Introduction

Bunyarviruses, a family of enveloped, single stranded, tripartite, negative sense RNA 

viruses, cause a variety of globally important diseases including hemorrhagic fever. 

Members of this family include Crimean-Congo hemorrhagic fever virus, Hantaan virus, and 

Rift Valley fever virus (RVFV) (Bouloy and Weber, 2010; Elliott, 1990 ; Ikegami et al., 
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2009). Of particular note is RVFV, an arthropod-borne virus that has left its original Sub-

Saharan niche and has traversed the African continent and Arabian Peninsula (Boshra et al., 

2015; Centers for Disease and Prevention, 2000; Chevalier, 2013; Gaudreault et al., 2015; 

Golnar et al., 2014). Outbreaks have been as large as tens to hundreds of thousands of cases 

(Abdel-Wahab et al., 1978; Himeidan et al., 2014) with a case fatality rate of 0.5 to 2% 

(Madani et al., 2003). In the worst outbreaks, case fatality rates have been close to 30% 

(Himeidan et al., 2014). Survivors of RVFV infection suffer several long-term sequelae 

including neurologic or ocular disease (Al-Hazmi et al., 2003; Kahlon et al., 2010; Madani 

et al., 2003; Mohamed et al., 2010). Additionally, the socioeconomic impact of these 

outbreaks is devastating with the loss of livestock, revenue, and the unraveling of local 

communities from such hardship (Chengula et al., 2013; Peyre et al., 2015; Sindato et al., 

2011). The United States (US) has reservoir mosquito species for RVFV, Aedes/Culex 
genera, and amplifying hosts, cattle/sheep/goats, in plentiful supply, thus setting the stage 

for potential introduction into the US (Gaudreault et al., 2015; Golnar et al., 2014).

West Nile and Zika viruses are harbingers of the widespread impact of arboviral diseases; 

therefore it is imperative that effective antivirals are developed in the event of an inadvertent 

or intentional RVFV outbreak. The magnitude of this threat has been recognized by the 

National Institutes of Allergy and Infectious Disease in categorizing RVFV as a Category A 

agent. Currently, there are no FDA-approved vaccines or antivirals for the prevention or 

treatment of RVFV; it is crucial this shortfall is addressed to prepare the US for potential 

importation or introduction and to provide therapies in currently affected regions.

Existing as obligate intracellular parasites, viruses have evolved to manipulate host cell 

signaling pathways to meet their replication needs (Diamond and Farzan, 2013; Flint SJR, 

2015a; Walsh et al., 2013). Lacking proteins necessary for viral protein production, viruses 

parasitize the host cell translational machinery (Flint SJR, 2015a; Walsh et al., 2013). 

Because of this requirement, a main cellular defense mechanism is translational shutoff 

(Flint SJR, 2015a; Walsh et al., 2013). Translation is tightly controlled within each cell and 

is modulated based on internal and external signals. One of the central protein pathways 

controlling translation is the mTORC1-p70 S6 kinase axis. This axis regulates initiation of 

translation following cell stimulation by growth factors, amino acids, or mitogens. p70 S6 

kinase (p70 S6K), is the smaller of two S6K1 isoforms, p70 S6K and p85 S6K (Dowling et 

al., 2010; Ferrari et al., 1991; Pullen et al., 1998; Pullen and Thomas, 1997). p70 S6K is a 

modular kinase with four distinct areas, with activation controlled through the 

phosphorylation of amino acids in the catalytic, linker, and autoinhibitory pseudosubstrate 

domains (Pullen et al., 1998; Pullen and Thomas, 1997). Once activated, p70 S6K 

phosphorylates several substrates, including S6 ribosomal protein, which is a part of the 40S 

ribosomal subunit and important in modulation of translation (Dufner and Thomas, 1999; 

Fenton and Gout, 2011; Ferrari et al., 1991; Flotow and Thomas, 1992; Pullen and Thomas, 

1997; Sonenberg and Hinnebusch, 2009). Another key regulator of translation just 

downstream of p70 S6K is eIF4G, a scaffold protein for the recruitment of translation 

initiation proteins. This protein, competes with the negative regulator of translation, 4E-BP 

(eukaryotic translation initiation factor 4E-binding protein 1), for the same binding sites on 

eIF4E. eIF4G binding to eIF4E contributes to translation activation, whereas when 4E-BP is 
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in complex with eIF4E a decrease in overall translation occurs (Flint SJR, 2015a; Sonenberg 

and Hinnebusch, 2009).

In order to determine activation or inhibition of the p70 S6K pathway following RVFV 

infection, we examined phosphorylation sites on p70 S6K as well as on two downstream 

proteins S6 ribosomal protein and eIF4G, in vitro and in vivo. We found phosphorylation of 

p70 S6K, S6 ribosomal protein, and eIF4G following RVFV infection in vitro and in vivo. 

We used the mTORC-p70 S6 kinase axis translation inhibitor, rapamycin, to determine in 
vitro and in vivo efficacy of this drug against RVFV. In our in vitro model, rapamycin 

decreased viral protein levels as well as levels of infectious virus. Rapamycin treatment 

resulted in a 50% increase in survival in RVFV infected BALB/c mice in both low and high 

infectious dose viral challenge experiments. Elucidating cell signaling modulation following 

RVFV infection and demonstrating efficacy with an FDA approved drug is a promising 

development for future therapeutic use against this devastating viral hemorrhagic fever.

2. Materials and Methods

2.1 Cell Culture

H2.35 (ATCC, CRL-1995) cells were maintained in Dulbecco’s low glucose modified 

minimum essential medium + GlutaMAX with 200 nM dexamethasone and 4.0% heat 

inactivated fetal bovine serum (FBS). Vero cells (ATCC, CCL-81) were maintained in 

Dulbecco’s modified minimum essential medium (DMEM) supplemented with 10% FBS, 

1% L-glutamine, and 1% penicillin/streptomycin. H2.35 cells were maintained at 33°C with 

10% CO2 while Vero cells were maintained at 37°C with 5% CO2.

2.2 Viruses

Recombinant (r)MP12 virus was rescued and titered as previously described (Benedict et al., 

2015; Ikegami et al., 2006; Kalveram et al., 2013). RVFV ZH501 was obtained from Drs. 

Stuart Nichol and Pierre Rollin, Centers for Disease Control and Prevention. Upon receipt, 

the virus was passaged once in Vero cells and sucrose purified prior to use (Benedict et al., 

2015).

For viral infections of H2.35 cells (mouse hepatocytes), cells were cultured in 12 well plates 

and grown to 80–90% confluency. Cells were serum starved for 72 hours to synchronize 

cells in G0/G1 phase (Baer et al., 2012). The next day, cells were infected with either MP12 

or ZH501 virus at a multiplicity of infection (MOI) of 5. Cells were incubated for 1 hour at 

33°C and at 10% CO2, with rocking of cells every 15 minutes. Infectious media was 

removed, cells washed once with phosphate buffered saline (PBS) without Ca2+ and Mg2+, 

and complete media added. The cells were left to incubate and collected using the 

appropriate method for downstream applications at the specified time points.

2.3 Western Blot

Protein lysates were collected and analyzed by western blot as previously described (Austin 

et al., 2012). In brief, primary antibodies against p70 S6 Kinase (Thr389) (Cell Signaling 

Technology 9205), S6 ribosomal protein (Ser235/236) (Cell Signaling Technology, 4856), 
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eIF4G (Ser1108) (Cell Signaling Technology, 2441), RVFV MP12 Antibody (IBT 

Bioservices 04-0001), or HRP-conjugated actin (Abcam, ab49900) were diluted 1:1000 in 

5% bovine serum albumin in 1× TBS with 0.1% Tween-20 solution followed by the addition 

of the appropriate secondary antibody. The western blots were visualized by 

chemiluminescence using SuperSignal West Femto Maximum Sensitivity Substrate kit 

(ThermoScientific) and a Bio Rad Molecular Imager ChemiDoc XRS system (Bio-Rad) 

(Austin et al., 2012; Baer et al., 2012).

2.4 Reverse Phase Protein Microarray

Liver and/or spleen from mice were harvested on the appropriate day post-infection. 

Sections were placed in blue lysis buffer [T-PER (Pierce), 10% TCEP (Pierce), 2X SDS tris-

glycine loading buffer (Invitrogen)] homogenized, spun at 12,000 rpm, heated at 100°C for 

15 minutes, and removed from containment for RPPA analysis. Viral inactivation was 

validated through plaque and cytopathic effect assays prior to removal of samples from 

containment. RPPA were constructed initially with undiluted lysates for total protein 

concentration with Sypro Ruby Protein Blot stain (Invitrogen). The lysates were diluted to 

0.5mg/mL total protein prior to printing the samples onto nitrocellulose coated slides (Grace 

Bio-Labs, Bend, OR) for analysis. RPPA construction and staining was done as previously 

described (Popova et al., 2010). For each antibody (Supplemental Figure 2A, B), the average 

pixel intensity value for negative control (staining with secondary antibody only) was 

subtracted from the average pixel intensity value for that specific antibody and then 

normalized to pyruvate dehydrogenase. Pyruvate dehydrogenase was used to normalize each 

spot on the RPPA due to its normal data distribution, as determined via histogram and 

Shapiro-Wilk test, and its low standard deviation across samples. All relative intensity values 

were scaled from 0–1 for comparing data between endpoints (Chiechi et al., 2012).

2.5 Plaque Assay

Extracellular supernatants were collected at the indicated time points and stored at −80°C. 

Viral titers were determined by plaque assay using Vero cells as previously described (Baer 

and Kehn-Hall, 2014).

2.6 qRT-PCR

Cells were plated in 12-well plates and mock-infected or infected with RVFV MP12 or 

ZH501. Supernatants and cells were collected at their respective timepoints and intracellular 

RNA was extracted using the RNeasy Mini Kit (Qiagen) according to manufacturer’s 

protocol. Extracellular RNA was extracted from supernatants using the MagMAX™-96 Viral 

RNA Isolation Kit (Thermo Fisher Scientific AM1836) according to manufacturer’s 

protocol. Absolute quantification of RVFV genomic copies was determined by RT-

quantitative (q)PCR as previously published (Shafagati et al., 2013).

2.7 Immunohistochemistry

Tissue sections (5μm) were deparaffinized in xylene, rehydrated in graded ethanol (100%, 

95%, and 70%) and rinsed in water. Tissue sections were incubated in 1× Rodent Decloaker 

(Biocare Medical; SKU: RD913) for 15 minutes at 110ºC. Slides were then washed (Dako 

Bell et al. Page 4

Antiviral Res. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



K8007) and blocked in 3% hydrogen peroxide for 5 minutes, followed by another wash and 

a serum free protein block (Dako X0909) of 5-minutes duration. Slides were incubated with 

the primary rabbit polyclonal antibody against RVFV MP12 vaccine strain (IBT Bioservices, 

MD, 04-0001) at a dilution of 1:1000 for 30 minutes. The sections were then rinsed and 

incubated for thirty minutes with the peroxidase-labeled polymer (secondary antibody). The 

sections were rinsed, covered and incubated with substrate chromogen solution for five 

minutes. The sections were then rinsed, stained with hematoxylin, and rinsed again. Sections 

were then dehydrated and cover-slipped.

For detection of phospho-p70 S6 Kinase, a rabbit polyclonal against p70 S6 Kinase (Thr421) 

(Thermo Fisher Scientific (PA5-36835) was used at a dilution of 1:100, for 60 minutes at 

room temp. After deparaffinization and rehydration as above, antigen retrieval was 

performed in pH 9 solution for 60 minutes at 95°C. Tissue sections were stained on a Dako 

Autostainer using the Envision+HRP detection system following manufacturer’s directions 

and cover-slipped.

2.8 Animal studies

For the validation experiments and the efficacy studies, six to eight week old female 

BALB/c mice were obtained from either The Jackson Laboratory (low infectious dose/study 

1) or Envigo Laboratories (high infectious dose /study 2). Mice were infected with RVFV 

ZH501 by sub-cutaneous injection. Infectious dose was verified by performing a plaque 

assay on the viral inoculum and is noted in the figure legends. In the efficacy studies, mice 

were pretreated 1h prior to infection, and each day thereafter with 10 mg/kg of rapamycin or 

solvent control intraperitoneally until day 10 (low dose infection/study 1) or day 14 (high 

infectious dose /study 2). Weight and clinical score were monitored daily. Mice scoring 

above a 5 on the clinical scoring scale were monitored at least 2 times a day, with both AM 

and PM checks done. All personnel checking mice were unblinded.

All animal experiments were carried out in animal bio-safety level 3 (BSL-3) facilities at 

George Mason University’s National Center for Biodefense and Infectious Diseases 

Biomedical Research Laboratory in accordance with the National Research Council’s Guide 

for the Care and Use of Laboratory Animals following GMU approved IACUC protocols.

2.9 Cytotoxic concentration 50 (CC50) assays

Cells were plated in a white-walled 96-well plate and allowed to incubate at 33°C and 10% 

CO2 overnight. H2.35 cells were treated with drug concentrations starting at 100 micromolar 

(μM) with 1:2 serial dilutions down to 1.56 μM, and drugs were incubated with cells for 24 

hours. At 24 hours, all cells were analyzed using Cell Titer-Glo Cell Luminescent Viability 

Assay (Promega, G7570) according to vendor’s instructions. This assay measures relative 

ATP levels. Briefly, an equal volume of room temperature media and Cell Titer-Glo reagent 

were added to the cells. The plate was shaken for 2 min on an orbital shaker followed by a 

10 minute room temperature incubation. Viability was detected via luminescence detection 

using the DTX 880 multimode detector (Beckman Coulter) and percent viability was 

calculated relative to the DMSO control.
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2.10 Effective Concentration 50 (EC50) Assays

Cells were plated in a white-walled 96-well plate and allowed to incubate at 33°C and 10% 

CO2 overnight. H2.35 cells were pre-treated for 1 hour with drug concentrations starting at 

100 μM with 1:2 serial dilutions down to 1.56 μM. Cells were then infected with RVFV 

MP12 ΔNSs-Luc (MP12 lacking the NSs gene and replaced by a gene encoding Renilla 
luciferase) at a multiplicity of infection (MOI) of 1. Cells were incubated for 1 hour at 33°C 

and at 10% CO2. Infectious media was removed, cells washed once with PBS without Ca2+ 

and Mg2+, and drug was re-applied. Cells were analyzed at 18 hpi using Renilla-Glo® 

Luciferase Assay System (Promega) according to vendor’s instructions. Briefly, an equal 

volume of room temperature media and Renilla-Glo reagent was added to the cells. The 

plate was shaken for 2 min on an orbital shaker followed by a 10 minute room temperature 

incubation. Luminescence was detected via luminescence detection using the DTX 880 

multimode detector (Beckman Coulter) and percent luminescence was calculated relative to 

the DMSO control.

2.11 Treatments

Rapamycin was obtained from LC Laboratories, catalog #R-5000. For in vitro studies, 

H2.35 cells were treated for 1 hour with DMSO or rapamycin (10 or 30 μM). After 

pretreatment, drug was removed, and cells were infected for 1 hour. After washing out virus 

inoculum, cells were cultured in complete media with rapamycin and cells collected at the 

respective assay time points.

For in vivo efficacy studies, rapamycin was dissolved in bio-grade 100% ethanol at 20 

mg/ml concentration and aliquoted for daily use. Rapamycin treated mice received 10 μl of 

10mg/kg mixture daily while the control group received 10 μl of vehicle (0.25% PEG, .25% 

Tween 80 in ultrapure water) only. Each mouse was given an intraperitoneal dose of either 

rapamycin or vehicle daily, beginning on day 0 at approximately 1 hour prior to infection 

and continuing daily until day 10 in the low infectious dose/study 1 (Figure 6) and day 14 in 

the high infectious dose/study 2 (Figure 7).

2.12 Statistics

Log-rank statistical analysis was used to evaluate the survival curve of each study. A two-

way ANOVA was used to determine statistical significance of weight change, viral titers in 
vivo, and p70 S6K signaling in vivo. All other statistical analysis was calculated using 

unpaired, two-tailed student t-tests using Graphpad Prism software (version 7). RPPA 

analysis (Figure 5) was performed using RAS template version (Chiechi et al., 2012).

3. Results

3.1 p70 S6K signaling is activated following RVFV infection in vitro

Previous studies have shown that there are alterations in phosphorylation status of p70 S6K 

in human small airway epithelial cells following RVFV infection (Popova et al., 2010). 

Work by Dr. Cherry’s group has also demonstrated that translational pathways are altered 

following RVFV infection (Hopkins et al., 2015). Given the importance of this pathway, 

follow-up studies were undertaken to determine if alterations in key signaling proteins were 
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occurring following RVFV in a time dependent manner. A BALB/c mouse hepatocyte cell 

line (H2.35 cells) was chosen for analysis, as the liver is the primary target for RVFV 

infection (Al-Hazmi et al., 2003; Coetzer, 1982; Coetzer et al., 1982; Iwasa, 1959; Madani et 

al., 2003; Mims, 1957; Smith et al., 2010). To closely mimic hepatocytes in vivo, cells were 

serum starved for 72 hours to synchronize them to G0/G1 phase (Baer et al., 2012). Both the 

live attenuated strain of RVFV, MP12, (Figure 1A) and the virulent strain, ZH501 (Figure 

2A), displayed robust replication in H2.35 cells. However, MP12 replication did lag behind 

ZH501 replication at 9 hours post infection (hpi). p70 S6K and its substrate target, S6 

ribosomal protein, were phosphorylated following RVFV infection as was eIF4G, a major 

scaffolding protein required for translation (Flint SJR, 2015a; Gingras et al., 1999; 

Sonenberg et al., 1978) (Figure 1B–C, 2B–C). Phosphorylation of all three proteins was 

robust at later time points, e.g. 18 and 24 hpi. These results demonstrate the activation of 

p70 S6K signaling in mouse hepatocytes following RVFV infection.

3.2 Rapamycin inhibits p70 S6K signaling and RVFV infection in vitro

Our next step was to identify potential drug candidates to inhibit protein translation as a 

targeted therapeutic intervention. Rapamycin, an FDA-approved drug often used to prevent 

organ transplant rejection, was chosen because of its known safety profile (Alamo et al., 

2009; Juwana et al., 2010; Koenig et al., 2012; Yang et al., 2015) and its documented 

inhibition of p70 S6K enzymatic activity on S6 ribosomal protein, and eIF4G (Chaturvedi et 

al., 2009; Polakiewicz et al., 1998; Raught et al., 2000). Rapamycin binds FKBP12, 

followed by binding to the mTORC1 complex, with subsequent inhibition of mTORC1 and 

its downstream substrates (Weichhart et al., 2015). CC50 and EC50 assays were performed to 

rule out mouse hepatocyte cell toxicity and determine an appropriate dose to use in our in 
vitro efficacy studies. H2.35 were very tolerant of rapamycin treatment, with only a ~20% 

decrease in viability observed at the highest concentration tested (100 μM), resulting in a 

CC50 of >100 μM (Supplemental Figure 1). Rapamycin displayed an EC50 of 11 μM against 

RVFV MP12-luc (Figure 3A). In order to further test drug efficacy in vitro, H2.35 cells were 

pre-treated with rapamycin and following MP12 infection, cells were cultured with complete 

media supplemented with the inhibitor until harvested. Protein phosphorylation (Figure 3B), 

infectious titers (Figure 3C–D), and intra-and extracellular viral RNA levels (Figure 3E–F) 

were evaluated at 18 hpi. Phosphorylation of p70 S6K (Thr 389), and downstream protein S6 

ribosomal protein (Ser 235/235), as well as eIF4G (Ser 1108) dramatically decreased 

following treatment with rapamycin (Figure 3B). Additionally, the levels of RVFV N protein 

were decreased following rapamycin treatment (Figure 3B). The level of infectious viral titer 

was reduced by approximately 2 to 3 logs as the concentration of rapamycin was increased 

(Figure 3C). A decrease in viral titer was also observed with RVFV ZH501 (Figure 3D). 

RNA levels closely followed this trend as genomic copies per reaction decreased 2 to 3 logs 

as drug concentration increased (Figure 3E–F). A decrease in viral protein, RNA and 

infectious titers are consistent with inhibition of viral translation. These results demonstrate 

that rapamycin inhibition of p70 S6K decreases RVFV replication.

3.3 RVFV animal model validation

In order to determine if these same cellular pathways were activated in vivo following RVFV 

infection, we first chose to validate viral kinetics within the BALB/c mouse model of 
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infection (Smith et al., 2010) using the virulent ZH501 strain. Duly informed, we could 

assay protein phosphorylation on the days of peak viral levels. BALB/c mice were randomly 

assigned to groups of 3 and infected with 1,000 plaque forming units (PFU) of RVFV 

ZH501 strain subcutaneously in the right flank to mimic both the mosquito-borne route of 

infection and pathogenesis following mosquito transmission (Reed et al., 2013; Smith et al., 

2010). Three uninfected control mice were sacrificed on day 0 and three infected mice were 

sacrificed on each day from days 1–8. Liver, spleen, brain, serum, and the right inguinal 

lymph node were harvested from each mouse and sections were either placed in 10% neutral 

buffered formalin for histologic evaluation or were used to determine viral titers in each 

organ.

Viral titers peaked 4 days post-infection (dpi) within the liver and within other tissues on 5 

and 6 dpi (Figure 4A). Histologic examination revealed groups of hepatocytes with 

shrunken, hypereosinophilic cytoplasm and condensed, eccentrically placed nuclei (arrow) 

which is consistent with cells undergoing apoptosis (Figure 4B). Additionally, adjacent to 

these areas were nuclei containing 3 to 4 μm hypereosinophilic, intranuclear inclusions 

(circle) consistent with previously described RVFV protein inclusions (Daubney, 1931; 

Smith et al., 2010; Swanepoel and Blackburn, 1977). Histologic findings in the spleen 

consisted of minimal lymphocytolysis and lymphoid depletion on day 4 (data not shown). 

By 3 dpi, rare hepatocytes displayed intracytoplasmic RVFV immunohistochemical staining 

(Figure 4D), while 4 dpi this staining had spread throughout the liver to include large groups 

of cells displaying strong, specific, intracytoplasmic RVFV immunohistochemical staining 

(Figure 4E). Additionally, viral levels decreased in all organs on days 7 and 8 with the 

exception of the brain, which showed an increase in viral titers on day 8 (Figure 4A) 

indicative of the delayed-onset neurologic phase of the disease. These results support prior 

study results utilizing the BALB/c mouse model for RVFV infection (Smith et al., 2010).

3.4 p70 S6K signaling is activated in RVFV infected BALB/c mice

In order to evaluate in vivo translation modulation following RVFV infection, we used 

reverse phase protein microarrays (RPPA). RPPA has been used extensively in cancer 

research to quantify signal transduction kinases and their post-translationally modified forms 

(Espina et al., 2009; Espina et al., 2008; Petricoin et al., 2005; Wulfkuhle et al., 2008). Our 

goal was to use this same methodology to determine if p70 S6K signaling was altered 

following viral infection and identify and quantify potential therapeutic targets. The protein 

endpoints evaluated by RPPA are listed in Supplemental Figure 2.

BALB/c mice were randomly distributed into groups of 3 with subsequent serial sacrifice of 

control mice on day 0 and infected mice sacrificed on days 3, 4, and 5 to coincide with the 

peak in viral titers as noted from our validation experiment (Figure 4A). Liver and spleen 

were the focus of this study due to noted high viral levels in our previous experiment (Figure 

4A). RPPA analysis was performed on the tissue lysates. All three phospho-protein targets 

which were phosphorylated in our in vitro model, p70 S6K (Thr389), S6 ribosomal protein 

(Ser235/236), and eIF4G (Ser1108), were phosphorylated in the liver following RVFV 

infection (Figure 5A). While the increase in phosphorylation events was not statistically 

significant, a time dependent increase in phosphorylation was observed. p70 S6K signaling 
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in the spleen was not as clear-cut with significant variability occurring between samples, 

which suggest that either the pathway is not activated in the spleen following RVFV 

infection or there are high levels of constitutive activation that are complicating the analysis.

Immunohistochemistry (IHC) was also performed on p70 S6K (Thr421) as an additional 

determinant of upregulation within the liver of infected mice. An IHC compatible validated 

antibody for p70SK (Thr389) was not available, therefore we opted to evaluate p70 S6 

(Thr421) because this particular phosphorylation site is in the pseudosubstrate domain, and 

once phosphorylated, is thought to activate p70 S6K (Dufner and Thomas, 1999; 

Polakiewicz et al., 1998; Pullen and Thomas, 1997). An increase in p70 S6K (Thr421) 

staining was noted on day 4 in comparison to mock, uninfected controls from day 0 (Figure 

5B–C). A semi-quantitative analysis of the IHC p70 S6K staining confirmed that there was 

an increase in p70 S6K phosphorylation in liver tissue following RVFV infection 

(Supplemental Figure 3).

3.5 In vivo efficacy of rapamycin against RVFV challenge

The ability of rapamycin (10 mg/kg) to protect mice against a low infectious dose (~150 

PFU/mouse) and a high infectious dose (~1500 PFU/mouse) RVFV challenge was tested. 

Female BALB/c mice, 6–8 weeks of age, were used in treatment groups consisting of 10 

mice per treatment group. Health scores and weights were assessed daily.

In the low infectious dose study, all mice treated with of rapamycin survived until the end of 

the study. Five of ten mice succumbed to infection in the vehicle control group (Figure 6A), 

with one mouse displaying hind-limb paralysis on day 15 post-infection (Figure 6C). All 

rapamycin treated mice gained weight over the course of the study, while the vehicle control 

group had lower weight averages overall (Figure 6B). The change in weight was statistically 

different between the two groups. From a clinical perspective, both the vehicle control group 

and the rapamycin treated groups showed signs of illness during the acute and delayed 

stages of disease, mirroring the two stages of disease described by Smith et al. (Smith et al., 

2010). However, the illness was more pronounced in both stages of disease in the vehicle 

control group versus the rapamycin treated mice (Figure 6C).

In the high infectious dose study, 6 of 10 mice treated with rapamycin survived until the end 

of the study (Day 21), with one mouse succumbing at 15 dpi (Figure 7A). This mouse, 

(Figure 7D, mouse 2) lost weight from day 8 onwards, but other than weight loss and a 

ruffled, wet hair coat, displayed no other overt clinical signs of illness per our in-house 

scoring system (Figure 7C). In the control group, 7 of 10 mice succumbed to infection by 

day 12, with two mice on days 8 and 9 showing neurologic illness manifesting as a head tilt 

and spinning (Figure 7C). All mice in the rapamycin treatment group gained weight until 

day 10, at which point the overall weight gain of this group decreased (Figure 7B). The 

change in weight was statistically different between the two groups. One notable difference 

was observed in the rapamycin treated group; this group displayed wet, ruffled hair coats 

beginning 10 dpi. In contrast, this ruffled, wet hair appearance was not observed in treated 

mice in the low infectious dose experiment. The leveling off of weight gain at day 10 also 

did not occur in the low infectious dose study (Figure 6B), in which treatments ended on day 

10. In fact, at day 10 when treatments ended in the low infectious dose challenge study, 
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weight steadily increased until study termination (Figure 6B). This suggests drug toxicity 

may have been an issue in the rapamycin treatment group in the high infectious dose study. 

In the high infectious dose study, rapamycin treatments were continued past day 10 in an 

attempt to prolong the potential therapeutic effect of rapamycin through the late/delayed 

stage neurologic phase of the disease, but it seems this extension of treatment had a 

somewhat deleterious effect when continued past 10 days.

From a clinical perspective, overall, rapamycin treated mice showed fewer signs of illness 

during the course of the study (Figure 7C). While neurologic disease was again noted in 

mice in the vehicle control group, at no time did any mice in the rapamycin treated group 

display signs of neurologic disease as seen in the vehicle control mice (Figure 7C). 

Collectively these results demonstrate rapamycin increased survival and mitigated overall 

clinical illness.

3.6 p70 S6K signaling is altered following rapamycin treatment in vivo

We wanted to determine what effect rapamycin would have on the activation status of the 

aforementioned p70 S6K and downstream proteins S6 ribosomal protein and eIF4G in 

BALB/c mice following RVFV challenge. During the high dose efficacy study, 20 mice (10 

treated and 10 control mice) were serial sacrificed on days 4 and 6 with subsequent 

collection of liver, spleen, and serum to determine viral titers and the phosphorylation status 

of these proteins following rapamycin treatment. There was no difference in viral titers in 

the liver, spleen, or serum following rapamycin treatment at either time point analyzed 

(Supplemental Figure 4). However, there was an overall, albeit not statistically significant, 

increase in phosphorylated p70 S6K (Thr389) in the liver and spleen at 4 dpi (Figure 8A and 

B). The exact reason for this increase is unclear, but one possibility is a compensatory 

response. Additionally, there was a trend in decreasing levels of phosphorylated p70 S6K 

(Thr389) and S6 ribosomal protein (Ser235/236) detected in the liver and spleen of treated 

mice (Figure 8A–D) at 6 dpi, although this decrease only reached statistical significance in 

the spleen. eIF4G (Ser1108) phosphorylation was not altered by rapamycin treatment at 4 or 

6 dpi. Collectively, these data suggest the p70 S6K signaling pathway is being modulated 

through the use of rapamycin and this modulation corresponds with decreased RVFV 

pathogenesis.

4. Discussion

Despite intensive research efforts, there are only a handful of viruses for which effective 

therapeutics exist (Bonhoeffer et al., 1997; De Clercq, 2013; Drews, 2000; Flint SJR, 

2015b). Most of these treatments are for chronic viral infections such as HIV and hepatitis C 

(Das and Arnold, 2013a, b; Flint SJR, 2015b; Halegoua-De Marzio and Hann, 2014; Manns 

and von Hahn, 2013). The necessity for and dearth of effective and approved treatments for 

acute viral infections was on full display after the Ebola outbreak in West Africa in 2014. 

The United States has also seen other mosquito-borne viruses (West Nile, dengue, and Zika 

viruses) emerge or re-emerge over the last twenty years, and effective antivirals against these 

viruses are direly needed as a matter of public health (Butterworth et al., 2016; Jones et al., 

2016; Millman et al., 2016; Murray et al., 2010; Weaver et al., 2016). RNA viruses are 
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inherently error prone, therefore they often quickly mutate in the presence of drugs that 

target viral proteins and viral enzymes (De Clercq, 2013; Flint SJR, 2015b). Viruses require 

the host cell molecular apparatus to replicate and survive, and our lab is focusing on host 

based therapeutics to leverage this viral need against them. We hypothesize it will be harder 

for viruses to mutate around drugs targeted at host cell pathways, and as such, drugs altering 

these pathways will be an effective therapeutic strategy. On-going studies in our laboratory 

will aid in confirming this hypothesis.

In virally infected cells, cell signaling subversion and switching on/off of pathways occurs to 

benefit the virus and its propagation. Our work shows that p70 S6K, S6 ribosomal protein 

and eIF4G are phosphorylated following RVFV in vitro and in vivo in a time-dependent 

fashion. Previous work has demonstrated that RVFV infection results in translational arrest, 

with host protein synthesis dramatically inhibited at later points following infection, but 

viral protein production was still readily detectable (Brennan et al., 2014). Another study 

found that 5′-TOP mRNAs, which tend to code for translational apparatus proteins, were 

targeted for degradation following RVFV infection (Hopkins et al., 2015). This study found 

that mTOR signaling was attenuated indirectly via decreased AKT phosphorylation, an 

upstream activator of mTOR, and through the reduction in phosphorylation of S6 ribosomal 

protein (Ser240/244) and 4EBP1 (Thr37/46) (Hopkins et al., 2015). These studies have 

somewhat conflicting results from the studies described within. One potential reason for this 

difference could be due to the cellular model of infection used. The work of Hopkins et al. 
was performed in vitro using both mouse embryonic fibroblasts (MEF) and a human 

osteosarcoma cell line (U2OS). In contrast, our studies were performed using a mouse 

hepatocyte cell line, which was chosen to analyze events occurring within the major target 

organ of the acute phase of RVFV infection. Moreover, our findings were validated in vivo. 

While MEFS and U2OS cells are both permissive and susceptible to infection, they may 

represent a different virus-host relationship than do hepatocytes in the face of RVFV 

infection (Yan and Chen, 2012). There is also the possibly that our observed phosphorylation 

of p70 S6K may be contributing to modulation of other cellular processes apart from direct 

translational regulation, such as cell size, glucose homeostasis, and transcription (Ruvinsky 

and Meyuhas, 2006).

Once we found the upregulation of p70 S6K in our cell culture and in vivo models, our goal 

was to find an FDA-approved drug effective against p70 S6K. Because FDA-approved drugs 

have undergone extensive safety and pharmacologic testing, repurposing these drugs for 

other uses is a potentially quicker and more cost effective drug development strategy than 

developing new antivirals (Benedict et al., 2015; Madrid et al., 2013; NIH, 2016). 

Rapamycin, a drug commonly used to prevent organ transplant rejection, was identified as a 

promising candidate because it causes inhibition of p70 S6K, S6 ribosomal protein, and 

eIF4G (Blommaart et al., 1995; Chaturvedi et al., 2009; FDA, 2017; Polakiewicz et al., 

1998; Powers et al., 1999; Raught et al., 2000). Thus we hypothesized that rapamycin 

treatment would hinder RVFV pathogenesis. The overall trend of decreased p70 S6K 

signaling with concomitant decrease in RVFV pathogenesis following rapamycin treatment 

supported this hypothesis. In both the low and high infectious dose challenge studies, mice 

displayed a 50% increase in survival as well as statistically significant mitigation of weight 

loss.
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Rapamycin is a commonly used drug to prevent organ transplant rejection, and it is effective 

at this task because it inhibits the adaptive immune response by inhibiting T and B cell 

proliferation and dendritic cell maturation (Thomson et al., 2009). What effect this 

immunomodulatory role had in this study is unclear. In many viral hemorrhagic fevers, 

excessive cytokine release and an overall over-exuberant inflammatory response are a large 

part of the pathogenesis of disease (Bray and Geisbert, 2005; Geisbert et al., 2003a; Geisbert 

et al., 2003b; Howerth, 2015; Sordillo and Helson, 2015), and some of the positive effects of 

rapamycin in this study could be due, in part, to modulation of this excessive release of 

inflammatory mediators from lymphocytes. Future studies will focus on the inflammatory 

environment in the context of RVFV infection following rapamycin treatment.

While we evaluated certain aspects of p70 S6K signaling following RVFV infection as well 

as the response to rapamycin in the in vivo model, conventional wisdom states that there 

may be additional molecular perturbations which we have not uncovered. There are several 

up- and downstream proteins which influence p70 S6K which we were not fully able to 

evaluate based on time and resource constraints. Examples include upstream kinases mTOR, 

AKT and PDK, and in future studies we hope to further evaluate these proteins during 

RVFV infection.

Additionally, rapamycin, while being a translation inhibitor through mTOR and 

subsequently p70 S6K, is also an autophagy activator. Inhibition of the mTOR pathway 

subsequent to rapamycin treatment has also been shown to increase longevity in mouse 

models of infection (Harrison et al., 2009), and rapamycin’s pro-autophagic stimulus may 

play a role (Madeo et al., 2015). The positive effect autophagy may have contributed in 

overall mouse survival in the course of this study is also unknown and warrants further 

investigation. Autophagy, apoptosis, and p70 S6K signaling have been shown to be 

interconnected in virally infected cells (Datan et al., 2014). For RVFV specifically, 

activation of autophagy was found to be restrictive (Moy et al., 2014). Future work will 

focus on determining how/if autophagy is modulated in vivo following RVFV infection as 

well as determining if manipulation of autophagy can be used in an antiviral fashion.

The activation status of one downstream protein we evaluated, eIF4G, an important 

scaffolding protein for cap-dependent translation, was unaffected following rapamycin 

treatment in vivo. One hypothesis involves the kinase p90RSK (90-kDa ribosomal protein 

S6 kinase). p90RSK may be important in activating the eIF4G scaffold protein as it is in 

cancer cells treated with rapamycin (Chaturvedi et al., 2009). p90RSK is a multi-domain 

kinase with two non-identical, functional kinase domains and a carboxy-terminal docking 

site (Fisher and Blenis, 1996) with several important activation sites including Ser380, 

Thr359, Ser363, and Thr573 (Dalby et al., 1998). Phosphorylation of these sites follows 

various growth signals, serum stimulation, oncogenic perturbation, or hormonal stimuli 

through the action of extracellular signaling-regulated kinases (Dalby et al., 1998; Fisher and 

Blenis, 1996; Romeo et al., 2012). Interestingly, p90RSK selectively and only 

phosphorylates S6 ribosomal protein at Ser235 and Ser236, and it does so at a much lower 

level than p70 S6K (Roux et al., 2007). p90RSK was shown to be activated in response to 

RVFV infection in vitro (Popova et al., 2010), and the role it plays in RVFV infection needs 
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to be explored. Future studies will focus on determining if this kinase is upregulated in vivo 
and if modulation of its activity can alter the outcome on RVFV production.

5. Conclusion

Antiviral drug therapy greatly lags behind antibacterial therapy in many ways. In order to 

address this problem, we sought a new strategy to tackle an old problem. We used a novel 

methodology, RPPA, to identify the molecular pathway perturbations during viral infection 

in vivo and monitor these pathways in response to treatment. To the best of our knowledge, 

this is the first time RPPA has been employed to determine the response to antiviral 

treatment via cell signaling pathway modulation in an in vivo model. Such a novel use of 

these protein arrays points towards an exciting new way of testing and evaluating antiviral 

drug efficacy.

Additionally, our strategy of targeting host cell pathways to combat viral infections shows 

promise based on the significant increase in survival and mitigation of clinical illness shown 

in RVFV infected mice pre-treated with rapamycin. It is especially noteworthy that efficacy 

against RVFV was shown using an FDA approved drug, thus increasing the chances of 

future use of this therapy. This exciting new workflow of antiviral drug development will 

hopefully lead to new treatment breakthroughs and hope for many patients suffering from 

acute viral infections. In this instance, we noted modulation of p70 S6K signaling following 

infection. By using rapamycin as a roadblock in this kinase’s activation, viral replication was 

impeded with an increase in overall survival. With refinement of this treatment strategy, 

more effective interventions may be on the horizon.
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Highlights

• p70 S6 kinase, S6 ribosomal protein, and eIF4G are phosphorylated following 

RVFV infection in vitro and in vivo.

• Rapamycin treatment reduced viral replication and decreased phosphorylation 

of these proteins in vitro.

• Rapamycin treatment increased survival and reduced clinical disease in RVFV 

challenged mice.

• Phosphorylation of p70 S6 kinase was decreased following rapamycin 

treatment in vivo.
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Figure 1. Growth kinetics of MP12 and its effect on p70 S6K signaling in H2.35 cells
(A) H2.35 cells were infected with MP12 at an MOI 5.0. Cell lysates were collected 3, 9, 18 

and 24 hpi and viral titers were measured by standard plaque assay (B) H2.35 cells were 

serum starved for 72 hours and then either mock-infected or infected with MP12 at an MOI 

5.0. Cell lysates were collected at 3, 9, 18 and 24 hours post-infection and analyzed by 

western blot. Membranes were probed p70 S6K (Thr389), S6 ribosomal protein Ser235/236 

[noted as S6 rp (Ser235/236)], eIF4G (Ser1108), RVFV nucleoprotein (NP), and β-actin as a 

loading control. (C) Data plotted represents fold change over mock from blots in (B). Mean 

values and standard deviations of the chemiluminescent signal intensity of three biological 

replicates are represented. All values were normalized to the loading control, β-actin, with 

concomitant background signal subtraction. Error bars represent the means ± SD; n=3.
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Figure 2. Growth kinetics of ZH501 and its effect on p70 S6K signaling in H2.35 cells
(A) H2.35 cells were infected with ZH501 at an MOI 5.0. Cell lysates were collected 3, 9, 

18 and 24 hpi and viral titers were measured by standard plaque assay. (B) H2.35 cells were 

serum starved for 48–72 hours and then either mock-infected or infected with ZH501 at an 

MOI 5.0 for one hour. Cell lysates were collected at 3, 9, 18 and 24 hours post-infection and 

analyzed by western blot. Membranes were probed p70 S6K (Thr389), S6 rp (Ser235/236), 

eIF4G (Ser1108), RVFV NP, and β-actin as a loading control. (C) Data plotted represents 

fold change over mock from blots in (B). Mean values and standard deviations of the 

chemiluminescent signal intensity of three biological replicates are represented. All values 

were normalized to the loading control, β-actin, with concomitant background signal 

subtraction. Error bars represent the means ± SD; n=3.
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Figure 3. Rapamycin inhibits p70 S6K signaling and RVFV infection in vitro
(A) To determine the EC50 of rapamycin (RAP), H2.35 cells were allowed to incubate at 

33°C and 10% CO2 overnight. H2.35 cells were pre-treated for 1 hour with drug 

concentrations starting at 100 μM with 1:2 serial dilutions down to 1.56 μM. Cells were then 

infected with MP12 virus at a MOI of 1. Infectious media was removed, cells washed once 

and drug was re-applied. Cells were analyzed at 18 hpi using the Renilla Glo Assay. 

Luminescence is presented calculated relative to the DMSO control. (B) H2.35 cells were 

serum starved for 72 hours and then were pre-treated with either DMSO or 10 μM RAP. 

Cells were infected with MP12 (MOI 5) for one hour, followed by removal of viral 

inoculum, and addition of growth medium containing DMSO and 10 uM RAP. At 18 hpi, 

cell lysates were collected for western blot analysis. (C–D) H2.35 cells were serum starved 

for 72 hours and then were pre-treated with either DMSO, 10 μM RAP, or 30 μM RAP. Cells 

were infected at an MOI of 5 with (C) MP12 or (D) ZH501 for one hour, followed by 
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removal of viral inoculum, and addition of growth medium containing DMSO, 10 μM RAP, 

or 30 μM RAP. At 18 hpi, supernatants were collected for standard plaque assay. The mean 

and SD (N=4) are plotted. For ZH501, 30 μM treatments, N=2. *p-value ≤ 0.05 (E) At 18 

hpi, cell lysates were collected in RLT buffer for RNA extraction and qRT-PCR was 

performed to determine viral genomic copies (F); At 18 hpi, supernatants were collected 

andviral RNA extracted and quantified by qRT-PCR.(F). The mean and SD (N=5) are plotted 

for panels E and F.
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Figure 4. RVFV model validation
(A) BALB/c mice were randomly assigned to groups of 3 and infected with 1,000 PFU of 

RVFV ZH501 subcutaneously. Three uninfected control mice were sacrificed on day 0 with 

infected mice being sacrificed from days 1–8. Liver, spleen, brain, serum, and lymph node 

were harvested from each mouse and sections were either placed in 10% neutral buffered 

formalin for histologic evaluation or were used to determine viral titers in each organ via 

plaque assay. (B) Liver, Infected Mouse, Day 4: Histologic examination revealed groups of 

hepatocytes with shrunken, hypereosinophilic, cytoplasm and condensed, eccentrically 

placed nuclei (red arrow) consistent with groups of cells undergoing apoptosis. Adjacent to 

these areas were nuclei containing 3 to 4 um, hypereosinophilic, intranuclear inclusions 

(blue arrow/red circle) consistent with RVFV protein inclusions. (C) Uninfected Liver – Day 

4, RVFV Immunohistochemistry. (D) Day 3 PI – rare hepatocytes (circle) displayed 

intracytoplasmic immunohistochemical staining. (E) Day 4 PI – positive staining throughout 
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the liver to include large groups of cells displaying strong, specific, intracytoplasmic 

immunohistochemical staining.
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Figure 5. p70 S6K pathway is activated following RVFV infection in vivo.
(A) BALB/c mice (groups of 3) were subcutaneously infected with RVFV ZH501 (1000 

PFU/mouse). Control mice were sacrificed on day 0 and infected mice on days 3, 4, and 5. 

Liver and spleen were collected and placed in blue lysis buffer. Tissues were homogenized, 

spun, transferred to new tubes, heated at 100°C for 15 minutes, and then frozen at −80°C 

prior to RPPA analysis. Error bars represent standard error of the mean; n=3. (B) and (C) 
Immunohistochemistry for p70S 6K (Thr421) was performed as an additional determinant of 

activation of p70 S6K within the liver of infected mice. Panel B is an uninfected control and 

panel C is an infected day 4 sample. Arrows indicate an increase in p70 S6K staining.
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Figure 6. In vivo efficacy of rapamycin, low dose study
Female BALB/c mice, 6–8 weeks of age, were randomly distributed into treatment groups 

consisting of 10 mice per group. Mice were infected via the subcutaneous route with a low 

dose of RVFV ZH501 (150 PFU/mouse). Health scores and weights were assessed daily. 

The endpoint was day 16, death, or euthanasia. The survival curves are shown in panels A, 

% of weight maintained over the course of the study is shown in panel B, and the clinical 

scoring chart for the vehicle control group and rapamycin treated group are shown in panel 

C. Log-rank (Mantel-Cox) test was used to determine statistical significance of the survival 

curve and a two-way ANOVA analysis was used to evaluate the change in weight loss, *p-

value ≤ 0.05.
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Figure 7. In vivo efficacy of rapamycin, high dose study
Female BALB/c mice, 6–8 weeks of age, were randomly distributed into treatment groups 

consisting of 10 mice per group. Mice were infected via the subcutaneous route with a high 

dose of RVFV ZH501 (1,500 PFU/mouse). Health scores and weights were assessed daily. 

The endpoints were day 21, death, or euthanasia. The survival curve is shown in panels A, % 

of weight maintained over the course of the study is shown in panel B, and the clinical 

scoring chart for the vehicle control group and rapamycin treated group are shown in panel 

C. Log-rank (Mantel-Cox) test was used to determine statistical significance of the survival 

curve and a two-way ANOVA analysis was used to evaluate the change in weight loss, *p-

value ≤ 0.05.
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Figure 8. Pathway modulation screening in the liver and spleen following rapamycin treatment
Female BALB/c mice, 6–8 weeks of age, were infected via the subcutaneous route with a 

high dose of RVFV ZH501 (1,500 PFU/mouse). Mice were randomly distributed into groups 

of 5 with subsequent serial sacrifice of vehicle treated control mice and rapamycin 

(10mg/kg) treated mice on days 4 and 6. Liver and spleen were collected and placed in blue 

lysis buffer for downstream RPPA analysis. Data plotted represents means and standard 

deviations from 5 animals per condition. Black circles and red squares represent vehicle 

treated or rapamycin treated mice, respectively. Phospho-protein levels in the liver (A, C, E) 

or spleen (B, D, F) of both vehicle control and rapamycin treated groups on days 4 and 6 

post-infection are displayed. A two-way ANOVA analysis was used to evaluate changes in 

protein phosphorylation, *p-value ≤ 0.05.
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