In search of a Broad-spectrum anti-viral agent:
FGI-104: A broad-spectrum small molecule inhibitor of viral infection
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How to read this: if you are short of time, read the “problem”, skip the “methods and results” section, and end with the conclusions and comments.  Of course, all the real science is in the “methods and results” section.

THE PROBLEM:

Essentially there is a lack of treatment options for viral threats, especially should a new, hitherto unknown virus become prominent.  Vaccines take substantial time to develop, and most anti-viral agents are highly specific to only one virus and in targeting viral proteins place strong selection pressure on the viruses, causing resistance to evolve swiftly.

Since most viruses exploit the same small set of host molecules, and hijack these systems for their own replication, if such molecules could be targeted it could be a very effective approach and is known as “host-directed therapeutics”.  A development stage company called Functional Genetics, Inc. (FGI) is involved in research in this field.
One of the “housekeeping” molecules is TSG101, it usually escorts proteins that are to be degraded and is a positive regulator of the budding process.  After a virus has infected a cell, TSG101 moves newly formed viruses from the cell interior to the outer membrane.  This mechanism is shared by a broad range of virus families and therefore is a potential anti-viral target.
FGI selected a library of small molecule compounds with apparent ability to block TSG101 and checked for ability to block viral replication.  There is no detail on where this library came from, or what kind of molecules they are.  At http://www.faqs.org/patents/asn/32771 a number of patents by FGI are available, but as they generalise the family of compounds, on my brief reading I was unable to determine the chemical structure of the one molecule used in this study: FGI-104.  There is also no reference to any other scientific article in the paper that could give an idea what this compound is, but it would have been good to know.
METHODS AND RESULTS
All figures and figure headings come directly from the article.
They tested the compound against a broad number of viral families so as to have variation in RNA and DNA genomes and nucleic acid strandedness, as seen in Table 1, to determine the EC50 (effective half-maximal concentration: concentration is half-way between baseline and maximum), CC50 (concentration that kills 50% of host cells) and SI (safety index, CC50 divided by EC50) for each virus.
Table 1

	Virus 
	Type 
	Genome Type 
	EC50 (μM) 
	CC50 (μM) 
	SI 

	HCV 
	Flavivirus 
	(+) sense RNA 
	0.28 
	20 uM 
	71 

	HBV 
	Hepadnavirus 
	dsDNA-RT 
	0.02 
	14 
	700 

	PRRS 
	Arterivirus 
	(+) ssRNA 
	0.3 
	>50 
	>150 

	Cowpox 
	Poxvirus 
	dsDNA 
	0.25 
	>25 
	>100 

	Ebola 
	Filovirus 
	(-) ssRNA 
	10 
	>50 
	>5 

	VEE 
	Togavirus 
	(+) ssRNA 
	2.5 
	>25 
	>10 

	HIV 
	Retrovirus 
	ssRNA-RT 
	8 
	43 
	5 


HBV

Using a HepG2 cell system the effect of dilutions of FGI-104 were tested for activity against Hepatitis-B virus (HBV).  After 6 days the copy numbers of intracellular and extracellular DNA were tested by qPCR.  A decrease in extracellular DNA would suggest anti-viral activity.

As seen in Figure 2A the HBV DNA levels seen in the supernatant decrease as the concentration of compound FGI-104 increases.  An EC50 of 20nM was found.  
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Figure 2. FGI-104 inhibition of HBV. HepG2 cells expressing HBV replicons was treated for 72 hours in the presence or absence of FGI-104, with vehicle treated samples providing a negative control. (A) The number of HBV genomic copies in the culture supernatant was assessed by using quantitative PCR ,, demonstrating a dose-dependent inhibition of viral release.
In Figure 3C increasing concentrations of FGI-104 showed no effect on the intracellular accumulation of HBV DNA or the virus replication/replicon system (using a luciferase system).  This suggests that the anti-viral effect of FGI-104 is later in the virus life-cycle than the nucleic acid replication stage, as would be expected if FGI-104 inhibits the viral budding role of host protein TSG101.
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Figure 3. The mechanistic basis of FGI-104 antiviral activity occurs after nucleic acid replication. The antiviral activity of FGI-104 was assessed using standard replicon assays of nucleic acid replication for HCV (A,B) and HBV (C). Note that the data compiled in (B) and (C) represents summaries of multiple experiments. Unlike the potent inhibition observed previously with assay systems that measured release of infectious virions, assessments of intracellular nucleic acid replication did not reveal FGI-104 antiviral activity.
HCV

Human hepatoma cells were infected with recombinant Hepatitis-C virus (HCV) expressing renilla luciferase and incubated with various concentrations of FGI-104.  The luciferase expression was determined and as seen in Fig 1A, luciferase activity (a marker for virus) drops with increase of inhibitory FGI‑104.  In Figure 1B a western blot performed for HCV NS5A protein showed that while control protein actin levels remained constant with increasing FGI-104, the levels of HCV NS5A protein dropped.
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	Figure 1. FGI-104 inhibition of HCV in cell-based assays. Huh7 cells were infected with luciferase expressing HCV JFH-1 virus for 72 hours in the presence of absence of FGI-104, with vehicle treated samples providing a negative control. (A) Luciferase-based readouts of viral release into the culture supernatant demonstrated dose-dependent inhibition of HCV replication by FGI-104. (B) The expression levels of virally-encoded NS5A as measured by western blot analysis provided an independent confirmation of dose-dependent inhibition of HCV by FGI-104.



In addition the effect on HCV was tested using an ET cell line harbouring HCV subgenomic replicon incubated with various concentrations of FGI-104.  A luciferase assay was performed to test HCV replicon derived activity.  Similarly to the HBV, Figure 3A shows that HCV-Luciferase activity does not fall with increase in FGI-104 concentration, again confirming the anti-viral effect to be post-nucleic acid replication.
PRRSV

Porcine reproductive and respiratory syndrome virus (PRRSV) was also used to infect MARC‑145 cells incubated with selected dilutions of FGI-104.  A plaque assay shows reduced viral activity with increased FGI-104 concentration in Figure 4A, and when graphed an EC90 of 1.6uM was calculated.
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	Figure 4. FGI-104 inhibition of PRRS virus. Marc-145 cells were infected with PRRSV virus (23983) for 72 hours in the presence or absence of FGI-104, with vehicle treated samples providing a negative control. Plaque formation was assessed visually (A)




HIV and Cowpox

The effect of FGI-104 on HIV was also tested with MT4 cells infected with HIV‑1 NL4‑3, and an EC50 of 8.5um estimated, but the data was not shown.  In this case the cytotoxic concentrations were closer to the therapeutic concentrations.

For Cowpox, similarly to the in vitro Ebola result, viral titre drops with an increase in FGI-104, as seen in Figure 5B.
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Figure 5. Broad-spectrum inhibition of biothreat viruses by FGI-104. The antiviral activity of FGI-104 was assessed using cell-based assays of Ebola hemorrhagic fever (EBOV) (A) or cowpox (B) viruses. Please note these two particular findings were representative of the breadth of viral inhibition (Ebola is an RNA virus whereas cowpox is a DNA virus) and that FGI-104 demonstrated antiviral activity even when using different types of readouts (Inhibition of virus-mediated killing of host cells or plaque-based readouts of viral titer).
Ebola Virus

A recombinant Ebola virus expressing eGFP was made which fluoresces green when stimulated.  Vera E6 cells were incubated with various concentrations of the inhibitory compound and then infected with the virus.  After incubation the fluorescence was assessed and Figure 5A indicates that as the concentration of FGI-104 increased, so more cells survived, showing inhibition of the virus.
A lethal mouse model of Ebola was also used, where a mouse-adapted Ebola virus was used to infect female C57BL/6 mice.  The mice were injected with 10mg/kg of FGI-104 intraperitoneally and after 2 hours were injected intraperitoneally with 1000 pfu of mouse Ebola virus.  Every day for 10 days they received a single dose of FGI-104.  
It is unclear exactly how the mice which did not receive FGI-104 were treated, no mention is made of a negative control dosing.  I assume they received no FGI-104 at any point, the authors mention that no positive control is available with activity against Ebola virus.  As seen in Figure 6 control mice started to die after 7 days post-infection.  “All mice treated with FGI-104 lived longer” (it is not clear what this protocol involved), “and all animals in the FGI-104 group survived”.  It is also not clear how many mice were in each group, as the graph plots survival as a percentage, and no key is supplied.  Nonetheless, the survival of the mice which were treated is impressive.
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Figure 6. Antiviral efficacy of FGI-104 in animal-based models of Ebola infection. Shown is an assay of FGI-104 efficacy in Mice following a lethal Ebola Challenge. C57Bl/6 mice were challenged with 1000 pfu of mouse adapted Ebola and treated with 10 mg/kg/day of FGI-104. Overall survival was assessed, revealing the characteristic lethality of Ebola 7-8 days post-infection. Whereas vehicle-treated controls succumbed as expected, at least one half of FGI-104-treated animals survived lethal challenge.
CONCLUSIONS and COMMENTS

The authors were able to show that their compound FGI-104 has anti-viral activity against a broad range of viruses, although it did not have activity against influenza viruses (data not shown).  They do not make it clear what the actual structure is of compound FGI-104, or how the screened library of compounds was chosen.  They were able to show that the antiviral activity does not come from inhibition of viral nucleic acid replication.  This makes sense as the antiviral compound FGI‑104 was chosen for its action against cell protein TSG101 which moves viruses to the exterior in an infected cell.

They mention some work on viruses for which data is not shown, except for the Table, and more importantly, for which no information is given in the method section.  Their lethal Ebola mouse study is very striking, as it shows extension of life of animals exposed to a mouse Ebola when treated with the compound FGI‑104, where untreated controls died.  In addition when rechallenged the mice survived.  However the number of mice used is not made clear, there was an untreated control group (n unknown), and group of mice daily treated with FGI‑104 for 10 days (n unknown).  The article hints at a further group of mice treated less extensively, but this is almost pure speculation as the article has the same lack of detail as a cookbook from the 1500s.  I feel the methods section is therefore somewhat lacking.

What is significant, looking at the Table, is the variation in dose required for activity against the different viruses.  For example, while for HBV the EC50 (effective half-maximal concentration: concentration is half-way between baseline and maximum) is only 0.02uM, for Ebola it is 8uM.  The different cell lines also have different CC50 (concentration that kills 50% of host cells) levels.  What is also striking is that while, for example, for Ebola the CC50 is only 5X the EC50, making the safety margin quite narrow, it is clear that it is better to be a mouse treated with FGI‑104 (whether toxic at that dose or not) if you are a mouse unfortunate enough to be exposed to Ebola virus.  For most of the viruses however the safety margin was quite large, which is just as well as with further pharmaceutical testing through the various clinical trials, and even after approval, apparently new information tends to show the safety margin to be smaller than first calculated.  I do not know what is considered a “suitable” safety margin for a pharmaceutical.
The field of host-targeted therapeutics appears to be a promising angle in development of anti-virals with a reasonably broad-spectrum of activity.  Another article “Targeting inside-out phosptidylserine as a therapeutic strategy for viral diseases” (Nature Medicine 14:12, Dec 2008) by an unrelated group showed the use of a chimeric antibody against inside out phosphatidyl-serine molecules, a marker of viral infection on host cells, to be effective in controlling viral infection.  Both of these articles were cited in the New Scientist article “How to cure diseases before they have even evolved” (Issue 2720, Aug 2009).  These drugs may one day buy time before a vaccine is available for new virulent viruses, but even if the host molecules are being targeted, I am convinced that viral resistance will only be a matter of time…
