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Summary
We present our in vitro finding that PAV-104, a novel broad-spectrum small molecule antiviral, is ideally administered to the apical surface of the lung epithelium as in the case of an inhaled formulation. The PAV-104 chemotype exhibits nanomolar activity against the six viral families that cause 95% of human respiratory viral disease including SARS-CoV-2 [[endnoteRef:1],[endnoteRef:2]]; shows minimal toxicity in rats at a dose achieving >100x EC50 blood levels for 24h with good lung exposure; and appears not to generate resistance in vitro [2]. In vitro evidence suggests that the broad effectiveness and low toxicity result from PAV-104 targeting an allosteric site on a subset of the protein 14-3-3 that is retasked from an autophagy role in healthy cells to a viral replication role by many viruses; PAV-104 appears to target only the disease-associated conformation of the protein. Compounds of the PAV-104 chemotype have shown efficacy in two animal models [2]. Given the obvious utility of a pan-respiratory anti-viral compound without the liability of resistance development, we sought to identify its optimal mode of administration. Here we show that the application of PAV-104 at 50nM to the apical surface of primary human bronchial epithelial cells cultured at an air-liquid interface (HBE@ALI) reduced viral load by >3 logs, significantly more than the 1 log drop achieved upon dosing at the same concentration from the basal surface. These findings suggest that PAV-104 is a prime candidate for inhalation delivery. [1: []	Du, L, Deiter, F, Bouzidi, M, Billaud, J-N, Graham. S, Prerna, D, Selvarajah, S, Lingappa, A, Michon, M, Yu, S, Paulvannan, K, Lingappa, V, Boushey, H, Greenland, J, and Pillai, S: A Novel Viral Assembly Inhibitor Blocks SARS-CoV-2 Replication in Airway Epithelial Cells, Nature Portfolio 2023; Preprint.. https://www.researchsquare.com/article/rs-2887435/v1. doi:10.21203/rs.3.rs-2887435/v1.]  [2: []	Müller-Schiffman, A, Michon, M, Lingappa, A, Yu, S F, Du, L, Deiter, F, Broce, S, Mallesh, S, Crabtree, J, Lingappa, U F, Macieik, A, Müller, L, Ostermann, P N, Andrée, M, Adams, O, Schall, H, Hogan, R J, Tripp, R A, Appaiah, U, Anand, S K, Campi, T W, Ford, M J, Reed, J C, Lin, J, Akintunde, O, Copeland, K, Nichols, C, Petrouski, E, Moreira, A R, Jiang, I-T, DeYarman, N, Brown, I, Lau, S, Segal, I, Goldsmith, D, Hong, S, Asundi, V, Briggs, E M, Phyo, N S, Froehlich, M, Onisko, B, Matlack, K, Dey, D, Lingappa, J R, Prasad, M D, Kitaygorodskyy, A, Solas, D, Boushey, H, Greenland, J, Pillai, S, Lo, M K, Montgomery, J M, Spiropoulou, C F, Korth, C, Suganya, S, Paulvannan K, and Lingappa, V R: A Pan-respiratory Antiviral Chemotype Targeting a Transient Host Multiprotein Complex, bioRxiv Preprint Server Biology, 2022; 2021.01.17.426875. doi:10.1101/2021.01.17.426875.
[3]  Aoki, F. Y. et al. Early administration of oral oseltamivir increases the benefits of influenza treatment. J. Antimicrob. Chemother. 51, 123–129 (2003).] 

Key Message
PAV-104 chemotype targets an allosteric site found exclusively in virally-infected cells without toxicity; is broadly effective against respiratory viruses; validated in animal models; and evades viral resistance. Here, we demonstrate PAV-104’s particular potency applied to the apical surface of infected human bronchial epithelial cells as in inhalation administration.
Introduction
This work focuses on the optimization of the mode of administration of PAV-104 [1], a novel antiviral molecule. The development of safe and efficacious vaccines has diminished the transmission and severity of SARS-CoV-2 infection, but the rapid mutation rate of this virus, the waning of immunity over time, and the simultaneous occurrence of multiple respiratory virus infections remain challenges. Antiviral therapies generally bind to the active site of a viral protein. Treatment with a single antiviral or even two orthogonally acting antivirals that target a viral protein is inherently brittle, as viruses mutate rapidly in response to the selection pressure. This approach has hitherto been largely specific to individual viruses, requiring that the virus be identified, since treatment with the wrong antiviral will be futile at best. In respiratory viruses, time is of the essence as earlier treatment, when infection remains limited to the upper respiratory tract, is prophylactic for the spread to the more serious infection of the lower respiratory tract [3]. Viral identification, however, delays treatment. The success of HIV antiviral therapy does not translate well to acute respiratory infection antiviral therapies. Respiratory viruses are difficult to distinguish and they spread rapidly, with the potential for high morbidity and mortality before effective therapies can be delivered. At present there is no FDA-approved drug for most of the six respiratory viral families responsible for 95% of human respiratory viral disease. This stands in stark contrast to antibacterial chemotherapy, where antibiotics are typically effective against novel pathogens and are administered immediately upon the observation of a broad range of symptoms. The ideal antiviral therapy would, therefore, resemble current antibiotic therapy far more than existing antiviral drugs, with a low probability of the emergence of resistant strains and low host toxicity. With these principles in mind, we developed a new approach to antiviral drug discovery [1,2] described briefly below and we identified a chemotype, PAV-104, that appears to target the host-viral interface and restores the innate immune response that had been subverted by the viral invader. In Vitro testing was performed to determine its optimal route of administration.
MaterialsFigure 1: Structure of the PAV-104 chemotype. The specific substitutions of R1-R8 in PAV-104 are shown in Reference 1.

PAV-104 (Figure 1) was synthesized as described in Reference 1. All other materials were purchased from ThermoFisher Scientific, Inc. (Waltham, MA). De-identified human airway tissue samples were obtained from an Institutional Review Board approved biobank at The University of California, San Francisco (protocol #13-10738). Air-liquid interface medium (ALI medium) for culture and maintenance of human bronchial epithelial cells is as described in Reference 8.
Experimental Methods
We examined PAV-104’s efficacy in inhibiting SARS-CoV-2 replication in primary human bronchial epithelial cells cultured at an air-liquid interface (HBE@ALI). HBE@ALI cultures constitute a high-fidelity surrogate for the human respiratory system, closely resembling the bronchial epithelium in vivo (forms tight junctions, expresses polarity, produces mucus, has motile cilia). HBE@ALI cultures were prepared as follows: Human bronchus was harvested from explanted lungs. The tissue was submerged and agitated for 1 minute in phosphate buffered saline (PBS) with penicillin (50 IU/ml), streptomycin (50ug/ml) and gentamycin (50ug/ml) and 5mM dithiothreitol to wash and remove mucus. After 3 washes, the tissue was placed in Dulbecco’s Modified Eagle Medium (DMEM) with 0.1% protease and the above antibiotics overnight at 4°C. The next day, the solution was agitated and remaining tissue removed. Cells were centrifuged at 300G/4°C for 5 minutes, then resuspended in 0.05% trypsin-EDTA and incubated for 5 minutes at 37°C. The trypsinization reaction was neutralized with 10% Fetal Bovine Serum (FBS) in DMEM, then cells were filtered through a cell strainer and centrifuged at 300G/4°C for 5 minutes. The cell pellet was resuspended in 10% FBS in DMEM and a 10uL aliquot was stained with trypan-blue and counted on a haemocytometer. 7.5x104 cells were plated onto each 6mm/0.4mm FNC-coated Transwell air-liquid interface (ALI) insert. 10% FBS in DMEM and ALI medium were added in equal volumes to each basal compartment and cultures were incubated at 37°C/5% CO2. The next day, media was removed and both compartments were washed with PBS and the antibiotics at the concentrations noted above. ALI media [8] was then added to each basal compartment and changed every 3 days until cells were ready for use at day 28.
We compared the efficacy of PAV-104 applied to the apical vs. basal surface of the epithelium as a possible way of predicting the relative efficacy of inhaled vs. systemic administration. All studies involving SARS-CoV-2 infection of primary airway epithelial cells were conducted in the Vitalant Research Institute BSL3 Facility. Six hours prior to infection, ALI medium [8] containing dilutions of PAV-104 (50nM) or dimethyl sulfoxide (DMSO) at a final concentration of 0.1% as a control were added to the basal compartment, the apical compartment, or both. Basal administration in HBE@ALI simulated oral dosing; apical administration in HBE@ALI simulated inhaled therapeutics. For infection, ALI medium containing the drug was removed, and SARS-CoV-2 diluted in ALI-culture medium containing the drug was added on to the apical chamber of inserts (250 µl) and the basal compartment (500 µl). The cultures were incubated for 2 hours at 37°C/5% CO2 to allow for virus entry, then washed, and 500 µl of fresh ALI medium containing the drug was added to the basal compartment. The drugs were maintained in the medium for the duration of the experiment. Cells were incubated at 37°C/5% CO2 and harvested for analysis at 36 hours post-infection. Apical exposure, simulating the oral administration of PAV-104, was accomplished via the addition of PAV-104 at 50 nm to the ALI medium. Basal administration, simulating inhalation exposure, was accomplished by decanting 250 microliters of 50 nM PAV-104 dissolved in normal saline onto the apical surface of the HBE@ALI. The results of exposure apically, basally, both or neither appear in Figure 2. All other methods used or referred to have been described in detail in references 1 and 2.Figure 2: Shown is the mean and standard deviation of SARS-CoV-2 N expression (n=3 for DMSO-treated and drug-treatment groups; n=2 for heat-inactivated condition). Statistical significance was calculated using a one-way ANOVA test and is indicated with asterisks (**** = p<0.0001). Basal administration of PAV-104 resulted in a 1 log reduction in SARS-CoV-2 replication while apical administration, simulating inhalation delivery, resulted in a 3 log reduction.

Results 
As can be seen (Figure 2), SARS-CoV-2 replicated well in the HBE@ALI model. Basal administration of 50nM PAV-104, simulating oral dosing followed by lung exposure via the bloodstream, reduced the expression of SARS-CoV-2 significantly (approximately 1 log). However, apical administration at the same concentration, reduced the viral load by greater than 3 logs. This suggests that inhalation may be the optimal mode of delivery for PAV-104. Inhalation is rapid and compatible with both prophylaxis and critical care medicine. This difference in efficacy based on route of administration is surprising and extraordinary because lung tissue exposure of PAV-104, after oral dosing in rats, has been demonstrated to be good [2]. 
Discussion
Here, we present data indicating that PAV-104, a pan-respiratory antiviral compound targeting a host protein assembly interface that appears to be allosterically modified by respiratory viruses, shows heightened efficacy when administered apically versus basally in HBE@ALI which cannot be explained by simple lung exposure [2]. To explore the significance and speculate as to the mechanisms of the HBE@ALI results, we must first describe the science behind PAV-104 itself. Briefly, PAV-104 was discovered using a unique cell-free protein synthesis and assembly (CFPSA) screening process [1,2,4]. The CFPSA system was programmed with influenza virus (FLUV) mRNAs co-expressed with innocuous green florescent protein (GFP). The CFPSA was implemented in 384 well plates with laboratory automation to screen a library of 150,000 drug-like small molecules for inhibitors of FLUV capsid assembly, a surrogate for viral disease, without inhibition of GFP synthesis, a surrogate for cellular metabolism. Successful drug candidates, termed protein assembly modulators, were those that selectively disrupted capsid formation but not protein synthesis. Three such chemotypes were observed, with the chemotype culminating in PAV-104 being chosen for advancement. Details of our explorations into PAV-104’s mode of action appear in Reference 1 and its optimization to target a multi-protein complex found exclusively in infected cells appears in Reference 2.
We validated PAV-104 against FLUV in cell culture [2]. Passage of influenza virus in the presence of low doses of compounds early in the PAV-104 lead series did not select for drug resistance mutations, in contrast to the approved FLUV antiviral Oseltamivir (marketed as Tamiflu) for which resistance mutants readily emerged [2]. This is consistent with our hypothesis that assembly modulators act, to a significant extent, upon proteins encoded by host genes, rather than solely on proteins encoded by the rapidly mutating viral genome.
We next tested our assembly modulators on human cell cultures of several unrelated respiratory viruses including human rhinovirus (HRV), bovine coronavirus (BoCoV) and murine herpesvirus (MHV). We observed similar antiviral effects indicating substantial conservation of the drug target across these viral families [2]. Next, we validated the antiviral activity in animal models [2]. Early analogues of the PAV-104 chemotype were administered to pigs randomized within each litter into control and treatment groups and inoculated with porcine epidemic diarrhoea coronavirus, demonstrating a mortality benefit even in severely ill coronavirus-infected pigs [2]. Effectiveness of a more advanced analogue was confirmed in rats and in the anecdotal treatment of a cat with feline infectious peritonitis (FIP), a coronaviral disease (case study publication in progress).
It was important to determine the breadth of viruses targetable by an assembly modulator that was initially identified for activity against FLUV. We assessed the PAV-104 lead series for in vitro antiviral activity against the six viral families that cause 95% of all human respiratory viral illness including FLUV (2 strains), Coronaviridae (including multiple SARS-CoV-2 strains), Paramyxoviridae (both RSV and Nipah virus), Adenoviridae, Herpesviridae and Picornaviridae (multiple strains of rhinovirus) and found 50% effective concentrations (EC50) in the nM range against each.
One hypothesis to explain these findings has to do with the novel target of PAV-104. Apparently, a single, highly conserved human host muti-protein complex, which we term a normal assembly machine [2], is modified as a critical step in the vast majority of all respiratory viral infections to form an aberrant assembly machine comprising a host-viral interface. Although the precise function of the target multi-protein complex in healthy, uninfected cells is as yet unknown, it contains p62/SQSTM1 and therefore is implicated in autophagy. The form found in virus-infected cells lacks p62/SQSTM1, contains a viral nucleoprotein (demonstrated for SARS-CoV-2), and appears to be retasked for capsid assembly, an essential step of viral replication [2]. The target of this chemotype is an allosteric site on a subset of the protein 14-3-3 present in this complex that is found in two forms [2]. The specific analogue PAV-104 appears to bind to the protein complex almost exclusively in its virally retasked configuration, reverting the aberrant assembly machine to its uninfected configuration [2] and restoring, we hypothesize, the innate antiviral immune response (reflected by the restoration of P62, an important regulator of autophagy) [1, 2]. These findings are consistent with previous work implicating 14-3-3, a known allosteric modulator of protein kinases [5] in both coronaviral infection and autophagy [6,7]. Targeting a host protein complex, as opposed to targeting a viral protein, likely explains the demonstrated barrier to emergence of drug resistance; targeting the complex only in its disease-modified configuration likely explains the low toxicity [2].
Most virus exits the bronchial epithelial cell via the apical surface. Thus, it is reasonable to hypothesize that, in addition to altering the target host multi-protein complex, viral infection may also relocate the modified target to the apical surface. If true, then apical administration, which simulates inhalation delivery, places the drug in proximity to its target. On the other hand, drug arriving via the bloodstream to the basal side would need to cross the bronchial epithelial cell to reach the virally modified drug target, with intracellular loss processes (e.g. by metabolism, protein binding, etc.) resulting in partial diminution of its effectiveness. As with other inhalation therapies for respiratory diseases [[endnoteRef:3]], apical administration minimizes potential complications from systemic side effects and avoids first pass metabolism and most drug-drug interactions resulting from oral or parenteral delivery [4]. [3: [4]	Anderson, S, Atkins, P, Bächman, P, Cipolla, D, Clark, A, Daviskas, E, Disse, B, Entcheva-Dimitrov, P, Fuller, R, Gonda, I, Lundbäck, H, Olsson, B, and Weers, J: Inhaled Medicines: Past, Present, and Future, Pharmacol. Rev. 2022; 74, pp 48–118. doi: 10.1124/pharmrev.120.000108
[5] Obsilova, V and Obsil, T: The 14-3-3 Proteins as Important Allosteric Regulators of Protein Kinases, Int. J. Molec. Sci. 2020;  21, pp E8824. doi: 10.3390/ijms21228824
[6]	Tugaeva, K V, Hawkins, D E D P, Smith, J L R, Bayfield O W, De-Sheng, K, Sysoev, A A, Klychnikov, O I and Antson, A A: The Mechanism of SARS-CoV-2 Nucleocapsid Protein Recognition by the Human 14-3-3 Proteins, J Molec Biol 2021; 433, pp 166875. doi: 10.1016/j.mb.2021.166875
[7]	Jia, H, Liang, Z, Zhang, X, Wang, J, Xu, W and Qian, H: 14-3-3 proteins: an important regulator of autophagy in diseases, Am J Transl Res 2017; 9: pp 4738–4746
[8]   Du, L. et al. Human Galectin-9 Potently Enhances SARS-CoV-2 Replication and Inflammation in Airway Epithelial Cells. http://biorxiv.org/lookup/doi/10.1101/2022.03.18.484956 (2022) doi:10.1101/2022.03.18.484956.] 

Conclusions and Future Work
Apical administration of PAV-104, simulating inhalation delivery, is 100x more effective than basal administration, in an in vitro primary human bronchial epithelial cell model. Because PAV-104 has been validated against a broad range of viruses and in multiple animal species, we believe that it constitutes a compelling candidate for the first pan-respiratory antiviral antibiotic designed to avoid the emergence of resistance and to be safe through its selective targeting of an aberrant host protein complex not present in the healthy host.
Proposed future work includes the inhalation formulation and assessment for exposure, efficacy and human toxicity of PAV-104. It is also possible to test the hypothetical cause of the exaggerated potency observed from apical vs. basal dosing. By attaching a fluorophore to PAV-104 at a location known not to reduce target binding [2], it may be possible to image the in vivo actions of the virus and the drug.
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