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SUMMARY

The development of anti-infectives against a large range of AB-like toxin-produc-
ing bacteria includes the identification of compounds disrupting toxin transport
through both the endolysosomal and retrograde pathways. Here, we performed
a high-throughput screening of compounds blocking Rac1 proteasomal degrada-
tion triggered by the Cytotoxic Necrotizing Factor-1 (CNF1) toxin, which was fol-
lowed by orthogonal screens against two toxins that hijack the endolysosomal
(diphtheria toxin) or retrograde (Shiga-like toxin 1) pathways to intoxicate cells.
This led to the identification of the molecule C910 that induces the enlargement
of EEA1-positive early endosomes associated with sorting defects of CNF1 and
Shiga toxins to their trafficking pathways. C910 protects cells against eight bac-
terial AB toxins and the CNF1-mediated pathogenic Escherichia coli invasion.
Interestingly, C910 reduces influenza A H1N1 and SARS-CoV-2 viral infection
in vitro. Moreover, parenteral administration of C910 to mice resulted in its accu-
mulation in lung tissues and a reduction in lethal influenza infection.

INTRODUCTION

Host-directed anti-infective chemical compounds that interfere with intracellular membrane trafficking
hold promise to alleviate pathophysiological manifestations triggered by bacterial toxins, thus shifting
the host-pathogen balance in favor of the host (Kaufmann et al., 2018). Furthermore, these small molecules
can be redirected against a wider number of infectious agents, notably numerous viruses that infect the
vesicular compartments of cells (Gillespie et al., 2013; Gupta et al., 2017; Wu et al., 2017). The discovery
of such molecules is currently a challenge in the expansion of available therapeutics against pathogens
that produce toxins (Miihlen and Dersch, 2016).

Bacterial AB toxins are sophisticated nanomachines that bind and enter host cells thanks to their
B-components in order to reach intracellular compartments where they find specific physicochemical con-
ditions to translocate their enzymatic A-component into the cytosol. Selective disruption of vesicular traf-
ficking can be leveraged to develop host-directed prophylactic and therapeutic measures against toxin-
producing bacteria with broader applications in infectiology (Gillespie et al., 2013; Wu et al., 2017). To enter
host cells, AB toxins exploit different endocytic pathways that converge toward the early endosomes from
which they are dispatched into different vesicular pathways (Bassik et al., 2013; Moreau et al., 2011; Selyunin
et al., 2017). AB toxins translocate their enzymatic part along the endolysosomal pathway or after retro-
grade transport to the ER which represent two hot spots of translocation (Ernst et al., 2017; Johannes
and Romer, 2010). Early endosomes receive cargos, receptors, and pathogenic agents from the plasma
membrane (Scott et al., 2014). They serve as an essential sorting station to reroute receptors and/or ligands
to the cell surface through recycling endosomes, to the trans-Golgi network and ER through retrograde
transport, or to late endosomes and then lysosomes for degradation. Each critical step along these vesic-
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Zerial, 2014). Owing to their functions to sort receptors and ligands toward the endolysosomal or retro-
grade pathway, early endosomes represent potential targets of interest for the development of anti-infec-
tive displaying a large spectrum of actions against toxin-producing bacteria.

Cytotoxic Necrotizing Factor-1 (CNF1) toxin is produced by extraintestinal pathogenic Escherichia coli
responsible for urinary tract infections, neonatal meningitis, and sepsis (Caprioli et al., 1984; Ho et al.,
2018). The ¢nf1 gene displays an estimated prevalence of 15% in E. coli sequence type (ST)131, which un-
derwent an unprecedented global expansion in the last decade and represents a predominant multidrug-
resistant (MDR) lineage of E. coli in extraintestinal infections (Petty et al., 2014). CNF1 binds to Lu/BCAM
and 67-kDa laminin receptor (67LR) to enter cells by endocytosis and then traffics to late acidic endosomes.
An acidic pH drives the translocation of the enzymatic A chain into the cytosol, where it deamidates a spe-
cific glutamine residue onto Rho proteins to abrogate their GTPase activity, leading to downstream
signaling activation (Contamin et al., 2000; Flatau et al., 1997; Piteau et al., 2014; Schmidt et al., 1997). In-
hibition of the GTPase activity of Rho proteins also sensitizes them to ubiquitin-mediated proteasomal
degradation, leading to their cellular depletion in CNF1-intoxicated cells. The activation of Rho protein
signaling by CNF1 endows pathogenic E. coli with an enhanced ability to invade host cells (Falzano
et al., 1993; Visvikis et al., 2011).

Chemical compounds that interfere with the intracellular trafficking of bacterial toxins have shown efficacy
against several infections caused by bacteria, viruses, and parasites in vitro and in vivo, as summarized in
Tables ST and S2. Known inhibitors act specifically on one of the two main endocytic pathways hijacked by
toxins. Retro-2 acts specifically on the ER exit site component Sec16A, thereby compromising the interac-
tion between the retrograde trafficking chaperones GPP130 and syntaxin-5 for proper transport of Shiga
toxin to the ER (Forrester et al., 2020; Stechmann et al., 2010). Both EGA and ABMA exclusively affect
the trafficking of AB toxins along the endolysosomal pathway by unidentified mechanisms (Gillespie
etal., 2013; Wu et al., 2017). Host-directed anti-infectives targeting AB toxin sorting from early endosomes
to their respective endolysosomal or retrograde pathways might be endowed with a broad spectrum of
protection against toxins.

Here, we developed a high-throughput screening (HTS) pipeline that allowed the identification of a small
chemical compound, C910, that protects host cells against eight different bacterial AB toxins. Moreover,
the properties of C910 can be leveraged to confer protection against the flu caused by influenza A virus
subtype HIN1 in mice and reduce SARS-CoV-2 cellular infection. Mechanistically, we provide evidence
that C910 interferes with the sorting function of EEA1/Rab5-positive early endosomes.

RESULTS

Screening of chemicals targeting both the endolysosomal and retrograde transport of toxins
We developed a pipeline aimed at screening small chemical compounds that can protect host cells against
a broad spectrum of bacterial AB toxins by hijacking either the endolysosomal (CNF1 and diphtheria toxin,
DT) or the retrograde (Shiga-like toxin 1, Stx1) trafficking pathways (Figure 1A). We first performed HTS of
16,480 available chemical compounds from the ChemBridge DIVERSet library to determine their ability to
protect primary human umbilical vein endothelial cells (HUVECs) from CNF1-induced cellular depletion of
Rac1 (Figure 1B). We chose CNF1 for primary screening considering the interest in deciphering its endo-
cytic pathway that does not involve clathrin and cholesterol-rich membrane domains (Contamin et al.,
2000). The CNF1 toxin A domain exits the endolysosomal pathway at the level of late acidic compartments
and deamidates small Rho GTPases, notably Rac1 (Flatau et al., 1997; Schmidt et al., 1997). The deamidated
form of Racl is degraded by the ubiquitin—proteasome system, leading to progressive depletion of the
cellular pool of Rac1 (Torrino et al., 2011). Thus, monitoring the intracellular pool of Rac1 allows for the
screening of small chemical inhibitors of the cytotoxic effects of CNF1. Briefly, cells were treated with
10-nM CNF1 toxin for 6 h to achieve maximal depletion of the intracellular pool of Rac1 as monitored by
quantitative immunofluorescence staining of Rac1 in cells (Figure 1B).

The threshold of chemically induced protection against CNF1-mediated depletion of Racl was set to 30% to
identify robust candidate hits (Figure 1B). In total, 320 hits were cherry-picked and subjected to a second round
of screening at 10 and 50 pM in triplicate. In sum, 66 compounds passed the second round of screening. These
hits were subsequently reordered and freshly prepared for further validation and then filtered to eliminate pan-
assay interference compounds (PAINS), i.e., unstable molecules, irreversible modifiers, or compounds that are
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Figure 1. High-throughput screen of broad-spectrum antitoxin inhibitors

(A) General scheme and results of the screening pipeline developed to isolate small chemical compounds inhibiting the
CNF1-mediated cell depletion of Rac1 followed by orthogonal screens with AB toxins hijacking the endolysosomal (DT) or
retrograde (Stx1) pathways. Chemical structure of N-(3,3-diphenylpropyl)-1-propyl-4-piperidinamine, referred to as C910.
(B) ChemBridge library compounds were screened in HUVECs. Upper black dots represent positive controls (100% Rac1 signalin
control HUVECs), whereas lower black dots correspond to Rac1 levels set to 0% in HUVECs exposed to 10-nM CNF1 for 6 h
(negative controls). The red dots correspond to HUVECs incubated with chemicals in the presence of 10-nM CNF1 for 6 h. Cutoff
(blue dashed line) was set to 30% of the Rac1 cellular signal. (C) and (D) graphs showing the dose-dependent protective effects
conferred by C910 against protein biosynthesis inhibition at increasing concentrations of DT.

(C and D) Graphs showing the dose-dependent protective effects conferred by C910 against protein biosynthesis
inhibition at increasing concentrations of DT (C) and Stx1 (D). HeLa cells were pretreated for 1 hin DMEM with C910 at the
indicated concentrations (filled colored circles) or DMSO vehicle (black circles) prior to the addition of DT (C) or Stx1 (D)
for 6 h and 18 h, respectively. Each point represents the mean of duplicates + SD from one representative experiment
(n=3).

(E) Rac1 levels in CNF1-treated cells in the presence of increasing concentrations of C910. HUVECs were intoxicated with
10-nM CNF1 for 6 h in the absence or presence of C910 at the indicated concentrations. Each point represents the mean
of duplicates + SD from one representative experiment (n = 3).

See also Figure S1.

frequently active in other screens (Baell and Holloway, 2010). A total of 10 compounds were shortlisted as robust
inhibitors of CNF1-mediated cellular Rac1 degradation. These compounds were subsequently analyzed for their
protective actions against two bacterial toxins following either the endolysosomal or the retrograde pathway.
These orthogonal screens were set to remove compounds with direct inhibitory action on the proteasomal
degradation of Rac1 and identify compounds acting at the crossroad of the endolysosomal and retrograde path-
ways. For the orthogonal screening, we selected DT and Stx1 that rely on a well-studied transport route through
the endolysosomal and retrograde pathways while targeting protein synthesis, unlike CNF1. Hence, DT was
selected for the first orthogonal screen given its recognized capacity to translocate its A-domain from mature
early endosomes (Papini et al., 1993; Ratts et al., 2003). The ADP-ribosyltransferase activity of DT catalyzes the
post-translational modification of elongation factor-2 (EF-2), thereby blocking protein synthesis. The second
orthogonal screen was conducted with Stx1, as it undergoes retrograde transport from early endosomes to
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the Golgi before reaching the ER, where the A1 enzymatic subunit exits into the cytosol (Johannes and Romer,
2010; Sandvig et al., 1992). The N-adenine glycohydrolase activity of Stx1 cleaves an adenine of the 28S rRNA to
inhibit protein biosynthesis. The cytotoxic effects induced by DT and Stx1 were quantified by measuring ['“Cl-
leucine incorporation into the neosynthesized cell proteins (Figures 1C and 1D). From the 10 lead compounds
selected in the first screen, two molecules (see the STAR Methods section) were active against DT, and another
was active against DT as well as Stx1. Taken collectively, this screening strategy allowed us to isolate one com-
pound out of a total of 16,480 molecules, herein referred to as C910. The chemical structure of C910 can be
divided into four parts (Figure 1A). As drawn, the western half bears two aromatic phenyl groups, whereas
the eastern part contains a central amino group, a piperidine ring, and a terminal propyl chain.

We next calculated the half-maximal effective concentrations (ECsgs) for DT (60.1 uM), Stx1 (35.6 uM), and
Stx2 (4.9 uM) (Figures 1C, 1D, and S1). We also determined that C910 inhibits the cytotoxic effects pro-
duced by 10-nM CNF1 with an ICsg = 11.3 uM (Figure 1E). Compound C910 thus displays ECsq values in
the micromolar range, which is typical of nonoptimized hits found by HTS. We then evaluated the cytotox-
icity of C910 in HUVECs and Hela cells. We determined a CCsq value of approximately 100 uM for HUVECs
that gave a selectivity index of ~9 for CNF1(Figure STE). These data show that we identified a piperidin-
amine-derived compound that decreases host cell susceptibility to four different bacterial AB toxins by ex-
ploiting the endolysosomal (CNF1 and DT) or retrograde (Stx1 and Stx2) pathways.

C910 acts between the CNF1 cellular entry and Rho deamidation

C910 protects cells from CNF1, DT, and Stx, each of which has distinct catalytic activities and host cell re-
ceptors. This suggests that C910 acts on host cell components rather than on the particular enzymatic ac-
tivities or receptor binding of the toxins. Consistent with this idea, we found that C910 did not affect the
CNF1-mediated deamidation of RhoA in vitro (Figure S2A). Moreover, C910 did not affect the association
of CNF1 with cell surface-exposed receptors nor its endocytosis. For this, CNF1 was chemically coupled to
the fluorophore Cy3 (CNF1-Cy3) and incubated with cells at 4°C, allowing CNF1 to bind to its receptor on
the cell membrane. Fluorescence-activated cell sorting (FACS) analysis showed that concentrations of
C910 greater than its ICso against CNF1 did not significantly influence the amount of CNF1-Cy3 bound
to the cell membrane (Figure 2A). There was also no effect from C910 on the binding of the B-subunit of
shiga toxin (STxB) to cell surface-exposed receptors (Figure S2B). Furthermore, C910 had no detectable
effect on the internalization of CNF1 or STxB (Figures 2B and 2C).

The above data prompted us to examine the impact of C910 on the endolysosomal pathway. Here, we
quantified the transport of fluid-phase endocytosed BSA to lysosomes by monitoring the acid-dependent
protease-mediated dequenching of self-quenched red fluorescent DQ™ Red BSA (DQ-BSA) (Figures 2D
and 2E). We verified that inhibiting endosomal acidification with the vacuolar H* ATPase (V-ATPase) inhib-
itor bafilomycin A1 (Baf A1) blocked DQ-BSA cleavage by acid-dependent proteases. When the chase was
carried out for a short period of time (4 h), we observed a strong reduction in the signal from cleaved DQ-
BSA in C910-treated cells compared with control vehicle-treated cells. However, C910 had no detectable
effect on DQ-BSA cleavage in lysosomes after a longer reaction time. These data argue that C910 may
target vesicular trafficking by lowering the flux of endolysosomal trafficking.

We next assessed the impact of C910 treatment on the acidic pH-dependent activity of cathepsin B and the
density of the acidic compartments. First, C910 had no detectable effect on lysosomal cathepsin B activity
measured both in vitro and in cells (Figures S3A and S3B). This argued for an absence of C910 interference
with late endosome/lysosome acidification. The acidic compartment density was quantified by staining
with LysoTracker Red DND-99, a membrane-permeable fluorescent dye that is protonated after the entry
into acidic luminal compartments; this effect can be blocked by treating cells with the V-ATPase inhibitor
Baf A1 (Pierzyriska-Mach et al., 2014). We did not measure variations in the percentage of LysoTracker-pos-
itive cells between the DMSO vehicle and C910 treatments (up to 40-uM C910) after 4 h of incubation, which
was in contrast to the results after Baf A1 treatment (Figure 2F). Evidently, the defective endolysosomal traf-
ficking flux is not related to pH variation in the acidic compartments.

C910 affects early endosome homeostasis, and CNF1 and Stx toxin sorting

To investigate the mechanism of action of C?10, we analyzed the morphologies of the key vesicular com-
partments. This analysis was conducted after treating cells for a short period of time with C910 to avoid the
cascade of effects on the interconnected endomembrane system. Immunolabeling of several protein
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Figure 2. Absence of an impact from C910 on CNF1 and STxB entry into cells

(A) HUVECs were pretreated with DMSO vehicle or 40-uM C910 for 2 h and incubated with CNF1-Cy3 (1/500) on ice for 30 min in the presence of DMSO
vehicle or 40-pM C910 before flow cytometry analysis. The signal from the control DMSO-treated cells was used as a background. The MFI (mean fluo-
rescence intensity) of C910-treated cells was normalized to that of DMSO-treated cells. The histogram represents the mean + SEM of three independent
experiments. ns, not significant, paired two-tailed t test.

(B and C) Representative images (B) and quantification (C) showing that C910 does not affect the internalization of CNF1 or STxB. (B) Fifteen minutes of
internalization of CNF1-Cy3 (red) in HUVECs and Alexa Fluor 488-STxB (green) in Hela cells in the presence of DMSO vehicle or 40-uM C910. Nuclei were
stained with DAPI (blue). Scale bar, 20 um. (C) Quantification of the signal intensity of CNF1-Cy3 or Alexa Fluor 488-STxB associated with the cells. The mean
values £ SD of the signal intensity measured for n > 25 cells per condition from one representative experiment are shown, n = 3. ns, not significant, unpaired t
test.

(D) Representative images showing the signal intensity of cleaved DQ-BSA in HUVECs 4 h or 16 h after endocytosis under treatment with DMSO vehicle or 20-
uM C910. Bafilomycin A1 (Baf A1) treatment was used as a positive control to inhibit acid pH-dependent endosomal proteases. Scale bar, 20 pm.

(E) Signal intensity quantification of cleaved DQ-BSA. The mean values +SD of the signal intensity measured for n > 25 cells per condition from one
representative experiment are shown, n = 3. ***p < 0.001, **p < 0.01, ns, not significant, one-way ANOVA.

(F) Representative images and percentage of LysoTracker-positive cells after treatment with DMSO vehicle, C910 (10, 20, 40, and 60 uM) or BafA1 (100 nM) for
4 h. Data show the mean + SEM from three independent experiments, 12 repeats in total with n > 800 cells per condition. ***p < 0.001, ns, not significant,
one-way ANOVA. Scale bar, 20 pm. See also Figure S2.

markers of cell compartments failed to detect a significant effect of C910 on the distribution and
morphology of endolysosomal or retrograde pathway-related compartments with the exception of
Rab5-positive early endosomes (Figure 3A). Indeed, compartments positive for Rab5 and early endosome
antigen 1 (EEA1) appeared significantly enlarged and devoid of the late endosomal marker lysobisphos-
phatidic acid (LBPA) (Figures 3B and S3C). The extent of enlargement of EEA1-positive compartments
increased as a function of incubation time and dose of C910 (Figures S4A and S4B). Transmission
electron micrographs of endosomes from HUVECs incubated for 15 min with BSA-gold showed that the
BSA-positive vacuoles had an electron-lucent lumen and few internal vesicles (Figure 3C). Moreover, we
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Figure 3. C910 alters the morphology and function of EEA1-positive early endosomes

(A and B) Immunofluorescence analysis showing the impact of C910 on early endosome morphology. A: HUVECs were treated with control DMSO vehicle or
40-uM C910 for 45 min and labeled for the indicated intracellular compartment markers. Nuclei were labeled with DAPI (blue). Scale bar, 10 um. (B)
Enlargement of the EEA1/Rab5-positive compartments in an HUVEC treated as in (A).

(C) Representative electron micrographs showing a BSA-gold-positive compartment after 15 min of endocytosis in a DMSO vehicle- or C910-treated HUVEC.
White arrows indicate BSA-gold. Scale bar, 100 nm.

(D) Plot quantifying the sizes of the BSA-gold positive compartments from HUVECs as in (C). Each point represents an individual compartment, n = 87
(DMSO) and 77 (C910) from one representative experiment with the mean + SD shown in red. ****p < 0.0001, unpaired two-tailed t test.

(E-H) Representative images and quantification of the distribution of CNF1-Cy3 in HUVECs (E-F) or Alexa Fluor 488-STxB (STxB) in HeLa cells (G and H) after
two different times of endocytosis. Nuclei were labeled with DAPI (blue). Scale bar, 10 um. (E) HUVECs were pretreated with DMSO vehicle or 40-uM C910 for
30 min followed by incubation with CNF1-Cy3 (red) for 30 min or 90 min in the presence of compound. Cells were labeled for EEA1 (green) or Rab7 (green). (F)
Graph showing the Pearson’s coefficient values of the cellular colocalization of the CNF1 and Rab7 signals for each cell (open circles), n = 60 (DMSO) and 51
(C910) with the mean £ SD in red. ****p < 0.0001, unpaired two-tailed t test. (G) Hela cells were pretreated with DMSO vehicle or C910 40-uM before
endocytosis of STxB (green) for 10 or 55 min in the presence of compound. Cells were then labeled for EEAT (red) or Giantin (magenta). (H) Graphs showing
the Mander’s overlap coefficient values with the mean + SD inred between the STxB and Giantin signals (left), as well as the STxB and EEA1 signals (right) for
each cell (open circles), n = 44 (DMSO) and 53 (C910). Data from three independent experiments are expressed as arbitrary units (a.u.). ****p < 0.0001,
***n < 0.001, unpaired two-tailed t test. See also Figures S3 and S4.

quantified the significant increase in the size distribution of the BSA-gold-positive compartments in C910-
treated cells compared with control (Figure 3D).

We then continued to define how cell treatment with C910 affects the trafficking of CNF1. After 30 min of
intoxication, we observed a strong accumulation of CNF1-Cy3 in EEAT-positive endosomes (Figure 3E).
Later, after 90 min of intoxication, we observed the preferential distribution of CNF1-Cy3 in Rab7-positive
late endosomes. When cells were cotreated with C?10 and CNF1-Cy3, we observed the accumulation of
CNF1-Cy3 in the lumen of the enlarged EEAT-positive endosomes, which is associated with a deficit in
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the transfer of CNF1-Cy3 in Rab7-positive late endosomes (Figures 3E and 3F). In line with the impact of
C910 on the trafficking of CNF1 from early to late endosomes, we found that C910 treatment significantly
increased the accumulation of Alexa Fluor 488 conjugated-STxB in EEA1-positive endosomes (Figures 3G
and 3H). This was at the expense of STxB transfer to the Golgi apparatus, as determined by Giantin immu-
nostaining (Figures 3G and 3H). Thus, C910 affects the trafficking of CNF1 and fluid-phase endocytosed
BSA through the endolysosomal pathway as well as the trafficking of STxB from early endosomes to the
Golgi network, thereby protecting host cells against CNF1 and Stx toxins.

We concluded that C910 disrupts the vesicular trafficking at the level of the early endosomes.

Extended spectrum of protection against bacterial AB-like toxins

We next sought to characterize the antitoxin spectrum of C910 by studying a collection of AB toxins that transit
through early endosomes to intoxicate cells. Exotoxin A (PE) from Pseudomonas aeruginosa, shares with DT
and Stx the capacity to block protein biosynthesis. PE exploits the intertwined endolysosomal and retrograde
pathways (Alami et al., 1998; Kounnas et al., 1992) to reach the ER for translocation into the cytosol (Michalska
and Wolf, 2015; Moreau et al., 2011). Cells were intoxicated with increasing doses of PE in the presence of 5-20-
uM C910 or treated with vehicle (DMSO), and an ECsg value of 12.6 uM was established (Figure 4A and Fig-
ure S1D). We next pursued the study of AB toxins that translocate their A-enzymatic components through a
pore formed by B-subunit oligomers at acidic pH. Anthrax toxin from Bacillus anthracis is composed of protec-
tive antigen (PA), lethal factor (LF), and edema factor (EF) (Collier and Young, 2003). The 63-kDa mature form of
PA undergoes hepta- or octamerization at the cell surface in association with receptors, leading to toxin-recep-
tor endocytosis (Bradley et al., 2001; Scobie et al., 2003; Wei et al., 2006), whereas LF and EF translocate through
oligomerized PA (Collier and Young, 2003). HUVECs were intoxicated with two different concentrations of le-
thal toxin (LT: PA + LF), both of which are sufficient to induce complete cleavage of MEK2, the substrate of LF,
within 2 and 4 h (Figure 4B). We found that the addition of 40-uM C910 markedly delayed the kinetics of MEK2
cleavage by protection factors between 2.2 (LT) < p < 2.5 (LT110) (Figures 4B and 4C). This result demonstrates
the protection conferred by C910 to host cells intoxicated with LT from B. anthracis over time. We then tested
the effect of C910 on the large clostridial glucosylating toxins (LCGTs) TcdA and TedB from Clostridium difficile
(Papatheodorou et al., 2018). These toxins hijack different host receptors to enter cells via endocytosis and
translocate from acidified endosomes (Aktories et al., 2017; Chen et al., 2021; Tao et al., 2019). The internaliza-
tion of LCGTs occurs via a dynamin-dependent process that largely involves clathrin. LCGTs glucosylate a thre-
onine residue in the effector binding loop of Rho GTPases to short circuit the signaling cascades that control
the actin cytoskeleton. Consequently, this produces cell rounding. Highly sensitive Vero cells were intoxicated
with eight cytotoxic units of TcdA or TedB, conditions that were set to reach 100% cell rounding after 8 h of
intoxication. Under these conditions, cotreatment of cells with 5-uM C910 markedly reduced the percentages
of cells rounding (Figure 4D). The extent of protection conferred by C910 on LCGT cytotoxicity was quantified
by anti-Rac1 immunoblotting (Figure 4E). This assay is based on the observation that glucosylation of threo-
nine-35 of Racl blocks its recognition by the anti-Rac1 [clone 102]-monoclonal antibody (Halabi-Cabezon
et al.,, 2008). These data allowed direct visualization of the dose-dependent inhibition conferred by C910 on
the LCGT-driven post-translational modification of Rac1, which reached a maximum at 20 uM (Figure 4E).

The protective effects displayed by C910 treatment on cells intoxicated with eight different bacterial AB
toxins argue for the broad action of C910 on the early stages of intracellular trafficking, before bifurcation
between the endolysosomal and retrograde pathways.

C910 inhibits CNF1-mediated cell invasion by uropathogenic E. coli (UPEC)

We next examined whether C910 may have notable applications in infectiology by protecting cells against
the CNF1-mediated internalization of UPEC. Invasion of epithelial and endothelial cells by UPEC leads to
recurrent and severe forms of infection (Klein and Hultgren, 2020). The efficiency of cell invasion was quan-
tified by treating cells with a defined amount of recombinant CNF1 toxin and infecting them with a strain of
UPEC, which lacks both the ¢nf1 and alpha-hemolysin hlyA encoding genes that would otherwise lyse the
host cells in vitro. Extracellular bacteria were then killed by treating the cell culture with nonpermeable
gentamicin, and viable intracellular bacteria were enumerated by measuring the number of colony-forming
units on agar plates following cell lysis (Doye et al., 2002). We first verified that C?10 at 15 uM, close to its
ECso determined for CNF1, had no impact on the bacterial growth kinetics (data not shown). Figure 5A
shows that neither C910 nor CNF1 affected the binding of the bacteria to the cells. Figure 5B shows that
the bacteria could invade cells and escape from the gentamicin treatment only in the presence of CNF1.
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Figure 4. Extended spectrum of protection conferred by C910 against AB toxins

(A) Dose-dependent protective effect conferred by C910 against protein synthesis inhibition by PE from P. aeruginosa.
L929 cells were pretreated for 1 h with control DMSO vehicle (black circles) or C910 at the indicated concentrations (filled
colored circles) before the addition of PE for 18 h. Each point represents the mean of duplicates +SD from one
representative experiment (n = 3). See also Figure S1D.

(B) Immunoblots showing the kinetics of MEK2 cleavage at two concentrations of LT (PA: 0.3 ng/mL, LF: 0.1 pg/mL (LT) or
diluted 1/10 (LT+,10) in the absence or presence of 40-uM C910. Anti-GAPDH immunoblots were used as loading control.
The blots are representative of four independent experiments.

(C) Non-linear regression curves of the normalized MEK2 levels as a function of time (h) (R? > 0.9) under the conditions
described in (B). The curves show the percentages of the MEK2 signal as a function of time in HUVECs intoxicated with LT
(red circles) or LTq,10 (orange circles) in the presence of DMSO vehicle (filed circles) or 40-uM C910 (open circles). Each
point represents the mean + SD from four independent experiments.

(D) Vero cells intoxicated with eight cytotoxic units (cu) of TcdA or TedB for 8 h in the presence of DMSO vehicle or C910 at
the indicated concentrations. Scale bar, 10 pm.

(E) Anti-Rac1 immunoblots showing the non-glucosylated form of Rac1 in Vero cells treated as in (D). The histogram
corresponds to the Rac1 signals normalized to GAPDH and set to 100% for the control conditions. Data are expressed as
the mean + SD, n = 3 independent experiments. Two-way ANOVA with Tukey’s multiple comparison test was used to
compare toxin-treated cells with non-intoxicated controls in the presence of C910 at different concentrations,

***+%n < 0.0001; ns, not significant.

However, cotreatment with C910 abrogated the positive effect of CNF1 on cell invasion. These results high-
light the importance of CNF1 for the invasion of host cells by UPEC. Infected cells were also monitored for
the CNF1-mediated depletion of Racl, further showing the protective action of C910 (Figure 5C). In
contrast, we found that C?10 did not confer protection during the Racl-dependent invasion of cells by
Salmonella typhimurium (Figures 5D, 5E, and 5F). Cell-bound S. typhimurium directly injects Cdc42/
Rac1-activating effectors through type-3 secretion system (T3SS)-1, thereby bypassing the endocytosis
and intracellular trafficking steps required for AB toxin action, including CNF1 (Hardt et al., 1998). Collec-
tively, these data show that C910 dramatically diminishes an essential step of UPEC infection by blunting
the cytotoxic effects of CNF1 and has no effect on Rac1-driven large-scale membrane deformations trig-
gered by Salmonella to induce macropinocytosis into host cells.
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Figure 5. C910 protects cells from UPEC invasion mediated by CNF1

(A-F) Measurements of cell invasion by uropathogenic E. coli UTI89AhlyAAcnf1 (UPEC) (A, B, and C) and Salmonella
enterica serovar Typhimurium SL1344 (Salmonella) (D, E, and F). HUVECs were preincubated for 30 min with DMSO
vehicle or 15-uM C910 before UPEC infection for 2.5 h in the absence or presence of 1-nM CNF1. HUVECs were prein-
cubated for 3 h with DMSO vehicle or 15-uM C910 before infection with Salmonella in the absence or presence of C910 for
1 h. Graphs show the number of viable bacteria associated with the cells (A and D) or viable intracellular bacteria resistant
to gentamicin treatment (B and E). Values correspond to colony-forming units (CFU)/mL, presented as the mean + SEM
from three independent experiments. One-way ANOVA was performed overall (p < 0.0001) with Tukey’s multiple com-
parison test to compare the treated conditions in (A) and (B), ****p < 0.0001; ns, not significant. Data in (D) and (E) were
analyzed by an unpaired two-tailed t test, ns, not significant. (C) Immunoblots of anti-Rac1 and anti-RhoA showing that
C910 blocked CNF1-mediated Rac1 and RhoA depletion during cell infection by UPEC, as described in (B). (F) Immu-
noblot of anti-Rac1 showing that C910 and/or Salmonella infection, as described in (E), did not affect Rac1 cellular levels.
Anti-GAPDH was used as a loading control.

C910 inhibits cell infection by influenza A virus HIN1 and SARS-CoV-2

Numerous viruses, as bacterial AB toxins, exploit the intracellular trafficking to infect host cells. Thus,
to what extent can C910 be leveraged to block cell infection by viruses responsible for pandemics?
Past flu pandemics include among others the devastating Spanish flu (>50 million deaths worldwide)
and the more recent 2009H1N1 pandemic, both owing to influenza A viruses (IAV). More recently, the
emergence of SARS-CoV-2, the etiologic agent of coronavirus disease (COVID) 2019, resulted in a
global pandemic affecting more than one billion people. These repeated pandemic episodes of se-
vere pneumonia of viral origin call for the development of broad anti-infective strategies against viral
pathogens.

To invade host cells, several viruses including IAV and SARS-CoV-2 share with AB toxins the need for the phys-
icochemical conditions and host proteases found inside endosomes. The well-defined IAV trafficking in host-cell
compartments shows that viral particles enter cells by multiple endocytic mechanisms and traffic through EEA1-
positive early endosomes before the release of genetic material into the cytosol from late endocytic compart-
ments (Dou et al., 2018; Sieczkarski and Whittaker, 2003). The infection of cells by SARS-CoV-2 involves the virus
binding to the angiotensin-converting enzyme 2 (ACE2) receptor (Zhou et al., 2020) and the processing of the
spike glycoprotein by host proteases at the plasma membrane and in late endosomes for membrane fusion (M-
tra, 2020). Processing of the spike protein expressed at the plasma membrane of infected cells by the serine pro-
tease TMPRSS? also facilitates cell-cell fusion and syncytia formation (Buchrieser et al., 2020).

We first examined the effect of C910 on a single IAV infectious cycle. A549 human pulmonary epithelial cells
pretreated with C910 or vehicle alone were infected with a reporter H1IN 1\ virus expressing the mCitrine
fluorescent protein. The expression of mCitrine from this reporter virus reflects viral genome replication
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Figure 6. C910 inhibits IAV H1N1 and SARS-CoV-2 cellular infection

(A) C910 inhibits a single HINT IAV cycle. A549 cells were pretreated with DMSO vehicle or C910 (30 pM) for 1 h at 37°C
before infection with the H1N1sy mCitrin reporter virus at an MOl of 5. At 6 h post-infection, the cells were analyzed by
flow cytometry. mCitrin fluorescence (left) is shown for non-infected (NI) or infected cells (Inf). The histogram (right)
represents the percentage of infected cells, which was calculated as the mean + SEM of six replicates from one repre-
sentative experiment (n = 2). ****p < 0.0001, unpaired two-tailed t test.

(B) C910 inhibits HIN1 IAV virion production. A549 cells were infected with H1N1,4moe at an MOI of 0.001 in the presence
of DMSO vehicle or 30-uM C910. Viral production was titrated at 24 h post-infection from the cell supernatant with a
plague-forming assay. The histogram represents the mean + SD of three replicates in one representative experiment (n =
2). **p = 0.005, unpaired two-tailed t test.

(C) Schematic protocol of SARS-CoV-2 infection. U20S-ACE2 GFP1-10 and GFP11 cells were preincubated with C910 for
2 h, and then SARS-CoV-2 at MOI = 0.1 was added for 20 h. The relative infection efficiency was calculated as the ratio
between the GFP area and the total number of cells stained with DAPI.

(D) Data are shown as the mean + SD from duplicate wells, one representative experiment (n = 3).

(Biquand et al., 2017). We measured the cell infection efficiency by flow cytometry after the short time
period of 6 h and found that C910 treatment reduced the percentage of infected cells by 3.6-fold, from
49.64 + 4.12% (DMSO) to 13.83 + 1.58% (C910) (Figure 6A, right panel). We then monitored the effect
of C910 on multiple cycles of infection. After a longer infection, C910 decreased the viral titer by 25.8-
fold, thereby demonstrating the strong inhibitory action of C910 on IAV cell infection (Figure 6B).

As with many viruses, SARS-CoV-2 relies on the components of endocytic pathways to infect cells (Gordon
et al., 2020; Riva et al., 2020). This encompasses the activity of PIKfyve kinase, which resides predominantly
in early endosomes to regulate endomembrane homeostasis and is also the specific target of apilimod, a
compound that blocks SARS-CoV-2 replication (Riva et al., 2020). We tested the effect of C910 in a cellular
model of SARS-CoV-2 infection. Here, a mixed population of U20S cells stably expressing ACE2 (U20S-
ACE2) and a GFP-split complementation system in which two cells separately express half of the reporter
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protein (GFP1-10 or GFP11) and produce GFP only upon intercellular fusion (Buchrieser et al., 2020). The
extent of the GFP-positive area generated by cell fusion is a function of the viral inoculum, thereby
providing a quantitative assessment of viral infection. U20S-ACE2 cells were preincubated with C910
before viral exposure, and viral infection was investigated after 20 h (Figure 6C). Compound C910 inhibited
SARS-CoV-2 infection with an ICsg of 0.74 + 0.07 uM (Figure 6D). Collectively, these results widen the anti-
infective spectrum of C910 against two RNA viruses that proceed through the endolysosomal pathway.

Both C910 and the PIKfyve inhibitor apilimod induced the enlargement of EEA1-positive early endosomes
(Figure S5A) (Nelson et al., 2017). This result suggested that C910 could possibly act on PIKfyve. Neverthe-
less, we found that apilimod had no protective effect on the CNF1-mediated degradation of Rac1 (Fig-
ure S5B), and conversely, C910 did not inhibit PIKfyve kinase activity in vitro (Figure S5C). Interestingly,
C910 displays broad anti-infective properties through a molecular mechanism that is different from that
of apilimod, although both compounds induce the enlargement of Rab5/EEAT-positive endosomes.

C910 accumulates in lung tissues and protects mice against lethal influenza

The pharmacokinetic (PK) parameters and pulmonary biodistribution of C910 following intraperitoneal
administration to mice were first defined. Figure S6A shows that at a dose of 10 mg/kg, the plasmatic con-
centration of C910 reached a maximum (C,,ax) of 164 £+ 33 nM at 15 min, followed by a sharp decline to a
prolonged plateau of approximately 25 nM for at least 24 h. C910 displays a half-life (T1/,) 0of 28.5 + 4.3 hin
plasma, indicating long exposure and slow elimination from the organism. Following a single intraperito-
neal injection of C910 at 20 mg/kg/mouse, we found 7-7.8 pg of C910 in whole lungs 1 h post-injection, and
6.7-7.4 ng 4 h post-injection. This corresponds to lung tissue concentrations of 100-116 uM after 1 h and
61-110 uM after 4 h. We next investigated the effect of intraperitoneal injection of 20 mg/kg C910 on major
blood chemistry parameters, e.g., markers of hepatic, pancreatic, renal, and cardiomuscular functions, us-
ing an approved field-portable clinical device. No toxicity and no statistically significant differences were
found between vehicle control C910-treated and vehicle control animals at 24 h post-administration (Fig-
ure S6B). Thus, despite low plasmatic concentrations, C910 accumulates in lung tissues at concentrations
around 100 uM for several hours after challenging mice with 20 mg/kg with no detectable toxic effects.
These concentrations are about three-fold the effective inhibitory concentration found in vitro against
IAV HIN1.

We then proceeded to proof-of-concept experiments starting in a prophylactic setting. C57BL/6 mice were
intraperitoneally injected with 20 mg/kg C910 and then challenged with the infectious IAV H1N1 strain PR/8
(Figure 7A). At a low dose of the virus that is known to induce weight loss and subsequent mortality, we
recorded complete protection in C910-treated mice, whereas the vehicle control-treated animals had to
be euthanized during the course of infection owing to excessive weight loss or serious symptoms
(Figures S6C and S6D). When the animals were challenged with a higher dose of virus in the same exper-
imental setting, we recorded that C910 treatment improved mouse survival and reduced mouse weight loss
(Figures 7B and 7C). Indeed, half of the C910-treated mice survived, whereas all of the vehicle-treated mice
had to be euthanized starting on Day 5. In a therapeutic setting (Figure 7D), repeated injections of C910
starting 24 h after viral infection significantly increased mouse survival and attenuated weight loss
(Figures 7E and 7F). Taken collectively, these findings show a beneficial effect of C?10 against AV infection
in mice, which can be attributed to the accumulation of C910 in lung tissues at an effective dose as defined
in vitro.

We conclude that C910 displays an extended protection spectrum against two viruses responsible for se-
vere pneumonia in addition to eight bacterial AB toxins. In addition, a proof of concept of in vivo efficacy
against a viral infection was established in mice.

DISCUSSION

We isolated by HTS a piperidinamine-derived chemical compound that protects host cells against a wide
spectrum of structurally unrelated AB toxins that hijack either the endolysosomal or retrograde trafficking
pathways to intoxicate cells. Mechanistically, we established that C910 impacts the size of Rab5/EEAT-
positive endosomes and affects the routing of CNF1 and STxB from early endosomes to late endosomes
and to the trans-Golgi network (TGN), respectively. We leveraged the properties of C910 to protect cells
against infection by a CNF1-producing strain of UPEC, IAV H1N1, and SARS-CoV-2 and mice against IAV
HTNT.

¢? CellPress

OPEN ACCESS

iScience 25, 104537, July 15, 2022 11




¢? CellPress

OPEN ACCESS

Day-1 Day0 +1h Day1  Day2
% il Y i Day0 Day1 +4hr  Day2 Day3 Day4

_& ‘ ‘ v ' > S\ ‘ ‘ ‘ ‘ ‘ 5 Monitor

C910 20mg/kg C910 H1N1 PR/8 C910 ca10 HIN1 PR/8 C91020mg/kg C910 €910 €910 weight/survival
or DMSO or DMSO infection or DMSO or DMSO infection or DMSO or or or
DMSO DMSO DMSO
B E
1201 120+
_ 100 — 1004
© [
> | >
S 804 S 804
< <
a = H
= 60 p=0.014 < 60+ p=0.01
Q Q
O 404 O 404
E DMSO E DMSO
204 C910 201 C910
01 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Days post infection Days post infection
[ F
110 110
= E
= 5
@ 100 @100
s * % * g %
= )
_g 20 8 %
s s
 801DMSO E 80/ DMSO
® C910 B C910
70 T T T T T T T T T T T 70 T T T T T T T T T T T
0123 456 7 8 910 0123 456 7 8 910

Days post infection Days post infection

Figure 7. C910 protects mice against IAV H1N1 infection
(A and D) Timeline of the procedure.

(B and C) Survival curves (B) and weight loss (C) following intranasal infection with PR/8, as described in (A) for mice treated
with control DMSO vehicle (n = 8) or C910 (n = 8).

(E and F) Survival curves (E) and weight loss (F) following intranasal infection with PR/8 as described in (D) for mice treated
with control DMSO vehicle (n = 10) or C910 (n = 11). The Mantel-Cox test was performed to compare the survival curves
between the groups injected with DMSO or C910. Weight loss data are shown as the mean + SEM, *p < 0.05,
multiple t test. See also Figure Sé.

We carried out stringent orthogonal screens of a chemical library against CNF1, DT, and Stx1, which none-
theless led to the identification of a compound targeting the two major vesicular trafficking pathways hi-
jacked by AB-like toxins compared with other antitoxin chemicals identified to date (Table S2). As summa-
rized in Table S2, the previously isolated chemical compounds display specific actions on a large panel of
toxins that traffic through one or the other of these two major pathways, as opposed to the broader spec-
trum of action of C910. These compounds comprise EGA as well as ABMA and Retro-2, which were selected
against the lethal toxin from B. anthracis and the plant toxin ricin (Gillespie et al., 2013; Stechmann et al.,
2010; Wu et al., 2017). C910 s able to inhibit Stx1/2, which are excluded from the antitoxin spectra of ABMA
and EGA. Moreover, Retro-2 is devoid of a protective effect against endolysosomal-based toxins, e.g., DT
and CNF1 (unpublished data).

The importance of these chemical modulators of vesicular trafficking in deciphering the key steps of these path-
ways and toxin mechanisms of action perfectly illustrates the cross-feeding between the disciplines of cell
biology and infectiology (Forrester et al., 2020; Sandvig et al., 1991; Selyunin et al., 2021). Notably, these different
compounds have been used as tools to discern the different physicochemical requirements of AB toxins. For
example, CNFy and CNF3 showed distinctive sensitivity to EGA but similar dose-response profiles to ABMA,
indicating differential endosomal escape of the two highly homologous toxins (Haywood et al., 2021). Similarly,
tamoxifen was identified in a drug repurposing screen to block the fusion of late endosomes with lysosomes with
consequences on the dynamics of retromer cycling on early endosomes, leading to the impaired sorting of Stx1
and Stx2 toxins from early endosomes to the Golgi network (Selyunin et al., 2019, 2021).
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The efficacy of C910 varies according to the investigated toxin or pathogen. The ECsq values varied
from ~5 to ~60 uM for the examined bacterial toxins and were as low as <1 uM for SARS-CoV-2. The
high efficacy of vesicular trafficking-disrupting drugs against viruses compared with AB toxins is compa-
rable to that of ABMA, with ECsq values of ~60-90 uM against several bacterial toxins, ~ 4 uM against
ricin toxin and Ebola virus, and ~10 uM against rabies virus and dengue virus 4 (Wu et al., 2017). The
diphtheria toxin that translocates from mature early endosomes displayed the highest ECso of
60.1 uM compared with the other AB toxins studied. This may reflect differences in the mechanisms
of translocations of these toxins that are differentially affected by the effect of C?10 on the dynamics
of endolysosomal trafficking. In contrast, toxins that have to reach late endosomes for translocation,
such as CNF1 and LCGTs from C. difficile, or be processed there, such as PE from P. aeruginosa, all
display similar susceptibilities to C910. Thus, C910, by interfering with the size of early endosomes
and their sorting function toward the endolysosomal and retrograde pathways, represents a new com-
pound to study vesicular trafficking dynamics and differences in translocation mechanisms among bac-
terial toxins. Also, the common denominator of the antitoxin and anti-viral effects of C?910 may help
to conceive new host-directed broad-spectrum anti-infective drugs.

Herein, we endow C910 with a function to disrupt vesicular trafficking in early endosomes. Indeed, C910
does not affect the binding and endocytosis of CNF1 and Stx1 although it induces the enlargement of
Rab5/EEA1-positive early endosomes and affects the sorting of CNF1 and STxB to late endosomes and
the Golgi network, respectively. C910 affects the morphology of early endosomes in this time window of
treatment without inducing detectable changes in the subcellular distribution and morphology of the
other organelles studied. The enlargement of early endosomes induced by C910 treatment shows
phenomenological similarity with the overactivation of Rab5 small GTPase signaling (Stenmark et al.,
1994) or the inhibition of the phosphoinositide 5-kinase PIKfyve that synthesizes phosphatidylinositol
3,5-bisphosphate Ptdins (3,5)P, from Ptdins(3)P on early endosomes (Jefferies et al., 2008). Notably,
knockdown of PIKfyve also affects retrograde trafficking from early endosomes to the TGN, and PIKfyve
inhibitors protect cells against SARS-CoV-2 (Ou et al., 2020; Riva et al., 2020; Rutherford et al., 2006).
Nevertheless, PIKfyve inhibition by apilimod did not protect cells against CNF1 but it did trigger early
endosome enlargement in the nanomolar range. Moreover, we found that C?10 has no inhibitory effect
on recombinant PIKfyve kinase activity in vitro. Together, these data indicate that C910 and apilimod
diverge in terms of their molecular mechanism of action although both molecules affect the size of
EEA1-positive early endosomes and display anti-infective properties. Future characterization of the
cellular target of C910 will thus contribute to defining key steps in the vesicular trafficking exploited
by numerous bacterial toxins and viruses.

We previously screened 1,120 off-patent drugs from the Prestwick Chemical Library for their ability to pro-
tect cells against CNF1-induced Rac1 depletion for drug repurposing (Mahtal et al., 2018, 2020). Never-
theless, the identified compounds did not allow further development in the clinic. Indeed, their antitoxin
activities required concentrations above their safety range, and in some instances, they had effects on
multiple cellular organelles (Mahtal et al., 2018, 2020). The extended spectrum of protection conferred
by C910 here points to its valuable pharmacological properties as much as it displays protection against
IAV HIN1 without detectable toxicity in animals. As found for UPEC, C910 might protect cells from infec-
tion by bacterial pathogens that are responsible for severe or highly prevalent infections with limited sus-
ceptibility to antibiotics. The development of host-directed therapy is also of interest for infections
caused by Stx-producing E. coli (STEC), as the hemolytic and uremic syndrome caused by the release
of the toxin cannot be treated by antibiotics (Tarr et al., 2005), or CNF1-producing UPEC, for which anti-
microbial resistance is a growing concern (Mihlen and Dersch, 2016). Interestingly, we showed that C910
displays a higher protection against Stx2 than Stx1. Each toxin hijacks different early endosome-Golgi
transport pathways, although Stx2, rather than Stx1, is more likely a critical determinant responsible for
hemolytic and uremic syndrome following infection by STEC (Selyunin et al., 2017). Owing to the synthesis
of LCGTs, C. difficile induces antibiotic and healthcare-associated diarrhea with an approximately 10%
mortality rate and a high recurrence rate of approximately 20%. Thus, there is an urgent need to identify
novel treatments targeting LCGTs (Johnson and Gerding, 2018).

Previous studies have shown that a host-directed prophylactic strategy endows antitoxin inhibitors with
expanded efficacy against viruses (Dai et al., 2018; Gillespie et al., 2013, Wu et al., 2017; Shtanko et al.,
2018). During manuscript revision, the toxin inhibitor ABMA was shown to protect cells and mice against
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IAV H1IN1 (Liu et al., 2022). In pilot experiments, we found also that C910 protected male mice against 1AV,
but not female mice (data not shown). This bias likely relates to the reported exacerbation of IAV-associ-
ated pathogenesis in female mice (Morgan and Klein, 2019). Moreover, differences in C910 efficacy be-
tween male and female mice may reflect differences in PK. The rapid evolution of the influenza virus com-
plicates effective vaccine design; therefore, small molecule inhibitors for the treatment of viral infections
are urgently needed. There are a number of antivirals in the clinic or under development, many of which
target viral proteins. However, resistance to these antivirals rapidly emerges owing to mutations in the viral
proteins (Korber et al., 2020; Riva et al., 2020; Wang et al., 2021). Thus, new host-directed antitoxin and anti-
viral molecules such as C910 deserve further study.

Interestingly, the biodistribution measurements found that C910 accumulates in the lungs despite low
plasmatic concentrations. Irrespective of the subcellular distribution of the molecule in either mem-
branes, cytosol or extracellular matrix, the overall concentrations in the lungs found at 1 and 4 h post-
administration are above the in vitro ECsg and should explain in vivo efficacy of the treatment against
IAV.

LIMITATIONS OF THE STUDY

Here we report the discovery of a molecule, C910, that protects cells against a broad spectrum of bac-
terial AB toxins and two respiratory viruses SARS-CoV-2 and Influenza A virus H1N1. This molecule accu-
mulates in mouse lung tissues and protects mice against pulmonary infection by IAV at a dose that did
not induce detectable behavioral or metabolic toxicities. As such, by acting at the crossroad of the en-
dolysosomal and retrograde transport pathways, C?10 displays an original activity and adds to the
toolbox of trafficking inhibitors having distinct spectra of antitoxin and anti-pathogen activities. Further
work is underway to assess the in vivo impact of C910 on toxin-producing bacteria. At this stage, how-
ever, there are two main limitations to pushing the development of C910 toward a drug candidate. First,
additional work is needed to identify the cellular target(s) of C910 to fully decipher its mechanism of ac-
tion. Secondly, C910 would need to be optimized by medicinal chemistry to obtain analogues with
improved activities in the submicromolar or preferably in the nanomolar range, together with reduced
cytotoxicity in order to obtain the best possible selectivity indexes. Nevertheless, it is classical to find
hit molecules from a high throughput screening with activities in the micromolar or even tenth of the
micromolar range.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-Actin Sigma Cat# A2228; RRID:AB_476697
rabbit anti-EEA1 Cell signaling Cat#3288; RRID:AB_2096811
rabbit anti-Rab7 Cell signaling Cat#9367; RRID:AB_1904103
rabbit-anti-his tag Cell signaling Cat#12698; RRID:AB_2744546
rabbit anti-Rab7 Abcam Cat#ab137029; RRID:AB_2629474
mouse anti-Giantin Abcam Cat#ab37266; RRID:AB_880195
mouse-anti-6 X -his [clone 3D5] Thermo Cat# R930-25; RRID:AB_2556553

mouse-anti-EEA1

mouse-anti-Rab5

mouse anti-Rac1 [clone 102]
mouse anti-Rab4

mouse anti-Lamp

mouse anti-TGN38

rabbit anti-MEK-2

mouse anti-Rho A [clone 26C4]
rabbit anti-Calnexin
mouse-anti-LBPA

Alexa Fluor 594 donkey anti-mouse
Alexa Fluor 594 donkey anti-rabbit
Alexa Fluor 488 donkey anti-mouse
Alexa Fluor 488 donkey anti-rabbit
Alexa Fluor 647 donkey anti-mouse

Horseradish peroxidase (HRP)-conjugated
goat anti-mouse secondary antibodies
Horseradish peroxidase (HRP)-conjugated
swine anti-rabbit secondary antibodies

Mouse anti-GAPDH

BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
BD Bioscience
Santa Cruz
Santa Cruz
Santa Cruz
Enzo

Echelon Biosciences
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Dako

Dako

Santa Cruz

Cat#610457; RRID:AB_397830
Cat#610724; RRID:AB_398047
Cat#610651; RRID:AB_397978
Cat#610888; RRID:AB_398205
Cat#611043; RRID:AB_398356
Cat#sc-101273; RRID:AB_1130226
Catitsc-524; RRID:AB_2281672
Cat#sc-418; RRID:AB_628218
Cat#ADI-SPA-860-D; RRID:AB_2038898
Cat#Z-PLBPA; RRID:AB_11129226
Cat#A-21203; RRID:AB_141633
Cat#A-21207; RRID:AB_141637
Cat#A-21202; RRID:AB_141607
Cat#A-21206; RRID:AB_2535792
Cat#A-31571; RRID:AB_162542
Cat#P0447; RRID:AB_2617137

Cat#P0399; RRID:AB_2617141

Cati#tsc-47724; RRID:AB_627678

Bacterial and virus strains

Uropathogenic E. coli

Salmonella enterica serovar Typhimurium
HIN pamos

SARS-CoV-2

This manuscript
This manuscript
This manuscript

This manuscript

uTI89

SL1344
SeasonalA/Bretagne/7608/2009
BetaCoV/France/IDF0372/2020

Biological samples

Mouse lung samples This study N/A

Mouse blood samples This study N/A

Chemicals, peptides, and recombinant proteins

C910 ChemBridge ID: 5454910

C910 Synthenova ID: SN0218L3
L{"C(U)}Heucine Perkin-Elmer Cat#NEC279E050UC
Hoechst 33342 Sigma Cat#B2261

Gelatin Sigma Cat#G9361

(Continued on next page)
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Continued
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Saponin Sigma Cat#S-7900
Bafilomycin A1 Sigma Cat#B1793
Rasazurin Sigma Cat#R7017
Apilimod Sigma Cat#A149227
Paraformaldehyde (PFA) Electron Microscopy Science Cat#15710

CNF1 This manuscript See method details
DT Sigma-Aldrich Cat#D0564

Stx1 List Biological Cat#161

Stx2 List Biological Cat#162

PE toxin Bruno Beaumelle (UMR5236 CNRS, University See method details

TedA and TedB purified from C. difficile
VPI10463

Protective antigen and lethal factor from
B.anthracis

STxB labeled with Alexa Fluor 488
CNF1 labeled with Cy3

of Montpellier, France)

This manuscript

This manuscript

This manuscript

This manuscript

See method details

See method details

See method details

See method details

Critical commercial assays

Cathepsin B activity assay kit
DQ™ Red BSA
LysoTracker® Red DND-99
Cy3® Mono 5-pack
BSA-gold

Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
GE Healthcare

Cell Microscopy Core

Cat#ab65300
Cat#D-112051
Cat#L7528
Cat#PA23001
Cat#BSAG 5nm

Experimental models: Cell lines

HUVECs

Hela with homogenous Gb3 expression
L929

A549

Vero E6

U20S-ACE2 GFP1-10 and GFP 11 cells

PromoCell

This manuscript
ATCC

ATCC

Sigma

This manuscript

Cat#C-12203

See method details
Cat# CCL-1

Cat# CCL-185™
Cat#685020206

See method details

Experimental models: Organisms/strains

C57BL/6 male mice
C57BL/6J male mice

Charles River Laboratories

Janvier Labs

JAX: 000664
C57BL/6JR]

Software and algorithms

GraphPad Prism 6 or 8.3

GraphPad Software

https://www.graphpad.com/

scientifificsoftware/prism/

Fiji software NIH https://imagej.nih.gov/ij/
FlowJo BD Bioscience https://www.flowjo.com/
RESOURCE AVAILABILITY

Lead contact

Further requests for resources, reagents and original data should be directed to and will be fulfilled by the
lead contact, Emmanuel Lemichez (emmanuel.lemichez@pasteur fr).

Materials availability

This work did not generate new unigue reagents.
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Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original codes.

® Any additional information required to re-analyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

For IAV infection, all mice were housed under specific-pathogen-free conditions at Seattle Children’s
Research Institute, and all animal experiments performed at Seattle Children’s Research Institute were
approved by the Institutional Animal Care and Use Committee (IACUC00580). To minimize suffering,
mice were monitored daily and euthanized when they showed significant weight loss (greater than 20%)
or exhibited signs of immobility or severe difficulty of breathing. A pilot experiment showed a protective
effect of C910 in male animals; therefore, we used male mice for further experiments (data not shown).

Cell culture and bacterial toxins

Human umbilical vein endothelial cells (HUVECs) (PromoCell, Heidelberg, Germany) were cultured in hu-
man endothelial SFM, supplemented with 20% fetal bovine serum, 20 ng/mL bFGF,10 ng/mL EGF,
1 ug/mL Heparin and 100 U/mL penicillin- 100 pg/mL streptomycin (Torrino et al., 2011). HelLa cell (a clone
with homogeneous Gb3 expression), L929, Vero, A549, Vero E6 and U20S-ACE2 cells were cultured at 37°C
with 5% CO, in DMEM/GlutaMAX (Invitrogen) supplemented with 10% heat-inactivated FBS (F9665,
Sigma-Aldrich) and 1% penicillin/streptomycin (Invitrogen).

DT (D0564) was purchased from Sigma-Aldrich, Stx1 (#161) and Stx2 (#162) were from List Biological. CNF1
was purified as described (Mahtal et al., 2018), TcdA and TcdB were purified from C. difficile VP110463 (von
Eichel-Streiber et al., 1987), and protective antigen and lethal factor from B. anthracis were purified as
described (Rolando et al., 2010). PE toxin was kindly provided by Bruno Beaumelle (UMR5236 CNRS, Uni-
versity of Montpellier, France). STxB was purified and labeled with Alexa Fluor 488 (Mallard et al., 2002;
Mallard and Johannes, 2003).

METHODS DETAILS

Orthogonal screening pipeline

All steps of the compound screening were performed in gelatin-coated Nunc Micro-Well 96-well opaque
plates (Thermo Scientific) seeded with 20,000 HUVECs per well. During the first round of screening, we

tested 16,840 compounds from the ChemBridge DIVERSet library at a working concentration of 50 uM
in the presence of 10 nM CNF1 for 6 h (Z’ values >0.5).

71 (3SDx + 3SDy)
mean (x) mean (y)

Rac1 cellular levels were determined by direct immunolabeling as follows. HUVEC fixation was performed
in 4% PFA for 15 min. Permeabilization and saturation were performed concomitantly in D-PBS supple-
mented with 1% donkey serum, 0.1% Triton X-100 and 0.05% Tween -20 for 1 h. Cells were next labeled
with an anti-Rac1 mouse antibody [clone 102] for 1 h and revealed with an Alexa Fluor 488-coupled anti-
mouse secondary antibody. Rac1 immunostaining was quantified using a Cytation 5 reader (BioTek) in fluo-
rescence intensity mode (Agx= 485 nm; Ag= 520 nm) with a 3 X 3 area scan mode per well. Hit compounds
were chosen and reevaluated following the same procedure with another secondary antibody coupled with
Alexa Fluor 594 (Ag,= 590 nm; Agm= 620 nm) to exclude autofluorescent molecules. Selected hits were then
reordered and freshly prepared for a third round of screening. The hit compounds were further filtered from
pan-assay interference compounds (PAINS), i.e., unstable molecules, irreversible modifiers or compounds
that are frequently active in other screens (Baell and Holloway, 2010). Ten compounds were shortlisted as
robust inhibitors of the CNF1-mediated degradation of Rac1 and underwent a series of two orthogonal
screens to define their protective effects against DT and Stx1. Two compounds (ChemBridge IDs:
5344639 and 5363116) were identified as inhibitors of DT but not Stx1. N-(3,3-diphenylpropyl)-1-propyl-
4-piperidinamine, herein referred to as C910 (C20H26N2), passed all of the screens against CNF1, DT
and Stx1. C910 shows lypophylicity with a partitioning coefficient (octanol/water) log p = 4.53.
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Of note, C910 and the unrelated compound (S)-2-amino-N-(1-((5-chloro-1H-indol-3-yl)methyl)piperidin-4-
yl)-3-(1H-indol-3-yl) propanamide (referred to as APl or SN0209) have been isolated for their capacity to
alter the interaction of SOS with p21-Ras GTPase in vitro (Burns et al., 2018). Cotreatment of cells with 5
to 10 uM API did not protect the cells from CNF1, ruling out a possible protective action of C910 through
SOS/Ras signaling (not shown).

Evaluating the efficacy of C910 against intoxication

Protein synthesis inhibition was determined by scintillation counting of the amount of L-["*C(U)]-leucine
incorporated in cells (Stechmann et al., 2010). Briefly, cells were plated overnight in 96-well Cytostar-T mi-
croplates with a scintillator incorporated into the polystyrene. Cells were then challenged with increasing
doses of toxins for the indicated periods of time (DT: 6 h; Stx1, Stx2, PE: 18 h) in the presence of vehicle or
various concentrations of C910. The medium was replaced with DMEM supplemented with 0.5 pCi/mL L-
["C(U)]-leucine for an additional 3 h (Stx1, Stx2, PE) or 15 h (DT). Protein synthesis was determined using a
Wallac 1,450 Micro-Beta scintillation counter (PerkinElmer). All values are expressed as the means of dupli-
cate measurements + s.d.; data were fitted using the nonlinear regression dose-response, and the good-
ness-of-fit values for the toxin alone (carrier) or toxin with drug were assessed by r? values and confidence
intervals with Prism ver. 8 software (GraphPad, San Diego, CA).

The cytotoxic effects of the LCGTs TcdA and TcdB on Vero cells (Sigma-Aldrich) were evaluated by
measuring cell rounding with phase-contrast microscopy. Vero cells seeded in 96-well plates at a density
of 10,000 cells per well one day prior to the experiment were intoxicated with 8 cytotoxic units of TcdA
or TcdB for 8 h in the presence of DMSO vehicle or C910 at 0, 5, 10 and 20 uM. One cytotoxic unit of
TcdA (~10ng) or TcdB (~1 pg) was defined as the amount of active toxin required to induce 100% rounding
in 10,000 Vero cells in 18 h. In parallel, cell lysates from intoxicated cells were examined for glucosylated
Rac1, which no longer reacts to the anti-Rac1 monoclonal antibody [clone 102].

The activity of LT from B. anthracis was assessed by determining MEK2 cleavage. Cell lysates from HUVECs
intoxicated with two concentrations of LT (0.3 ng/mL protective antigen (PA) + 0.1 ng/mL lethal factor (LF)
or 0.03 pg/mL PA + 0.1 ng/mL LF) in the absence or presence of C910 at 40 uM for 1, 2, 4, and 8 h were
collected and examined for MEK2 protein levels by immunoblotting. GAPDH was used as the loading
control.

Determination of C910 EC5q values for DT, Stx1, Stx2 and PE

The mean percentage of protein biosynthesis was determined and normalized from duplicate wells. All
values are expressed as the means + s.d. Data were fitted with Prism v8 software (GraphPad Inc., San
Diego, CA) to obtain the toxin concentrations that inhibited 50% of protein synthesis in the absence or
presence of compound (ICsg dgrug Vs ICso pmso)- The protection Factors R (R = ICsg grug/ICso pmso) were
determined by the software’s nonlinear regression “dose-response ECsq shift equation”. For each concen-
tration of C910, the percent protection was determined from the R values (% protection = (R-1)/(Rpax —
1) x 100, with Riax corresponding to the highest value of R in the series). The concentration of C910 was
plotted against the corresponding percent cell protection, and the 50% effective concentration (ECsg)
was calculated by nonlinear regression (R squared > 0.95).

Determination of C910 CCsq values in HUVECs and Hela cells

10,000 Cells seeded in 96-well flat clear bottom black microplates, were incubated with increasing doses of
C910 for 6 h, then the medium was replaced with fresh medium containing Resazurin (1/250). The fluores-
cence (540 nm /580 nm) was measured with FluoStar Omega (BMG Labtech). 0.5% Triton X-100-treated
cells was a positive control for cell death. The percentage of viability was expressed as the mean =+ s.d.
from four replicate wells of one representative experiment (n = 3). The concentration of C910 was plotted
against the corresponding percent cell viability, and the 50% effective concentration (CCsg) was calculated
by nonlinear regression (R squared > 0.95).

Western blot analysis

Samples were size-separated via SDS-PAGE, transferred to Immobilon-P PVDF membranes (Millipore) and
labeled with primary antibodies. Signals were revealed using horseradish peroxidase-conjugated goat
anti-mouse or swine anti-rabbit secondary antibodies (DAKO) followed by chemiluminescence using
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Immobilon® Western (Millipore). Chemiluminescent signals were recorded with a Syngene PXi imager
(OZYME), and the data were quantified using Fiji software (NIH).

CNF1 cell binding analyzed by FACS

Recombinant CNF1 toxin was fluorescently labeled with Cy3 (Cy3® Mono 5-pack, GE Healthcare, PA23001)
according to the vendor's recommendations. Briefly, purified toxin preparations (1 mg/mL) were incubated
with Cy3 dye in 100 mM bicarbonate buffer for 18 h at 4 °C and subjected to dialysis to separate the toxin
from the free dye. CNF1-Cy3 (16 nM) was allowed to bind to the cells at 4 °C for 30 min, and the cells were
processed for FACS analysis using a BD LSRFortessa™ flow cytometer. Data were analyzed with FlowJo (BD
Bioscience).

Fluid-phase endocytosed DQ-BSA transport to lysosomes

HUVECs were seeded in fibronectin-pretreated p-Slide 8 Well Glass Bottom (80827, ibidi) one day prior to
the experiments. Cells were pulsed with DQ-BSA (DQ™ Red BSA) at a concentration of 10 pg/mL for 30 min
(37 °C, 5% CO,). The cells were then washed three times with PBS before being treated with compounds in
complete medium at 37 °C for the indicated time. The fluorescence of the live cells was measured with a
Perkin EImer Ultraview spinning disk confocal microscope using a 60%/1.2 NA water objective.

Immunocytochemistry, confocal imaging and image quantification

Immunocytochemistry was performed on cells fixed with 4% PFA in PBS for 15 min at room temperature.
Next, the cells were permeabilized with 0.1% saponin in PBS for 10 min and blocked with 0.2% gelatin in
PBS. Immunolabeling with the indicated antibodies was performed in 0.05% saponin and 0.1% gelatin in
PBS. Images were acquired with a Perkin Elmer Ultraview spinning disk confocal microscope using a
60%/1.2 NA oil objective. Fiji ImageJ software (NIH) was used for image processing and quantification.

The colocalization of two fluorescence signals of interest were measured, and the results are expressed as a
Pearson'’s coefficient correlation or a Mander's overlap coefficient. Cells from each set of experimental con-
ditions were randomly selected and analyzed with the same threshold. Briefly, individual cells were
selected from a single mid-z stack of the confocal image by hand-drawing a region of interest (ROI) with
Fiji software. The two fluorescent channels were then separated and analyzed with the JACop plug-in.

The sizes of the EEAT-positive vesicles were measured from the single mid-z stack of confocal images and
were next quantified with the Analyze particles tool in Fiji Software. Threshold values were maintained
throughout each experimental set.

Electron microscopy

After the uptake of BSA-gold (Cell Microscopy Core, Universitair Medisch Centrum Utrecht, Netherlands),
HUVECs were fixed at room temperature for 2 h in 2.5% glutaraldehyde in PHEM buffer, pH 7.2 (60 mM 1,4
piperazine diethylsulfonic acid (PIPES), 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
10 mM EGTA, 2 mM MgCl,, pH 7.2). After washes with PHEM, the cells were postfixed with 1% osmium and
1.5% potassium ferricyanide (Merck, Darmstadt, Germany) in PHEM before dehydration with a graded se-
ries of ethanol and infiltration with epoxy resin. The resin was polymerized at 60 °C for 48 h. Sections with a
nominal thickness of 70 nm were obtained with a UC7 ultramicrotome (Leica Microsystems, Vienna, Austria)
and collected on formvar/carbon-coated 200 mesh copper grids (Electron Microscopy Sciences, Hatfield,
PA, USA). Sections were contrasted with 4% uranyl acetate and Reynold’s lead citrate and observed with a
Tecnai Spirit (Thermo Fisher, Eindhoven, Netherlands) operated at 120 kV. Images were acquired using a
Gatan Ultra Scan™ 4000 digital camera (Gatan, Pleasanton, USA).

Lysotracker accumulation in the acidic compartments

HUVECs were seeded at a density of 10° cells/well in 96-well black plates (Greiner, pClear). The next day,
the cells were incubated with the compounds for 2 or 4 h before addition of LysoTracker® Red DND-99
(100 nM) for 15 min. The cells were washed three times with D-PBS prior to fixation with 4% PFA, permea-
bilization with 0.1% saponin for 10 min and treatment with DAPI at 1 pg/mL for 15 min. Plates were imaged
with an Opera Phenix HCS microscope with a 40x water objective. The acquisition conditions were iden-
tical for all independent experiments. Fluorescence signals were analyzed with Columbus software (Perkin
Elmer). Briefly, the LysoTracker® fluorescence signals in the cytoplasm of each cell were quantified after cell
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segmentation with a DAPI mask. Incomplete cells at the edge of the fields were excluded from the analysis.
We set a threshold of maximum LysoTracker intensity per cell to reach 90% positive cells with DMSO
(vehicle) and less than 10% positive cells for the condition BafA1. The percentage of positive cells in
each field corresponds to the ratio between the number of cells displaying a signal above the threshold
divided by the total number of cells analyzed.

In vitro PIKfyve activity

Recombinant PIKfyve production and activity measurements were performed as described (Chicanne et al.,
2012). Briefly, PIKfyve was incubated with DMSO or compound in the presence of PtdIns3P/PE lipid vesicles
for 15 min at room temperature prior to the addition of [¥*2P]-ATP and incubation at 37 °C for 30 min. After
lipid extraction and thin layer chromatography, the amount of [*2P]-PtdIns(3,5)P, produced by PIKfyve was
visualized by autoradiography.

Bacterial infection experiments

Uropathogenic strain UTI89AhlyAAcnf1 (Diabate et al., 2015) and Salmonella enterica serovar Typhimurium
strain SL1344, kindly provided by Jost Enninga (Institut Pasteur, France), were used in this assay. Bacterial
internalization into HUVECs was assessed using a gentamycin protection assay. Briefly, HUVECs were
seeded on 12-well plates at a density of 250,000 cells/well overnight (triplicate wells were set up). When
indicated, 1 nM CNF1 toxin was added after 30 min of pretreatment with 15 uM C910. Exponentially
growing UPEC (ODggp = 0.6 in LB) or Salmonella (ODggo = 0.6 in LB with 0.3 M NaCl) were added to cells
at an MOI of 100, followed by 20 min of centrifugation at 1,000 X g at room temperature. Cell infection
was performed for 10 min at 37°C with 5% CO,. Infected cells were washed three times with PBS and either
lysed for cell-bound bacteria measurements or incubated for another 30 min in the presence of 50 pg/mL
gentamicin before lysis for internalized bacteria measurements. Cells were lysed in PBS +0.1% Triton X-100,
and serially diluted bacteria were plated on LB agar supplemented with 200 ng/mL streptomycin or ML
agar for CFU counting.

IAV infection

For single-cycle IAV infection assays, A549 cells (70,000/well) were infected with the reporter HIN1T A/WSN/
33(HTN1wsn PB2-2A-mCitrine) at an MOl of 5 PFU/cell for 6 h. Cells were then fixed in 4% PFA and analyzed
by flow cytometry (Attune NxT; Thermo Fisher Scientific) (Biquand et al., 2017). For multicycle growth as-
says, A549 cells were infected with a seasonal A/Bretagne/7608/2009 (H1N1,4mo9) strain adapted to human
cell lines (Biquand et al., 2017) at an MOI of 107 infective particles/cell in highly sensitive canine MDCK-
SIAT cells, and the production of infectious particles in the culture supernatant was determined at 24 h us-
ing a standard plagque assay(Matrosovich et al., 2006).

SARS-CoV-2 infection

U20S-ACE2 GFP1-10 and GFP 11 cells, also termed S-Fuse cells, become GFP+ after their successful infec-
tion with SARS-CoV-2 (Buchrieser et al., 2020)). Cells were mixed (ratio 1:1) and plated at a density of 4x10°
per well in a pClear 96-well plate (Greiner Bio-One). The following day, the cells were incubated with the
indicated concentrations of C910 for 2 h at 37 °C. SARS-CoV-2 (BetaCoV/France/IDF0372/2020) (MOl
0.1) was then added. Twenty hours later, the cells were fixed with 2% PFA, washed and stained with Hoechst
33342 (dilution 1:1,000, Invitrogen). Images were acquired with an Opera Phenix high content confocal mi-
croscope (PerkinElmer). The GFP area and the number of nuclei were quantified using Harmony software
(PerkinElmer). The percent inhibition was calculated using the GFP area value along with the following for-
mula: 100 X (1 — (value with C910 — value in “non-infected”)/(value with * DMSO vehicle” — value in “non-
infected")).

C910 dosage and quantification by LC-MS/MS for PK and biodistribution studies

Two stock solutions of the C910 standard and another compound used as an internal MS standard (IS) were
prepared at concentrations of 10 mM in DMSO. To establish calibration plots, known amounts of C910 were
spiked into control mouse plasma or lung homogenates. To eliminate plasma proteins and other endog-
enous compounds, C910 was extracted from the plasma samples twice with acetone. This involved the
addition of 4 volumes of ice-cold acetone and incubation for 1 h at —20°C. After centrifugation at
15,000 x g for 10 min, the supernatants containing C910 were collected. For each sample, both acetone
supernatants were combined and dried at 40°C for 3 h. The dried extracts were finally resuspended in
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25% acetonitrile (ACN) in water containing 0.1% formic acid (FA) for analysis by LC-MS/MS in multiple re-
action monitoring (MRM) mode.

Mouse lungs were homogenized using a Precellys/Cryolys Evolution homogenizer from Bertin, France, ac-
cording to the manufacturer’s recommendations using the CK28 ceramic beads 2 mL lysing kit. One hun-
dred milligrams of lung tissue in 400 plL of cold PBS was ground at 4°C for 3 to 6 cycles of 30 s each at
5,000 rpm with a 15 s pause in between each cycle until a smooth homogenate was obtained (3 animals
per time point, two independent experiments).

To extract C910 from lung homogenates, samples were washed twice with ice-cold PBS (vortex, centrifu-
gation at 15,000 x g for 10 min, elimination of the supernatant). Then, the pellets were resuspended in
DMSO, vortexed and centrifuged twice to extract C910, and both supernatants were combined. A fraction
of the DMSO supernatant was diluted with 25% ACN in water containing 0.1% FA and analyzed by LC-MS/
MS (MRM mode). The LC-MS/MS system consisted of an Agilent 1100 HPLC coupled online to an Esquire-
HCT ion trap mass spectrometer (Bruker-Daltonics) equipped with an electrospray ionization (ESI) source.
LC separation was carried out at a flow rate of 200 uL/min with a Thermo Scientific reversed-phase Accu-
core-150 C18 column (2.1 x 50 mm; 2.6 pm) with a linear gradient of 0-100% B over 7 min with a mobile
phase composed of 0.1% FA in water (solvent A) and 0.1% FA in ACN (solvent B). The ESI conditions
and detection of C910 and products were optimized, and the IS-spiked samples were quantified. Fragmen-
tation energy amplitudes were also optimized (SmartFrag off). MS detection was performed in MRM mode.
The fragmentation transition followed for the dosage of C910 was m/z 337.2 — 125.9. A second fragmen-
tation transition was used to confirm the identity of C910 (m/z 337.2 — 238.0). The fragmentation transi-
tions followed for the internal standard were m/z 436.0 — 284.9 (dosage) and m/z 436.0 — 254.9 (identity
confirmation). Data analysis software (Bruker Daltonics) was used for the qualitative and quantitative pro-
cessing of the raw MS and MS/MS data. The ion chromatograms of the C910 MS/MS transitions as well as of
the internal MS standard were extracted as EICs. The EIC peaks were integrated, and the ratio of C910/IS
from the corresponding MS transitions enabled us to generate C910 calibration curves in plasma or lung
homogenates and further quantify the amount of C910 in these biological matrices from treated mice.

In vivo PK, biodistribution and plasma analysis

Animal care and surgical procedures were performed according to Directive 2010/63/EU of the European
Parliament, which had been approved by the Ministry of Agriculture, France. The project was submitted to
the French Ethics Committee CEEA (Comité d'Ethique en Expérimentation Animale) and obtained autho-
rization (APAFIS#10108-2017060209348158 v3). Animal protocols in the CIIL (Center for Infection and Im-
munity of Lille) were approved by the Minister of Higher Education and Research after favorable opinion
of the Ethics Committee (CEEA Nord-Pas de Calais n°75/APAFIS#10232-2017061411305485 vé). All exper-
iments were performed in accordance with the relevant named guidelines and regulations. Experiments
were conducted on adult male C57BL/6J mice (23.5 + 0.3 g) purchased from Janvier Labs (Le Genest St
Isle, France). Mice were injected intraperitoneally with 10 mg/kg (29,716 nmol/kg) C910. Blood samples
were collected at 5 min, 15 min, 30 min, 45 min, 1 h, 6 h and 24 h after injection from three different
mice at each time point. Quantification of the C910 concentration contained in the plasma at each time
point was performed by LC-MS/MS. PK parameters were calculated from these data with the noncompart-
mental analysis linear up/log down method using the PKSolver add-in program. Plasmatic toxicology diag-
nostics were performed 24 h after injection using a Piccolo® AmLyte 13 and the Piccolo Xpress® chemistry
analyzer (Abaxis, USA). Levels of glucose, blood urea nitrogen, creatinine, total bilirubin, aloumin, alanine
aminotransferase, aspartate aminotransferase, creatine kinase, amylase, sodium, potassium, and calcium
were determined from the heparinized plasma of five mice injected with DMSO vehicle or C910. Quantita-
tive data are shown as the means, with error bars indicating the standard error of the mean (s.e.m.).

In vivo IAV infection

Viral challenges were carried out on groups of 9~10-week-old C57BL/6 male mice (Charles River Labora-
tories). Animals were treated by intraperitoneal injection with either DMSO vehicle or 20 mg/kg C910 as
described in the figures. Anesthetized mice were infected intranasally with the IAV H1N1 PR/8 strain
(Charles River Laboratories) diluted in 25 pL of PBS at a high dose (1 .5%10° PFU/mouse, Figures 7A-7C)
or low dose (5 x 10% PFU/mouse, Figures S6C and S6D) in the prophylactic setting as well as a dose of
9.5 x 10° PFU/mouse (Figures 7D-7F) in the treatment setting. To minimize suffering, mice were monitored
daily for body weight/condition, posture, activity level, grooming and respiratory characteristics. Mice were
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euthanized when they showed significant weight loss (greater than 20%) or exhibited signs of immobility or
difficulty breathing.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as the mean + s.d. or mean £ s.e.m. unless specified in the figure legends. Stu-
dent’s t tests were applied to determine statistical significance between two datasets, and one-way
ANOVA was used to perform analyses between more than two datasets unless specified in the figure leg-
ends. A value of p < 0.05 was considered significant (denoted *p < 0.05, **p < 0.01, ***p < 0.001,
**+*p < 0.0001). GraphPad Prism 6 or 8 software was used to construct the graphs and perform statistical
analyses. All statistical details for experiments can be found in the figure legends.
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