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Abstract. Medical countermeasures to treat biothreat agdéettions require broad-spectrum
therapeutics that do not induce agent resistanaeelldased high-throughput screen (HTS)
against ricin toxin combined with hit optimizatioallowed selection of a family of
compounds that meet these requirements. The hipeond Retro-2 and its derivatives have
been demonstrated to be safevivo in mice even at high doses. Moreover, Retro-2nis a
inhibitor of retrograde transport that affects sym-5-dependent toxins and pathogens. As a
consequence, it has a broad-spectrum activityhthatboeen demonstrated bathvitro andin
vivo against ricin, Shiga toxin-producing 0O104:H4 eotkemorrhagic E. coli and
Leishmaniasp. andin vitro against Ebola, Marburg and poxviruses and Chlaatgsli An
effect is anticipated on other toxins or pathogias use retrograde trafficking and syntaxin-
5. Since Retro-2 targets cell components of the laosl not directly the pathogen, no
selection of resistant pathogens is expected. Tleasecompounds need now to be developed

as drugs for human use.

Keywords:. Bioterrorism; Biothreat agents; Emerging infecti@liseases; Ricin toxin; Shiga-

like toxins; Retrograde cell transport; High-thrbpgt cell-based assays.
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1. Bioterrorism, biothreat agents and biodefense

For several decades, the rate of health crisesecelm emerging infectious diseases has
increased (HIN1 influenza virug, coli 0104:H4, Chikungunya virus, Ebola virus, etc) (1,
2). In parallel, biological attack by disseminatirag pathogen or a biotoxin has been
demonstrated (e.g. anthrax letters in 2001 or figiters to president Obama more recently)
(3). These events led to an increased awarenebgalth authorities for intensification of

research into the development of medical countesares for a wide range of biothreat

agents, either naturally emerging or deliberatetsoduced as an act of bioterrorism (4).

According to the U.S. Centers for Disease Contrad &revention (CDC), a bioterrorism
attack is the deliberate release of viruses, bacteoxins or other harmful agents to cause
illness or death in people, animals, or plants. TEC bioterrorism agents are listed(b).
Biodefense is defined as the means or methods edfepting, detecting, or managing an

attack involving biological weapons.

Emerging infectious diseases are defined by the N#8onal Institute of Allergy and
Infectious Disease (NIAID) as infectious diseased have newly appeared in a population or
have existed but are rapidly increasing in inciégeocgeographic range, or that are caused by
one of the NIAID Category A, B, or C priority pathens (6). Category A includes high-
priority agents that pose a risk to national ségurecause they can be easily transmitted and
disseminated, result in high mortality, have pasnnajor public health impact, may cause
public panic, or require special action for puliliealth preparedness. Category B includes
agents that are moderately easy to disseminatehawe low mortality rates. Category C
agents are emerging pathogens that might be emgohéer mass dissemination because of
their availability, ease of production and disseation, high mortality rate, or ability to cause

a major health impact.
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Although the causes of emergent diseases and foiosen are different, they share some
characteristics: biothreat agents are highly dedlmcteria, viruses, toxins, etc.), the agent
that will provoke the next crisis is always indéfn unknown pathogens may emerge,
medical countermeasures are too long to develdpoimt of an immediate threat and some
suspected biothreat agents may never provoke &.cfiserefore, medical countermeasures
against biothreat agents require broad-spectrumapleeatics that do not induce agent
resistance (4). In this review we describe the greent of new compounds that target the
intracellular retrograde transport process. Thesapounds have been shown to be safe in
animals and they demonstrated efficacy againsh$g»such as ricin or Shiga toxins, im
vitro andin vivomodels. Moreover, recent studies have shown tieget compounds provided
protection against filoviruses, poxviruses, Chlaralgs and_eishmania Ricin, Shiga toxin-
producingEscherichia coli filoviruses, poxviruses and Chlamydiales are tbioth in the
CDC bioterrorism biothreat agent list and the NIAdéherging disease list (5, 6). Although
Leishmaniaare not, a recent outbreak of 446 cases in Ma8pdjn, between 2009 and 2012

had the characteristics of an emerging infectiossase (7).
2. ldentification of ricin antidotes

Ricin is a highly toxic lectin produced in the seed the planRicinus communisThis toxin

is used as a bio-crime and bio-suicide poison armbnsidered a potential bio-terrorist agent.
The plant is used for ornamentation and industhe @il (castor oil) contained in the seeds is
treated for the production of ricinoleic acid, &yaacid entering in the composition of many
manufactured products such as cosmetics, soaps\psies, inks, paints, varnishes, brake
fluids, etc. The toxin, which is hydrophilic, remaiin the seed pulp after oil extraction and
can be easily purified. Doses as low as a few rgrenms are lethal for injected mice; in

humans, 1 to 20 mg can be fatal after ingestiorrdls no antidote for ricin poisoning and

treatment relies on supportive care.
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Ricin is a glycosylated protein which is composétivm subunits: ricin toxin A and B chains
(8). The A subunit has ribosomal RNA N-glycosidasivity and thus it inhibits protein
biosynthesis (adenine at position 4324 of the 28@&omal RNA is removed). The B subunit
binds to cell surface receptors (galactose anddtylyalactosamine moieties of glycoproteins
and glycolipids). After cell adhesion, ricin is embalized (via clathrin-dependent and
independent mechanisms) and transported from eangosomes to the endoplasmic

reticulum via the Golgi apparatus (8).

Different therapeutic approaches to treat ricinidibx have been considered such as
vaccination (9, 10) or production of neutralizingtibodies (11, 12). Mass immunization
against ricin is however unrealistic. Neutraliziagtibodies have efficacy against ricin
poisoning in animal models and have their placa therapeutic arsenal (13). However, they
need to be administered within the first 10-24 Im&dxication and cannot access ricin already
internalized by cells. Due to the potentially higieverity of ricin intoxication, co-
administration of small therapeutic molecules vétfti-ricin antibodies may greatly improve
disease outcome. Another approach was to targetatiadytic activity of the A chain of ricin.
Small-molecule compounds have been reported thitndinzymatic activity inn vitro tests,

but they generally failed to protect cells or anlgrfeom ricin toxicity (14-22).

Cell-based high-throughput screens (HTS) have besed to identify small-molecule
inhibitors of ricin (23). An advantage of cell-bdsassays in which compounds are selected
for rescuing cells from intoxication is the seleatiof bioactive compounds that do not affect
cell viability (24-26).Figure 1 describes high-throughput cell-based phenotypsayss that
measure the effects of small-molecule compoundsetirtoxicity induced by ricin. Cells are
exposed to ricin and protein biosynthesis thalhéstarget of the toxin is measured in order to

assess cell protection against ricin toxicity facle compound.
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In 2007, Saenzt al. described a luciferase-based HTS with a chemibadrly of 14,400
small-molecule compounds. Monkey Vero cells weendfected with cDNA encoding a
destabilized luciferase with short half-life; lumibse activity decreased rapidly in cells
incubated in the presence of toxin. Two compouhds protected against ricin inhibition of
protein synthesis were reported (24). In 2010, I8temnet al. used HTS to identify small-
molecule inhibitors that protected cells from ri¢itb). 16,480 molecules from a commercial
library of drug-like compounds (ChemBridge DIVERSBBtwere tested at a concentration of
25 puM on A549 human epithelial pulmonary cells (8@ cells per well in 96-well
scintillation microplates) for their capacity tosoele cells from intoxication by ricin at a
concentration of 0.1 nM{C]-leucine incorporation in cell proteins was useda marker of
protein synthesis. Thus, ricin-intoxicated celldef@ to incorporatefCJ-leucine while cells
protected by a given compound did. Two compoundweth Retro-1 and Retro-2 were

identified and studied in detail on HelLa cells.

These two inhibitors showed an unexpected degrespedificity. Indeed, these compounds
blocked retrograde toxin trafficking at the earlpdesome/trans-Golgi network (TGN)
interface and did not affect compartment morpholamndogenous retrograde cargos or other
trafficking steps Figure 2) (25). This transport pathway is also named thegeade route

and it is involved in many physiological and patwtal situations (27).
3. Protection of mice challenged with ricin

The two compounds selected by Stechmeinal. after HTS were nontoxic for animals after
intraperitoneal administration up to 400 mg/kg (ZB)e molecules were solubilized in pure
DMSO at 30 mM and diluted to final concentratiorsaline. A model of ricin intoxication by
nasal instillation was used in order to mimic expesby aerosols, which is a likely modality
in bioterror attacks. A dose of ricin leading t@®@eaths at day 21 (LD90) was chosen. With

this dose, the first clinical signs of toxicity veeiobserved within 24 h. A statistically
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significant prophylactic protection was observed first experiments with a single
intraperitoneal dose of 2 mg/kg of Retro-2 one hptor toxin challenge: 49% of mice
survived vs. 11.5% in control group (p = 0.001)nptementary experiments were performed
indicating a dose-response relationsiiiggre 3). After administration of 20 mg/kg of Retro-
2, the survival was 60% at 20 days. Finally, 200kg@f Retro-2 fully protected mice against
ricin challenge. Therefore, these results cleayndnstrated that a small molecule can
protect animals exposed to a lethal dose of riRetro-2 was described as a lead compound
for the development of inhibitors of ricin. Moreayéhe retrograde route was identified as a

potential therapeutic target for other toxins tleiow this route.

4. Inhibitor of retrograde trafficking protects mice infected with entero-hemorrhagic E.

coli

Shiga toxins are members of a family that includsgga toxin produced byhigella

dysenteriaeand two Shiga-like toxins (SLTs) named Stx1 and2Stroduced by entero-
hemorrhagic strains dEscherichia coli(28). Shiga toxin-producing. coli (STEC) cause

hemorrhagic colitis, hemolytic-uremic syndrome (HU#d death (29). The most common
sources for SLTs are entero-hemorrhahgic coli with serotypes O157:H7 and 0104:H4.
There is no approved treatment of STEC-induced HD&spite efficacy in non-STEC-
induced HUS (atypical HUS), the use of the anti-&@Bnplement component antibody
eculizumab® in STEC-induced HUS remains inconckeig®0). In addition, antibiotics may

worsen the disease by further inducing toxin reddasthe bacteria (31).

SLTs share structural and functional charactess#itth ricin (8, 28). They are composed of
an A catalytic subunit and a pentameric B suburtie subunit A of SLTs inhibits protein
biosynthesis through ribosomal RNA N-glycosidasevag and the subunit B binds to cell

surface receptors (glycosphingolipid globotriaosgramide; Gb3 or CD77) (28). After
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internalization, these toxins are transported frearly endosomes through the Golgi

apparatus to the endoplasmic reticulum (28).

Since SLTs share with ricin the trafficking via tte#rograde route, inhibitors that were shown
to be effective on ricin intoxication via inhibinoof this pathway were also tested as potential
inhibitors of intoxication by SLTs. As for ricin, @0-2 has been demonstrated to protect

HeLa cells from the toxic effects of Stx1 and S{3).

Secheret al. have studied the effect of Retro-2 in a murine ehaaf E. coli O104:H4

infection (32). As shown irFigure 4, O104:H4 infection led to a 70% mortality rate in
untreated control mice. Systemic treatment with twections of Retro-2 at 100 mg/kg
(solubilized in pure DMSO at 30 mM and diluted itwaf concentration in saline) significantly
reduced mortality rate to 40%. Body weight loss ahdical scores were reduced by more

than half.

5. Effects of Retro-2 on viral infections

Viruses are internalized into host cells throughows routes (33). In the case of enveloped
viruses, direct fusion at the plasma membrane nilayv adeposition of the nucleocapsid

directly into the cytoplasm. However, non-envelop@dses and some enveloped viruses are
unable to access the host cytoplasm directly froendell surface. After endocytosis these
viruses exploit the host vesicular trafficking tHaads them to the endosomes, the Golgi
apparatus or to the endoplasmic reticulum wherg #re released into the cytoplasm (34).
The use of retrograde transport suggested thattiofeby some viruses could be blocked by
the Retro-2 compound via similar mechanisms thatked retrograde trafficking of ricin and

SLTs.

Adeno-associated viruses. Gene therapy is a promising biomedical strategy] adeno-

associated virus (AAV) vectors are currently beaaluated for the treatment of various
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diseases. AAV vectors must reach the nucleus amdgrade transport of capsids via the
trans-Golgi network is necessary for gene deliv&tgnnenmacheet al. showed that the
endosome-to-TGN/Golgi apparatus transport step & As dependent on syntaxin-5
function and that this step can be inhibited byr&et(35). Therefore these results support the
concept that inhibition of retrograde transportldqurotect not only against ricin or SLTs, but

also against viruses.

Polyomaviruses and papillomaviruses. Polyomaviruses are non-enveloped DNA viruses that
cause severe disease in immunocompromised indigidliaus, JC polyomavirus (JCPyV) is
the causative agent of the fatal demyelinating atise progressive multifocal
leukoencephalopathy, and BK polyomavirus (BKPyV) tRe causative agent of
polyomavirus-induced nephropathy and hemorrhagstitts. There is no vaccine or antiviral
therapy for these viruses (36). Human papillomaasi(HPVs) are also non-enveloped DNA
viruses. They are associated with the developnferdaraer of uterine cervix and oropharynx.
Vaccination against some types of HPV has beenesstd, but there are no approved drugs
to treat or prevent papillomavirus infections ahdse viruses remain a major public health

concern (37).

Nelsonet al. (38) demonstrated in tissue culture cells thatrdR2tinhibited infection by
JCPyV, BKPyV and simian virus 40, which is anothelyomavirus. Infectivity was reduced
to 30% for simian virus 40 and 20% for BKPyV andP3® with 100 uM of Retro-2 as
compared to control. Retro-2 inhibited retrogradansgport of polyomaviruses to the
endoplasmic reticulum, which is a step essentialirftection (38). Carneyt al. confirmed
these results on polyomaviruses and demonstrasgdRigtro-2 protected also cell lines from

infection by papillomaviruses (37).

Ebola and Marburg filoviruses. Ebola and Marburg viruses are filamentous enveloped

viruses that are members of the fankiljoviridae. Both Ebola virus and Marburg virus cause
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severe diseases in humans in the form of viral mdmagic fevers, which are associated with

a high mortality rate of up to 90% (39, 40).

There is no approved vaccine, and only a few erpartal drugs have been tested in animals
or humans with no proven efficacy for patient tneant (favipiravir) (41). As a consequence,
filoviruses are considered biosafety level-4 padmsy Moreover, due to the emergence of a
new variant of Ebola virus in West Africa, thereais urgent need for efficient therapeutics.
The only small molecule drug with potential effigan mice is favipiravir, with an 1§ of 67

KM (42). Shtankeet al. have demonstrated that Retro-2 blocked infectioebgla virus and
Marburg virusin vitro in a dose-dependent manner withsg@f 8.4 uM (article under
revision). Fifty uM of Retro-2 reduced cell infeati bellow 10% as compared to control.
Retro-2 appeared to act on a late step of virugyattthe level of intracellular endocytic

compartments.

In summary, Retro-2 is a potential antiviral thgrapat broadly inhibits viruses that use
retrograde trafficking (adeno-associated viruseslygmaviruses and papillomaviruses),
although other mechanisms of viral inhibition appéa be possible as suggested for

filoviruses.

Poxviruses. Endosome to Golgi retrograde transport pathwayeprsthave been identified as
pro-viral host factors in two independent high tigbput siRNA screens of Vaccinia virus
(VACV) (43, 44). Two recent studies investigatect ttole of this pathway in poxvirus
replication in detail and showed that Retro-2 ptiyeprevented spread of Vaccinia and
Monkeypox viruses in cell cultures (45, 46). Magerestingly, this protective effect was not
linked with virus entry but rather a membrane wiaggprocess which occurs at late stages of
virion maturation. Two viral proteins, F13 and B& aequired for the wrapping of a small
percentage of the single membrane intracellularureatvirions into triple membrane

intracellular enveloped virions. These are thercessed further to become responsible for
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long range spread of the virirsvivo andin vitro (47). F13 uses the endosome to trans-Golgi
retrograde trafficking pathway to travel from eaglydosomes to the trans-Golgi where it co-
localizes with B5. Retro-2 treatment causes misdleation of B5 and F13, blocks the
wrapping process and thereby inhibits the formatadnthe triple-wrapped intracellular

enveloped virions and reduces viral spread.
6. Effects of Retro-2 on intracellular parasites

Leishmaniais a parasite responsible for leishmaniasis tlif&cis twelve million people
worldwide, with two million new cases each yearthBlughLeishmaniais not considered a
bioterrorism agent, eecent outbreak dfeishmania infantunof 446 cases in Madrid, Spain,
between 2009 and 2012 had the characteristics efrarging disease (7). Current treatments
are either toxic or induce the development of degstant strains of the parasite and there is
need for new anti-leishmanial drugs (48-50¢ishmaniaspecies are unicellular eukaryotes
with well-defined nucleus and cell organelles. Thgzarasites are internalized by
macrophages into membrane-bound compartments cdlksdhmania parasitophorous
vacuoles (LPVs) that share many characteristicé whagosomes. Previous observations
established a role for syntaxin-5 in the developm@EnLPVs. Since pathways involving
syntaxin-5 had been shown to be inhibited by R2t(@5), Canton and Kima studied the
effect of this compound on LPVs development (51¢tr&2 blocked LPV development
within 2 h in cells infected witheishmania amazonensis infected cells incubated for 48 h
with Retro-2, LPV development was significantly tied and infected cells harbored four to
five times fewer parasites than contrdis.vivo experiments in mice showed that Retro-2
limited experimental.. amazonensimfections: a 20 mg/kg intraperitoneal dose hacfiiect

on the course of infection, but a 100 mg/kg dos®eftro-2 resulted in approximately a log
less parasites compared to contieig(ire 5). No toxicity was evidenced in experimental

animals.
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The efficacy of Retro-2 was recently demonstratad_odonovani infantumRetro-2 was
activein vitro both on axenic and intramacrophage amastigotés @dnovani infantunin a
range from 3 to 20 pM. In addition, Retro-2 exlelita significant reduction of parasite
burden after a treatment at 100 mg/kg/day x 5 daytheL. donovani infantunBalb/c mouse
model Table 1). Therefore, this compound is able to actvitro andin vivo on parasites
exhibiting two different systems of housing commhis. The amastigote forms of the
amazonensisomplex reside in large, communal LPVs housingyrgarasites, whereas those
of L. donovani infantunare located in individual LPVs. Such observatiensourage to study
the effects of Retro-2 and analogues on commonwagth used by both New-World..

amazonens)sand Old-World L. donovani infantumparasites to set up their LPVs.
7. Effects of Retro-2 on intracellular bacteria

Simkania negevensis an obligate intracellular Gram-negative bactariof the order
Chlamydiales. Its natural host is not known arid widespread among humaiss.negevensis
has been associated with transmissible infectibtiseoupper respiratory tract. Infections with
the two closely related human pathogenic bact€héamydia pneumoniaand Chlamydia
psittacican cause pneumonia, chronic bronchitis and chrastitmaChlamydia trachomatis

is responsible for ocular and sexually transmittéedctions.S. negevensigrows in host cells
within a membrane-bound vacuole forming endoplasmiculum contact sites. Herwexj

al. recently demonstrated that 75 uM of Retro-2 demedacterial replication both during
primary infection down to 50% and progeny infectawwn to less than 40%-20% (52). Most
interestingly, S. negevensiprogenyfrom cells cultured in the presence of Retro-2 were
markedly less efficient in infecting cells culturedthe absence of Retro-2. The compound
seemed to alter the morphology $f negevensisontaining vacuoles and replication of the

bacteria (52). Similar results were obtained ag&ndrachomatis
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8. Optimization of Retro-2

In order to identify more potent compounds, a stmgactivity relationship (SAR) study was
performed by Noekt al. (53). During the course of the SAR process, itegped that the
bioactive compound was not Retro-2 but the cyclizadalog Retro-2®. The N-
methyldihydroquinazolinone derivatives of Retro-2re testedn vitro for their protective
effect against Stx2 on cellular protein synthegiier cyclization and optimization of the
three main moieties of Retro-2, a dihydroquinazmiem compound was identified with
approximately 100-fold improvement of the fGgainst Stx2 cytotoxicity. Only theS)
enantiomer was activéigure 6). The mode of action of this compound was sintethat of

Retro-2, namely a selective inhibition of the rgtaxle transport.

In a next step, Guptat al. have reported the synthesis and the evaluatiom afew
enantiopure dihydroquinazolinone compound, nametroRe1l, with improvedin vitro
protection against Stx2 (approximately 500-fold epamed to Retro-2) and ricin
(approximately 1,000-fold increased activity) (5@8)-Retro-2.1 is currently the most potent
molecule to counteract the cytotoxic potential iofnrand SLT with EGy values of 23 and
54 nM, respectively. By comparison, ti®-enantiomer shows Egvalues of 3200 and 2400

nM against ricin and Stx2, respectively.

Carneyet al. also described dihydroquinazolinone analogs ofrdR&¥® with improved

potency as suppressors of human polyoma- and pagailtirus infectionn vitro (37).

Therefore, as previously demonstrateditro andin vivo for Retro-2, optimized derivatives
have the potential to be developed as broad-speantidotes to a wide array of pathogens,
including toxins, viruses, intracellular bacterradgarasites that exploit retrograde trafficking

to enter and infect the cell.
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9. Toxins and pathogens not affected by Retro-2

We have found bacterial toxins and viruses agaumsth Retro-2 had no effect, neither on
cell intoxication nor on cell infection. These indk diphtheria toxin (DT)Clostridium
botulinumneurotoxin A (BoNT/A), dengue virus serotype 4 (DEM), chikungunya virus
(CHIKV) and Venezuelan equine encephalitis viruEEX). Table 2 indicates the maximum
concentration at which Retro-2 was tested agaiasih enentioned pathogen, the target cells

and the type of assay used.

In the case of DT and BoNT/A, the lack of actionRatro-2 is easily understood because the
retrograde transport from the early endosomesddréms Golgi network is not involved in
their mechanism of action. During cell intoxicatiddT is internalized into early endosomes.
Following acidification of these compartments itgatytic domain is translocated into the
cytosol during trafficking through the endocytiamar vesicles of the endosome to lysosome
degradation pathway (55). In the case of BoNT/Ae tbxin is directly endocytosed in
recycling synaptic vesicles or clathrin-coated olesi of the nerve terminus. These vesicles
are acidified, which triggers the translocationtlé catalytic chain of the toxin into the

cytosol where it finds its target, the SNARE prot8NAP-25 (56).

In the case of the viruses, the absence of effe®etro-2 on cell infection suggests that
enveloped, positive-sense, single-stranded RNAsessuch as DENV-4, CHIKV and VEEV
do not involve the endosome to Golgi retrogradegpart machinery for entry or other steps
of their cycle. It has been suggested that DEN\W#4rs the cytoplasm after trafficking along
the Rab5-positive early endosomes through the Ralkitive late endosomes to the
lysosomes or further compartments (57, 58). Thealpuses such as CHIKV and VEEV are
believed to enter the cell via receptor-mediatedioegtosis followed by membrane fusion in
the acidified endosomes (59, 60); however, morenestudies suggest an alternate mode of

entry directly at the plasma membrane (61).
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10. Conclusions

Medical countermeasures against biothreat agegtsrestherapeutics that are safe and have a
large spectrum of activity without inducing possibhechanisms of resistance in case of
living pathogens. Retro-2 and its derivatives nikese requirements. Indeed, the use of HTS
coupled to cell-based assays allowed selectingchi@acompounds that did not affect cell
viability (25, 32, 51).In vivo, Retro-2 and its derivative have been demonstriatdze safe,
even at high doses (25, 32, 51). Moreover, Retiodh inhibitor of retrograde transport and
it affects syntaxin-5-dependent pathogens. As aequence, it has a broad-spectrum activity
that has been demonstrated bothvitro andin vivo in mice against ricin, SLT-producing
0O104:H4E. coli and Leishmaniaandin vitro against AAV, polyoma-, papilloma-, Ebola,
Marburg and poxviruses and Chlamydiales. An effecnticipated against other toxins or
pathogens that use retrograde trafficking. Sinced=e targets cell components of the host
and not directly the pathogen, no selection ofstast pathogens is expected (4). These lead
compounds need now to be developed as drugs foramuase. This implies solving
drugability issues (solubility, pharmacology, effty post disease onset) in order to obtain a

true drug candidate.
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Table 1. Comparison of the effects of Retro-2 and the Emihmanial reference molecule
Miltefosine on the growth df. donovani infantunn vitro on RAW macrophages amml vivo
in Balb/c mice.

Compound Invitro In vivo
Intra-macrophage | Treatment regimen : | Reduction of parasite
amastigotes mg/kg/day x 5 days by, burden in the liver (%
I.p. route
Retro-2 20.25+5.91 100 77*
Miltefosine 0.92 + 0.07 10 82*

In vitro activity: 1Cso is the drug concentration inhibiting the intranmgdrage parasite
growth by 50% after a 72 h incubation time. Moleswvere solubilized in pure DMSO at 30
mM and diluted in culture mediurm vivo activity: the experiment was performed on female
Balb/c mice 18-20 g according to the protocol désct in (62). Retro-2 was solubilized in
pure DMSO at 30 mM and diluted in saline The norapeetric Mann-Whitney U-test was
performed to compare liver parasitic load; p vate05 was considered as significant versus
untreated control mice. *p<0.01.

Table 2. Toxins and viruses against which no protectivevagtwas found for Retro-2. Cell
types, maximum concentrations of Retro-2 and asgayare given. Retro-2 was added at
least 1 h before and maintained during intoxicdirdection.

Toxins Cell line Retro-2 maximum | Assay type
concentration
tested
DT Hela cells 30 uM Protein synthesis
Newborn rat SNAP2S cleavage
BoNT/A cerebellum neuron 20 pM o &
rimary culture monitoring by
P Western blot
Viruses
500 uM Viral cytopathic
DENV-4 HEKZ93 (no toxicity) effect
500 uM Viral cytopathic
CHIKV HEK293 (no toxicity) effect
VEEV VeroE6 100 uM Viral cytopathic
effect
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Figure 1. High-throughput cell-based assays. These phenoagsays measure the effects of
small-molecule compounds on cellular cytotoxiciduced by ricin or other toxins (23).
Chemical compounds from stock plates (1) are addedicroplates seeded with cells (2);
toxin is then added. After incubation, differentthas (3) are used to assess the effects of
each compound on toxicity induced by ricin or ottexins: a) the CellTiter-Gloluminescent
cell-viability assay quantifies ATP that assessestafolically active cells. b) In luciferase
reporter-gene assays, the enzyme activity is auneas ongoing protein biosynthesis. c) In
the third method, the inhibitory effect of ricin grotein biosynthesis in intact cells is
measured through the incorporation of radioactiveina acids into neosynthesized
polypeptides.
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Figure 2. Cellular target of Retro-2. Toxins such as ricid &L Ts penetrate cells through the

retrograde transport route from the plasma membtanthe endoplasmic reticulum, via

endosomes and the Golgi apparatus (27). Retro-2k®ldoxin transport between early

endosomes and the Golgi apparatus (25).
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Figure 3. Protection of ricin challenge by Retro-2 (25).

Mice were treated with the indicated doses of R2temd then exposed to ricin via the nasal
route. In each experiment, treated mice receivesingle intra-peritoneal dose of Retro-2
(solubilized in pure DMSO at 30 mM and diluted ilise) 1 h prior to toxin exposure (2
pna/kg by nasal instillation); control animals ra@a vehicle prior to ricin administration. The
survival curves for treated animals were statififiagifferent from control animals (log rank
test; p < 0.0001 for 2 mg/kg of Retro-2, p = 0.081.20 mg/kg; p = 0.0007 for 200 mg/kg).
The data are reproduced from (25).
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Figure 4. Mice protected fron. coli0104:H4 infection with Retro-2 (32).

BALB/c mice received the O104:H4 strain by oral @age. Intraperitoneal administration of
mitomycin C (MMC) induced toxin release at 18, aigd 24 h after infection. Mice received
intraperitoneal administration of Retro-2 (100 ngy/lat 16 and 26 h after infection. Retro-2
was solubilized in pure DMSO and diluted in salatel0% DMSO final concentration. Body
weight loss (A), clinical scores (B), and survivates (C) were monitored for 10 days after
infection. N=20 for uninfected controls, n=40 forl@:H4-infected mice treated or not
treated with Retro-2. * P<0.05; ** P <0.01; ***, £ 0.001. The data are reproduced from
(32).
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Figure 5. Retro-2 can control the course of an experimenfalction with L. amazonensis
(51).

BALB/c mice were infected in their hind feet with 2 10 stationary stage cultured
L. amazonensipromastigotes. Mice received an intra-peritoneahiadstration of 20 or
100 mg/kg Retro-2, 24 h after infection. A grouproice was administered the 100 mg/kg
dose 3 weeks after the infection was initiated. paeasite titer per foot was determined after
9 weeks of infection. The data are reproduced f{oh).
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Figure 6. Left, structure determination of theS{Retro-2.1 enantiomer by X-ray
crystallography, the only enantiomer bioactive agaitoxins in the nanomolar range (54).

Right, highlight of the preferential substituticthat increase Retro-2 activity.
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Highlights

The molecule Retro-2 identified by HTS protects cells from ricin and Shiga toxins
Retro-2 acts by blocking toxin trafficking from early endosomes to the Golgi

Acting on a cellular target, Retro-2 protects cells from many intracellular pathogens
Retro-2 protected mice from ricin, Shiga toxin-producing E. coli and Leishmania

The optimized analogue Retro-2.1 is 1000 fold more active than Retro-2 against ricin



