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Abstract

The antiviral drugs tecovirimat, brincidofovir, and cidofovir are considered for
mpox (monkeypox) treatment despite a lack of clinical evidence. Moreover, their use
is affected by toxic side-effects (brincidofovir, cidofovir), limited availability
(tecovirimat), and potentially by resistance formation. Hence, additional, readily
available drugs are needed. Here, therapeutic concentrations of nitroxoline, a
hydroxyquinoline antibiotic with a favourable safety profile in humans, inhibited the
replication of 12 mpox virus isolates from the current outbreak in primary cultures of
human keratinocytes and fibroblasts and a skin explant model by interference with host
cell signalling. Tecovirimat, but not nitroxoline, treatment resulted in rapid resistance
development. Nitroxoline remained effective against the tecovirimat-resistant strain
and increased the anti-mpox virus activity of tecovirimat and brincidofovir. Moreover,
nitroxoline inhibited bacterial and viral pathogens that are often co-transmitted with
mpox. In conclusion, nitroxoline is a repurposing candidate for the treatment of mpox

due to both antiviral and antimicrobial activity.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

44

45

46

47

48

49

50

51

52

53

54

95

56

57

58

59

60

61

62

63

64

65

66

67

68

69

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Introduction

Two clades of mpox (previously known as monkeypox) virus, a member of the
genus Orthopoxvirus in the family Poxviridae, caused until recently only limited
zoonotic outbreaks in Africa [Elsayed et al., 2022; Gessain et al., 2022; Huang et al.,
2022; Mitja et al., 2022; Rabaan et al., 2022]. Currently, mpox viruses considered as
clade 1IB (occasionally also as clade lll, consensus on the nomenclature is still
developing) are spreading for the first time by sustained human-to-human transmission
outside of Africa [Elsayed et al., 2022; Gessain et al., 2022; Huang et al., 2022; Mitja
et al., 2022; Rabaan et al., 2022]. This ongoing outbreak was classified as a ‘Public
Health Emergency of International Concern’ by the WHO on 23" July 2022 [Elsayed
et al., 2022; Gessain et al., 2022; Huang et al., 2022; Mitja et al., 2022; Rabaan et al.,
2022] and has at the time of writing (29th December 2022) affected at least 110
countries, accounting for 83,539 documented cases and at least 72 deaths [CDC,
2022].

About 10% of patients require hospital treatment in the current global outbreak,
mainly due to pain and bacterial superinfections [Fink et al., 2022; Gessain et al., 2022;
Girometti et al., 2022; Patel et al., 2022; Thornhill et al., 2022]. This is in contrast to the
disease severity observed in the endemic mpox areas in Africa, in which mpox
outbreaks are associated with mortality rates of up to 12% [Mitja et al., 2022; Qiu et
al., 2022; Singh et al., 2022]

Three antiviral drugs (tecovirimat (ST-246), brincidofovir (CMX001), cidofovir)
are mainly considered for mpox treatment, although they have not undergone clinical
testing for mpox treatment [DeLaurentis et al., 2022; Elsayed et al., 2022; Gessain et
al., 2022; Huang et al., 2022; Mitja et al., 2022; Rabaan et al., 2022]. Despite
differences in the clinical presentation of the current mpox outbreak compared to

previous ones [Gessain et al., 2022; Girometti et al., 2022; Hoffmann et al., 2022;
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Huang & Wang, 2022; Ifigo Martinez et al., 2022], recent findings indicated that these
three drugs are still effective against the currently circulating mpox viruses in
therapeutically achievable concentrations [Frenois-Veyrat et al., 2022; Warner et al.,
2022; Bojkova et al., 2022].

Notably, the use of cidofovir and brincidofovir is associated with severe, therapy-
limiting side effects [Adler et al., 2022; Gessain et al., 2022]. Moreover, the availability
of tecovirimat is limited and may be affected by resistance formation [DeLaurentis et
al., 2022; Gessain et al., 2022; Johri et al., 2022; Pfafflin et al., 2022]. Hence, additional
effective and readily available drugs are needed for the treatment of mpox.

Here, we investigated the antibiotic nitroxoline, which is used as a first-line
therapy for uncomplicated urinary tract infections [Naber et al., 2014; Dobrindt et al.,
2021; Wykowski et al., 2022], for activity against mpox viruses. Nitroxoline is known to
inhibit the PISK/AKT/mTOR and Raf/MEK/ERK signalling pathways [Chang et al.,
2015; Xu et al., 2019; Palicelli et al., 2021], which are known to be critically involved in
orthopoxvirus replication [Kindrachuk et al., 2012; Beerliet al., 2019; Peng et al., 2020].
As an antibiotic, nitroxoline also has the potential to target sexually transmitted bacteria
that are commonly co-transmitted with mpox virus during the current outbreak and can
aggravate mpox disease [Girometti et al., 2022; Hoffmann et al., 2022; Huang & Wang,

2022; Ihigo Martinez et al., 2022].
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Results

Effects of nitroxoline on mpox virus replication

The effect of the 8-hydroxyquinoline derivative nitroxoline (Figure 1A) was
determined on the replication of 12 mpox virus isolates (Suppl. Table 1) from the
current global outbreak cultured in primary human foreskin fibroblasts (HFF) and
primary human foreskin keratinocytes (HFK) as previously described [Bojkova et al.,

2022].
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99 Figure 1. Effects of nitroxoline on mpox virus (MPXV) replication in primary
100 human fibroblasts (HFF), keratinocytes (HFK), and a skin explant model. A)

101  Chemical structure of nitroxoline. B-D) Concentration-dependent effects of nitroxoline
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102  on mpox virus isolate 1 (MPXV1, MOI 0.01) infection in HFF and HFK, as indicated by
103 immunostaining. IC50 = concentration that inhibits mpox virus infection by 50% as
104  indicated by immunostaining; CC50 = concentration that reduces cell viability by 50%
105 as indicated by MTT assay. E,F) Concentration-dependent effects of nitroxoline on
106 HFF and HFK infection with 12 mpox virus isolates, as indicated by immunostaining.
107  G) Nitroxoline IC50s in HFF and HFK. H) Effects of nitroxoline on MPXV1 infection in
108  a skin explant model. Primary human skin tissue was infected with 108 TCID50/ml of
109  MPXV1 per well in 500 pL with or without nitroxoline treatment at 10 uM for 48h. Then,
110 the skin tissue was embedded into paraffin and sectioned. Virus infection was detected
111 by immunohistochemical staining.

112

113 When added to the culture medium together with the virus, nitroxoline inhibited
114  mpox virus infection in HFF and HFK in a dose-dependent manner (Figure 1B-D) as
115 indicated by immunostaining. The nitroxoline concentrations that reduced virus
116  immunostaining by 50% (IC50) ranged from 2.4 to 4.6 yM in HFF and from 0.5 to 1.5
117  uMin HFK (Figure 1E-G, Suppl. Table 1). Nitroxoline did not affect cell viability in the
118 tested concentration range of up to 20uM (Figure 1C,D). Notably, nitroxoline may
119 interfere with different orthopoxviruses, as it also inhibited vaccinia virus infection at a
120  similar IC50 (5.2uM) as mpox virus infection (Suppl. Figure 1).

121 Time-of-addition experiments (Suppl. Figure 2A) showed that nitroxoline
122  interferes with the mpox virus replication cycle post viral entry (Suppl. Figure 2B,C).
123  Nitroxoline inhibited mpox virus infection in a similar way when it was added two hours
124  postinfection (Suppl. Figure 2B,C) as when it was added simultaneously with the virus
125 (Figure 1C,D). However, nitroxoline addition together with virus followed by a washing
126  step after a two-hour entry period was not effective (Suppl. Figure 2B,C). Moreover,

127  nitroxoline only reduced virus titres (as determined by PCR for genomic mpox virus
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128 DNA), when added after the two-hour virus absorption period, but not when it was
129  present only during the entry period (Suppl. Figure 2D).

130 To investigate the antiviral effects of nitroxoline in the context of the skin
131 architecture, we used primary human split-thickness skin grafts that preserve the
132  histology and complexity of the skin [Hendriks et al., 2021]. Skin grafts were infected
133 with 10° TCID50/mL of mpox virus isolate 1 (MPXV1), and the infection was visualised
134 by immunohistochemical staining for virus antigen after 48h. As depicted in Figure 1H,
135 pronounced infection was detected in the epidermis. Moreover, clusters of infected
136 cells or single infected cells were located in the dermis (Figure 1H). These findings are
137 in line with the known patterns of mpox infection in human skin [Stagles et al., 1985;
138 Reed etal., 2004]. Nitroxoline (10uM) treatment strongly reduced the number of mpox-
139 infected cells.

140

141

142  Effects of nitroxoline analogues on mpox virus infection

143 Next, we investigated a set of nine nitroxoline analogues for anti-mpox virus
144  activity in HFF (Figure 2A). Only compounds 1 (IC50: 1.8 £ 0.3uM), 7 (IC50: 3.6
145 1.5uM), and 9 (IC50: 2.1 £ 0.1uM) displayed a similar antiviral activity as nitroxoline
146  (IC50: 2.1 + 0.7uM) (Figure 2B). The active nitroxoline analogues all harboured
147 halogen ions at positions 5 and 8 and a hydroxy group at position 9. Notably,
148 compound 9 is clioquinol, another antibiotic that is clinically being used for the
149 treatment of different skin infections [Wykowski et al., 2022] (Figure 2). Further
150 research will have to show whether it may be possible to identify nitroxoline analogues
151  with a higher anti-mpox virus activity than nitroxoline.

152
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154  Figure 2. Effects of nitroxoline analogues on mpox virus infection. A) Chemical
155 structures of the investigated nitroxoline analogues. B) Dose-response curves
156 indicating compound effects on mpox virus (MPXV1) infection as indicated by
157  immunostaining of MOI 0.01-infected primary human foreskin fibroblasts (HFF) and
158 MTT assay in mock-infected HFF.
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160

161 Nitroxoline interferes with mpox virus-induced cellular signalling pathways

162 Nitroxoline inhibits bacterial growth by chelating cations that are required by
163  bacterial metalloenzymes, and the addition of cations such as Mg? and Mn?*
164  abrogates its antibacterial activity [Repac Anti¢ et al., 2022]. In contrast, the addition
165 of Mg?*, Mn?*, or other divalent cations did not affect the antiviral activity of nitroxoline
166  (Figure 3A,B) indicating a different mode of antiviral action.

167
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Figure 3. Nitroxoline interferes with mpox virus-induced cellular signalling

pathways. A,B) Cations known to inhibit antibacterial effects of the chelator nitroxoline

did not inhibit nitroxoline’s antiviral activity as indicated by immunostaining in mpox

virus isolate 1 (MPVX1) MOI 0.01-infected primary human foreskin fibroblasts (HFF,

A) and did not affect cell viability in the presence of nitroxoline as indicated by MTT

assay in mock-infected HFF (B). C,D) Nitroxoline reduces AKT phosphorylation in a
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175 dose-dependent manner as indicated by Western blot. E,F) Nitroxoline reduces Raf,
176  MEK, and ERK phosphorylation in a dose-dependent manner as indicated by Western
177 Dblot. G,H) PI3K, PI3BK/mTOR, and Raf inhibitors suppress mpox virus infection in a
178 dose-dependent manner, as determined in MPVX1 MOI 0.01-infected HFF. Compound
179  effects on cell viability were detected by MTT assay in mock-infected HFF.

180

181 However, nitroxoline inhibited virus-induced PI3K/AKT signalling (as indicated
182 by AKT phosphorylation, Figure 3C,D) and MAPK signalling (as indicated by RAF,
183 MEK, and ERK phosphorylation, Figure 3E,F) in a dose-dependent manner. Moreover,
184  inhibitors of PIBK/AKT/mTOR (buparlisib, LY294002, PI-103) and MAPK (sorafenib,
185 regorafenib) signalling inhibited mpox virus infection (Figure 3G,H). These data agree
186 with previous findings showing that nitroxoline inhibits PISK/AKT/mTOR and
187 Raf/MEK/ERK signalling [Chang et al., 2015; Xu et al., 2019; Palicelli et al., 2021] and
188 that orthopoxvirus replication critically depends on PISK/AKT/mTOR and
189 Raf/MEK/ERK signalling [Kindrachuk et al., 2012; Beerli et al., 2019; Peng et al., 2020].
190 Taken together, these data suggest that nitroxoline inhibits mpox virus infection at least
191 in part by interference with these two host cell signalling pathways.

192

193 Nitroxoline inhibits a tecovirimat-resistant mpox virus strain

194 Based on experience with other antiviral drugs, there is concern that tecovirimat-
195 resistant viruses may emerge [DelLaurentis et al., 2022; Gessain et al., 2022]. Hence,
196 we established a tecovirimat-resistant mpox virus strain (Figure 4A). ARPE cells were
197 infected with mpox virus isolate 1 (MPXV1) at a multiplicity of infection (MOI) of 0.01
198 in the presence of tecovirimat 4uM. After seven days, medium was removed and

199 replaced by fresh tecovirimat 4uM-containing medium. After a total incubation time of


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

200 14 days, cytopathogenic effects were detected, and the tecovirimat-resistant substrain
201  was expanded (Figure 4A).

202 The resulting tecovirimat-selected MPXV1 sub-strain (MPXV1"TECO) displayed
203 a pronounced tecovirimat resistance as indicated by an IC50 of >10uM compared to
204 an IC50 of 0.096uM of a passaging control (Figure 4B). Whole genome virus
205 sequencing indicated three amino acid sequence changes (E353K, N267D, I372N) in
206 F13L (TP37, gp45), the target of tecovirimat (Figure 4C, Figure 4D, Suppl. Table 2).
207 E353Kis shared between isolates from the current global outbreak and was shown not
208 to affect tecovirimat efficacy [Bojkova et al., 2022]. In contrast, N267D and 1372N were
209 previously shown to provide resistance to tecovirimat and are, hence, likely responsible
210 for the observed tecovirimat resistance [Duraffour et al., 2015; FDA, 2022]. Notably,
211 MPXV1'TECO remained sensitive to both brincidofovir and nitroxoline (Figure 4B).
212 In contrast to MPXV1 cultivation in the presence of tecovirimat, MPXV1
213 cultivation in the presence of nitroxoline (5uM) did not result in reduced virus sensitivity
214  to nitroxoline, tecovirimat, or brincidofovir, although the incubation time was increased
215 to three passages (Figure 4E).

216
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Figure 4. Effects of nitroxoline and brincidofovir on a tecovirimat-adapted mpox
virus strain. A) Scheme of the one-round adaptation approach for the generation of a
tecovirimat-resistant sub-strain (MPXV1" TECO) by exposure of the mpox virus isolate
1 (MPXV1) to tecovirimat 4uM. B) Dose-dependent effects and IC50 values of
tecovirimat, brincidofovir, and nitroxoline in primary human foreskin fibroblasts infected
with MPXV1 or MPXV1'TECO at an MOI 0.01 as detected by immunostaining. C)
Amino acid sequence changes in F13L (the target of tecovirimat) from mpox viruses
from the current global outbreak (MPXV 2022) including MPXV1 and MPXV1'TECO

relative to pre-outbreak sequences. N267D and 372N were previously shown to
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227 mediate tecovirimat resistance [Duraffour et al., 2015; FDA, 2022]. D) Location of E
228 (Glu, glutamate) 353, N (Asn, asparagine) 267 and | (lle, isoleucine) in the F13L
229 structure. The change from N (Asn, asparagine) to D (Asp, aspartate) in position 267
230 results in the loss forms hydrogen bonds with E263. E) Sensitivity of a MPXV1
231 substrain that was cultivated for three passages in the presence of nitroxoline (5uM)
232  to tecovirimat, brincidofovir, and nitroxoline as indicated by immunostaining 48h post
233  infection with MOI 0.01.

234

235 Effects of nitroxoline on E. coli, N. gonorrhoeae, and herpes viruses

236 Next, we evaluated the activity of nitroxoline against bacterial (Escherichia coli,
237 Neisseria gonorrhoeae) and viral (varicella zoster virus, herpes simplex virus type 1)
238 pathogens that are commonly co-transmitted with mpox viruses [Hughes et al., 2020;
239 Girometti et al., 2022; Patel et al., 2022].

240 14 E. coli patient isolates displayed nitroxoline sensitivity as indicated by disk
241  diffusion (inhibition zones: 17-24mm), agar dilution (maximum inhibitory concentrations
242  (MICs): 4-8ug/ml corresponding to 21-42 uM), and applying clinical breakpoints set by
243 EUCAST (Suppl. Figure 3A, Suppl. Table 3). Susceptibility testing of N. gonorrhoeae
244  revealed similar results (inhibition zones: 22-25mm and MICs of 4-8 ug/ml), indicating
245  a susceptible phenotype (Suppl. Figure 3B, Suppl. Table 4).

246

247 In contrast to mpox virus infection, nitroxoline inhibited varicella zoster virus and
248 herpes simplex virus type 1 infection only at a concentration of 20uM (Suppl. Figure
249  3C, Suppl. Figure 3D).

250

251
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Combination of nitroxoline with antiviral drugs

Antiviral combination therapies can result in increased efficacy and reduced
resistance formation [White et al., 2021]. In agreement, brincidofovir and tecovirimat
displayed increased antiviral activity when used in combination against different
orthopoxviruses in preclinical model systems [Quenelle et al., 2007; Chen et al., 2011].
In this context, nitroxoline displayed additive activity in combination with tecovirimat
and synergistic activity in combination with brincidofovir against mpox virus infection,

as determined by the method of Chou & Talalay [Chou, 2006] (Figure 5).

Figure 5
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Figure 5. Antiviral activity of nitroxoline in combination with tecovirimat and
brincidofovir. A) Dose-dependent effects of nitroxoline (N, 0.16-20uM), tecovirimat

(T, 0.8-100uM), and their combination in primary human foreskin fibroblasts (HFF)
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infected with mpox virus isolate 1 (MOI 0.01) as indicated by immunostaining. B)
Representative immunostaining images illustrating the combined effects of nitroxoline
(N) and tecovirimat (T). C) Determination of the combination index (ClI) of nitroxoline
(N) and tecovirimat (T) following the method of Chou and Talalay [Chou, 2006]. D)
Dose-dependent effects of nitroxoline (N, 0.16-20uM), brincidofovir (B, 3.9-500uM),
and their combination in HFF infected with mpox virus isolate 1 (MOI 0.01) as indicated
by immunostaining. E) Representative immunostaining images illustrating the
combined effects of nitroxoline (N) and brincidofovir (B). F) Determination of the CI of
nitroxoline (N) and brincidofovir (B) following the method of Chou and Talalay [Chou,

2006].
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275 Discussion

276 Nitroxoline is an FDA-approved antibiotic that has been used for more than 50
277 years for the treatment of acute and recurrent urinary tract infections. It is currently
278 used as a first-line therapy for uncomplicated urinary tract infections in Germany due
279 to its excellent activity towards both Gram-negative bacteria and fungi as well as its
280 favourable safety profile [Naber et al., 2014; Wijma et al., 2018]. In this study,
281 nitroxoline effectively inhibited the replication of 12 mpox virus isolates from the current
282 outbreak. The nitroxoline IC50s (0.5 - 4.6uM) were within the range of therapeutic
283 plasma levels that have been reported to reach between 30 and 50uM [Wijma et al.,
284  2018]. Moreover, nitroxoline also suppressed mpox virus replication in a skin explant
285 model. The investigation of nine nitroxoline analogues did not identify a compound with
286  superior activity against mpox virus relative to nitroxoline.

287 Tecovirimat (F13L inhibitor) and brincidofovir (DNA polymerase inhibitor) are
288 the antiviral drugs that are currently mainly considered for mpox treatment
289 [DelLaurentis et al., 2022; Gessain et al., 2022; Huang et al., 2022; Bojkova et al.,
290 2022]. There are concerns about the potential emergence of tecovirimat-resistant
291 mpox virus strains [DelLaurentis et al., 2022; Gessain et al., 2022], and the formation
292 of a tecovirimat-resistant vaccinia virus was described in an immunocompromised
293 acute myeloid leukaemia patient after inoculation with the vaccinia virus-based
294 ACAM2000 smallpox vaccine [Lederman et al., 2012].

295 We established a tecovirimat-resistant mpox virus strain (MPXV1'TECO), which
296 harboured the known tecovirimat resistance mutations N267D and I1372N, by adapting
297 mpox virus isolate 1 (MPXV1) to tecovirimat in a one round selection step using a high
298 tecovirimat concentration (4uM). This approach is similar to that previously described
299 for the generation of a tecovirimat-resistant cowpox virus [Yang et al., 2005]. In

300 contrast, another study reported the establishment of tecovirimat-resistant poxviruses


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

301 by exposure to step-wise increasing drug concentrations to be a lengthy process (6-
302 18 months) that is not always successful [Duraffour et al., 2015]. The reasons
303 underlying these discrepancies remain unclear. It may be possible that the currently
304 circulating mpox viruses harbour small tecovirimat-resistant subpopulations that
305 become readily selected and enriched in response to tecovirimat treatment.

306 Notably, MPXV1"TECO remained sensitive to nitroxoline (and brincidofovir). In
307 contrast to tecovirimat, nitroxoline treatment of mpox virus using the same approach
308 did notresultin the formation of a nitroxoline-resistant strain. This agrees with evidence
309 suggesting that the targeting of host cell factors by antiviral drugs is associated with
310 reduced resistance formation compared to agents that directly target virus proteins [De
311 Clercq, 2002; Zheng et al., 2022].

312 Moreover, nitroxoline exerted additive antiviral effects in combination with
313 tecovirimat and synergistic effects in combination with brincidofovir. Hence, its clinical
314  anti-mpox virus activity in humans can be tested in combination with these antivirals
315  without depriving study participants of these more established options. Additionally,
316  nitroxoline combination therapies with increased activity may delay resistance
317  formation by monkey pox virus [White et al., 2022].

318 Nitroxoline was previously reported to inhibit a genetically modified Japanese
319 encephalitis virus strain in the hepatoma cell line Huh7 [Zhang et al., 2020], but
320 information on its antiviral mechanisms of action is lacking. Nitroxoline exerts its
321 antibacterial effects by chelating metal ions including Fe2*, Mn2*, and Mg2* [Pelletier
322 et al.,, 1995]. Although poxviruses depend on the availability of bivalent cations for
323 effective replication [Li et al., 2016; Xu J et al., 2019], the antiviral activity of nitroxoline
324 was not affected by the addition of metal ions. This shows that nitroxoline’s antiviral

325 and antibacterial mechanisms of action differ substantially.
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326 Our further research demonstrated that nitroxoline inhibits mpox virus
327  replication at least in part by interfering with the PI3BK/AKT/mTOR and Raf/MEK/ERK
328 host cell signalling pathways that are critical for orthopoxvirus replication [Kindrachuk
329 etal, 2012; Beerli et al., 2019; Peng et al., 2020]. Notably, the clinically approved Raf
330 inhibitors sorafenib and regorafenib also suppressed mpox virus infection at nontoxic
331  concentrations.

332 In agreement with previous findings [Pelletier et al., 1995; Naber et al., 2014;
333 Fuchs et al., 2019], nitroxoline was also effective against N. gonorrhoeae and E.coli,
334  two sexually transmitted bacteria that are commonly co-transmitted with mpox virus in
335 the current outbreak [Girometti et al., 2022; Patel et al., 2022]. Moreover, nitroxoline
336 inhibited infection caused by herpes simplex virus type 1 and varicella zoster virus, two
337 herpes viruses that are often detected together with mpox virus [Hughes et al., 2020;
338  Girometti et al., 2022; Patel et al., 2022], albeit at higher concentrations (>10uM) than
339 those blocking mpox virus infection. These effects may also be caused by inhibition of
340 PISK/AKT/mTOR and Raf/MEK/ERK signalling, as interference with these signalling
341 pathways has also been described to affect herpes virus replication [Rahaus et al.,
342  2007; Tiwari & Shukla, 2010; Seo et al., 2015; Lesch et al., 2019; Madavaraju et al.,
343  2021].

344 In conclusion, nitroxoline inhibited mpox viruses from the current global
345 outbreak, including a tecovirimat-adapted strain, at therapeutically achievable
346  concentrations. Moreover, it increased the activity of and can be used in combination
347  with the two approved anti-poxvirus drugs tecovirimat and brincidofovir. Nitroxoline is
348 potentially also a readily available alternative to these antivirals, as the use of
349  brincidofovir is associated with significant adverse effects and tecovirimat stocks are
350 insufficient to cover the current outbreak [Adler et al., 2022; Gessain et al., 2022; Johri

351 etal., 2022; Pfafflin et al., 2022]. Finally, nitroxoline is also effective against pathogens
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that are co-transmitted with mpox virus in the current outbreak, such as sexually
transmitted bacterial and viral ilinesses [Girometti et al., 2022; Patel et al., 2022]. Thus,
nitroxoline is a repurposing candidate for the treatment of mpox virus that may also
have potential for the treatment of neglected mpox disease in endemic areas in Africa
and for the control and ideally prevention of future global outbreaks [Alakunle & Okeke,

2022].
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360 Methods

361

362 Cell culture

363 Human foreskin fibroblasts (HFF) and human foreskin keratinocytes (HFK) were
364 isolated as previously described [ZOller et al., 2014; Wilhelm et al., 2021] according to
365 the Declaration of Helsinki principles and in agreement with the institutional review
366 board (112/06; 386/14). HFF were cultured in Dulbecco's Modified Eagle Medium
367 (DMEM) with 4.5g/ml glucose supplemented with 5% foetal bovine serum (FBS) and
368  1001U/ml penicillin. HKF were cultured in DermalLife K (CellSystems) supplemented
369  with 1001U/ml penicillin. The cell lines ARPE (ATCC) and HaCaT (CLS Cell Lines
370 Service) were cultured in minimal essential medium (MEM) supplemented with 10%
371 FBS, 100 IU/mL penicillin, and 100 pg/mL streptomycin. All cell lines were regularly
372 authenticated by short tandem repeat (STR) analysis and tested for mycoplasma
373  contamination.

374

375 Mpox virus isolation and production

376 Mpox virus clinical isolates were obtained by culturing swabs from the patient’s
377 lesions on Vero cells. After appearance of cytopathogenic effect (CPE) both cells and
378 supernatant were frozen at -80°C. For virus stock preparation, the human keratinocyte
379 cell line HaCaT was utilised. Briefly, cells were incubated with S50uL of infectious
380 inoculum for 72h and subsequently frozen at -80°C until further processing. After
381 thawing, supernatants were centrifuged at 150g for 10min and virus stocks stored at -
382 80°C. Virus titres were determined as TCID50/mL using confluent HFF in 96-well
383  microtiter plates.

384
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385 Antiviral assay

386 Confluent cells in 96-well plates were infected with mpox virus isolates at MOI
387 0.01 and incubated at 37°C for 48h. Drug inhibitory effects were determined by
388 immunocytochemistry staining of mpox virus. Briefly, cells were fixed with
389 acetone:methanol (40:60) solution and immunostaining was performed using an anti-
390 Vaccinia Virus antibody (1:4000 dilution, #ab35219 Abcam, Berlin, Germany), which
391 was detected with a peroxidase-conjugated anti-rabbit secondary antibody (1:1,000,
392 Dianova), followed by addition of AEC substrate. The mpox virus positive area was
393 scanned and quantified by the Bioreader® 7000-F-Z-1 microplate reader (Biosys). The
394 results are expressed as percentage of inhibition relative to virus control which
395 received no drug.

396
397 Cell viability assay

398 Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
399 diphenyltetrazolium bromide (MTT) dye reduction assay 96-well plates. 25 yL of MTT
400 solution (2 mg/mL in PBS) were added per well, and the plates were incubated at 37
401  °C for 4 h. After this, the cells were lysed using 100 pL of a buffer containing 20%
402 sodium dodecylsulfate and 50% N,N-dimethylformamide with the pH adjusted to 4.7 at
403 37 °C for 4 h. Absorbance was determined at 560 nm (reference wavelength 620 nm)
404 using a Tecan infinite M200 microplate reader (TECAN).

405

406 Mpox virus isolate assignment to clades

407 Total DNA from viral stocks was isolated using the QlAamp DNA Blood Kit
408 (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. DNA was
409 subjected to qRT-PCR analysis using the Luna Universal gPCR Master Mix Protocol

410 (New England Biolabs, Frankfurtam Main, Germany) and a CFX96 Real-Time System,
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411 C1000 Touch Thermal Cycler (Bio-Rad, Feldkirchen, Germany). Primers detecting
412  mpox virus were adapted from Liu et al. 2010 [Li et al., 2010].

413
414  Split-thickness skin model

415 Skin samples derived from surplus split skin not used for wound cover were
416 placed in PBS and perforated by microneedle pre-treatment (Segminismart®, Nicosia,
417  Cyprus) to facilitate virus infection as described [Tajpara et al., 2019]. Then, 3x3mm
418  skin pieces were infected with 10 TCID50/mL of mpox virus isolate 1 (MPXV1) per
419  well in 500 pL with or without nitroxoline (10 uM). 48 h post infection, tissue samples
420 were formalin-fixed, paraffin-embedded (FFPE), and cut into 4um sections. After
421 deparaffinisation and heat-induced epitope retrieval (Target Retrieval Solution pH9,
422  Agilent-Dako, S2367, Santa Clara, U.S.A.), sections were incubated with a primary
423 anti-vaccinia virus antibody (1:10.000, Abcam, ab35219, Berlin, Germany), followed
424 by incubation with secondary anti-rabbit IgG-horseradish peroxidase conjugates
425 (ZytoChem HRP Kit, HRP-125, Zytomed Systems, Berlin, Germany), and visualisation
426 using HistoGreen (Histo Green Kit, Linaris, LIN-E109, Frankfurt Germany) as
427  peroxidase substrate. All experiments were performed according to the Declaration of
428 Helsinki principles and in agreement with the institutional review board (112/06;
429  386/14)

430

431 Immunoblot analysis

432 Whole-cell lysates were prepared using Triton-X sample buffer containing
433 protease inhibitor cocktail (Roche). The protein concentration was assessed by using
434  DC Protein assay reagent (Bio-Rad Laboratories). Equal protein loads were separated
435 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and proteins were

436 transferred to nitrocellulose membranes (Thermo Scientific). For protein detection the
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437 following primary antibodies were used at the indicated dilutions: AKT (Cell Signaling,
438 #9272, 1:1000), phospho-AKT T308 (Cell Signaling, #2965, 1:1000), phospho-AKT
439 S473 (Cell Signaling, #4060, 1:1000), c-Raf (Cell Signaling, #9422, 1:1000), phospho-
440 c-Raf S338 (Cell Signaling, #9327, 1:1000), ERK1/2 (Acris, #AP00033P4-N, 1:1000),
441  phospho-ERK1/2 T202/Y204 (Cell Signaling, #9106, 1:1000), GAPDH (Cell Signaling,
442 #2118, 1:4000), MEK1/2 (Cell Signaling 1:1000, #9122, 1:1000), phospho-MEK1/2
443  S217/221 (Cell Signaling, #9121, 1:1000). Protein bands were visualized using IRDye-
444  labeled secondary antibodies at dilution 1:40000 (LI-COR Biotechnology,
445 |RDye®800CW Goat anti-Rabbit, #926-32211 and IRDye®800CW Goat anti-Mouse
446  1gG, #926-32210) and Odyssey Infrared Imaging System (LI-COR Biosciences).

447

448 Drug combination assay

449 To evaluate antiviral activity of nitroxoline in a combination with tecovirimat and
450 brincidofovir, the compounds were applied alone or in fixed combinations at 1:2
451 dilutions using HFF monolayers. Subsequently the cells were infected with MPVX 1 at
452  MOI 0.01 for 48 h. The calculation of ICso, IC7s, ICgo and 1Cgs for single drugs and their
453 combinations as well as combination indexes (Cls) was performed using the software
454  CalcuSyn (Biosoft) based on the method of Chou and Talalay [Chou, 2006]. The
455 weighted average Cl value (Clwt) was calculated according to the formula: Clwt [Clso +
456 2Cl7s + 3Clgo + 4Clgs)/10. Clwt values were calculated for mutually exclusive
457 interactions where Clwt <0.8 indicates synergism, Clwt between 0.8-1.2 indicates
458 additive effects, and Clwt >1.2 suggest antagonism.

459

460 Selection of Tecovorimat-resistant variant

461 ARPE cells were seeded in 96-well plate 48 h prior infection and treatment. The

462  cells were treated with 4 uM of Tecovirimat and subsequently infected with MPXV1 at
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463 MOI 0.01. Untreated cells were used as passaging control. After 7 days the selection
464 medium containing 4 uM of Tecovirimat was refreshed and the cells were incubated
465 for additional 7 days. The positive wells displaying plaques were harvested and
466 expanded to viral stocks. The resistance development was validated in antiviral assay.
467

468 Complete virus genome sequencing

469 Up to 5ng extracted DNA were used for library preparation using the KAPA
470 Hyper Prep Kit (Roche) according to manufacturer’s instructions. Resulting libraries
471  were quantified on a TapeStation System (Agilent), equimolar pooled, and paired-end
472 sequenced on an lllumina MiniSeq sequencer (lllumina, 300 cycles). Reads were
473 mapped against ON563414.2 using Geneious Prime v2022.0.1 and manually curated.

474

475 Effect of nitroxoline on HSV-1 and VZV

476 Antiviral efficacy of nitroxoline against two sexually transmitted herpesviruses,
477 HSV-1and VZV, was evaluated in HFF and ARPE cells, respectively. Briefly, confluent
478 layers of HFF or ARPE cells were treated with nitroxoline and infected with HSV-1
479  Mclntyre strain (ATCC) at MOI 0.01 for 24 h or with VZV clinical isolate [Schmidt-
480 Chanasit et al., 2008] at MOI 0.1 for 48 h. Subsequently, the cell were fixed with
481  acetone:methanol (40:60) solution and immunostained with antibody directed against
482 HSV-1 (#ab9533, Abcam, Berlin, Germany) or against VZV (IE62-specific mADb,
483 Chemicon, Billerica, MA, USA), which was detected with a peroxidase-conjugated anti-
484  rabbit or anti-mouse secondary antibody (1:1,000, Dianova), respectively, followed by
485 addition of AEC substrate. The virus positive area was quantified by the Bioreader®
486  7000-F-Z-I microplate reader (Biosys). The results are expressed as percentage of
487 inhibition relative to non-treated virus control.

488
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489 Bacterial isolates and antibiotic susceptibility testing

490 All bacterial isolates were recovered from patients hospitalized at the Goethe
491  University Hospital in Frankfurt. Reference strains Escherichia coli ATCC 25922 and
492  Neisseria gonorrhoeae ATCC 49226 were obtained from DSMZ (German Collection of
493  Microorganisms and Cell Culture, Braunschweig, Germany).

494 Antimicrobial susceptibility was determined by disc diffusion (Liofilchem?®,
495 Roseto degli Abruzzi, Italy) using Mueller Hinton agar (Oxoid™, Thermo Fisher,
496 Darmstadt, Germany) for E. coli and Chocolate agar with Vitox (Oxoid™, Thermo
497  Fisher, Darmstadt, Germany) for N. gonorrhoeae. Agar dilution was performed with
498 Mueller Hinton agar for Escherichia coli and GC agar supplemented with hemoglobin
499  solution and BBL™ IsoVitaleX™ (Becton, Dickinson and Company, Le Pont de Claix,
500 France) for Neisseria gonorrhoeae with increasing concentrations of nitroxoline.
501  Additionally, broth microdilution was performed with cation-adjusted Mueller-Hinton
502  broth for E. coli.

503 Inhibition zones and minimum inhibitory concentrations (MICs) were evaluated
504 and interpreted according to EUCAST guidelines for E. coli due to the undefined
505 criteria for N. gonorrhoeae [https://lwww.eucast.org/clinical_breakpoints/].

506

507  Structural Modelling

508 The mpox F13L protein structure was modelling using Phyre2 [Kelley et al.,
509 2015] (with default settings). Phyre2 generated a high confidence model for 93% of the
510 protein sequence.

511

512  Statistics

513 The results are expressed as the mean + standard deviation (SD) of the number

514  of biological replicates indicated in figure legends. The statistical significance is
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depicted directly in graphs and the statistical test used for calculation of p values is

indicated in figure legends. GraphPad Prism 9 was used to determine IC50 values.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

519

520

521

522

523

524

525

526

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Acknowledgement
We thank Kerstin Euler, Sebastian Grothe, Daniel Janisch and Lena Stegmann

for their technical support.

Funding

This study was supported by the Frankfurter Stiftung fur krebskranke Kinder.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

527 References

528 Adler H, Gould S, Hine P, Snell LB, Wong W, Houlihan CF, Osborne JC, Rampling T,
529 Beadsworth MB, Duncan CJ, Dunning J, Fletcher TE, Hunter ER, Jacobs M, Khoo SH,
530 Newsholme W, Porter D, Porter RJ, Ratcliffe L, Schmid ML, Semple MG, Tunbridge
531 AJ, Windfield T, Price NM; NHS England High Consequence Infectious Diseases
532 (Airborne) Network. Clinical features and management of human monkeypox: a
533 retrospective observational study in the UK. Lancet Infect Dis. 2022 Aug;22(8):1153-
534 1162. doi: 10.1016/S1473-3099(22)00228-6.

535 Alakunle EF, Okeke MI. Monkeypox virus: a neglected zoonotic pathogen spreads
536 globally. Nat Rev Microbiol. 2022 Sep;20(9):507-508. doi: 10.1038/s41579-022-
537 00776-z.

538 Beerli C, Yakimovich A, Kilcher S, Reynoso GV, Flaschner G, Muller DJ, Hickman HD,
539 Mercer J. Vaccinia virus hijacks EGFR signalling to enhance virus spread through rapid
540 and directed infected cell motility. Nat Microbiol. 2019 Feb;4(2):216-225. doi:
541  10.1038/s41564-018-0288-2.

542 Bojkova D, Bechtel M, Rothenburger T, Steinhorst K, Zoller N, Kippenberger S,
543  Schneider J, Corman VM, Uri H, Wass MN, Knecht G, Khaykin P, Wolf T, Ciesek S,
544 Rabenau HF, Michaelis M, Cinatl J Jr. Drug sensitivity of currently circulating
545 monkeypox viruses. New Engl J Med. in press.

546 Bunge EM, Hoet B, Chen L, Lienert F, Weidenthaler H, Baer LR, Steffen R. The
547  changing epidemiology of human monkeypox-A potential threat? A systematic review.
548 PLoS Negl Trop Dis. 2022 Feb 11;16(2):e0010141. doi:
549  10.1371/journal.pntd.0010141.

550 CDC. 2022 Monkeypox Outbreak Global Map.

551 https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html. Accessed

552  on 8" September 2022.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

553 Chang WL, Hsu LC, Leu WJ, Chen CS, Guh JH. Repurposing of nitroxoline as a
554  potential anticancer agent against human prostate cancer: a crucial role on
555 AMPK/mTOR signaling pathway and the interplay with Chk2 activation. Oncotarget.
556 2015 Nov 24;6(37):39806-20. doi: 10.18632/oncotarget.5655.

557 Chen N, Bellone CJ, Schriewer J, Owens G, Fredrickson T, Parker S, Buller RM.
558  Poxvirus interleukin-4 expression overcomes inherent resistance and vaccine-induced
559 immunity: pathogenesis, prophylaxis, and antiviral therapy. Virology. 2011 Jan
560 20;409(2):328-37. doi: 10.1016/j.virol.2010.10.021.

561 Chou TC. Theoretical basis, experimental design, and computerized simulation of
562 synergism and antagonism in drug combination studies. Pharmacol Rev. 2006
563  Sep;58(3):621-81. doi: 10.1124/pr.58.3.10.

564 De Clercq E. Strategies in the design of antiviral drugs. Nat Rev Drug Discov. 2002
565 Jan;1(1):13-25. doi: 10.1038/nrd703.

566 Desai AN, Thompson GR 3rd, Neumeister SM, Arutyunova AM, Trigg K, Cohen SH.
567 Compassionate Use of Tecovirimat for the Treatment of Monkeypox Infection. JAMA.
568 2022 Aug 22:€2215336. doi: 10.1001/jama.2022.15336.

569 Dobrindt U, Wami HT, Schmidt-Wieland T, Bertsch D, Oberdorfer K, Hof H. Compared
570 with Cotrimoxazole Nitroxoline Seems to Be a Better Option for the Treatment and
571  Prophylaxis of Urinary Tract Infections Caused by Multidrug-Resistant Uropathogens:
572 An In Vitro Study. Antibiotics (Basel). 2021 May 28;10(6):645. doi:
573  10.3390/antibiotics10060645.

574  Duraffour S, Lorenzo MM, Zoller G, Topalis D, Grosenbach D, Hruby DE, Andrei G,
575 Blasco R, Meyer H, Snoeck R. ST-246 is a key antiviral to inhibit the viral F13L
576 phospholipase, one of the essential proteins for orthopoxvirus wrapping. J Antimicrob

577 Chemother. 2015 May;70(5):1367-80. doi: 10.1093/jac/dku545.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

578 Elsayed S, Bondy L, Hanage WP. Monkeypox Virus Infections in Humans. Clin
579  Microbiol Rev. 2022 Nov 14:e0009222. doi: 10.1128/cmr.00092-22.
580 FDA. Drug Approval Package: TPOXX (tecovirimat):

581 https://www.accessdata.fda.gov/drugsatfda docs/nda/2018/2086270rig1s000TOC.cf

582 m

583 Fink DL, Callaby H, Luintel A, Beynon W, Bond H, Lim EY, Gkrania-Klotsas E, Heskin
584 J, Bracchi M, Rathish B, Milligan I, O'Hara G, Rimmer S, Peters JR, Payne L, Mody N,
585 Hodgson B, Lewthwaite P, Lester R, Woolley SD, Sturdy A, Whittington A, Johnson L,
586 Jacobs N, Quartey J, Ai Payne B, Crowe S, Elliott IA, Harrison T, Cole J, Beard K,
587 Cusack TP, Jones |, Banerjee R, Rampling T; Specialist and High Consequence
588 Infectious Diseases Centres Network for Monkeypox, Dunning J. Clinical features and
589 management of individuals admitted to hospital with monkeypox and associated
590 complications across the UK: a retrospective cohort study. Lancet Infect Dis. 2022 Dec
591  22:S1473-3099(22)00806-4. doi: 10.1016/S1473-3099(22)00806-4.

592  Frenois-Veyrat G, Gallardo F, Gorgé O, Marcheteau E, Ferraris O, Baidaliuk A, Favier
593 AL, Enfroy C, Holy X, Lourenco J, Khoury R, Nolent F, Grosenbach DW, Hruby DE,
594  Ferrier A, Iseni F, Simon-Loriere E, Tournier JN. Tecovirimat is effective against human
595 monkeypox virus in vitro at nanomolar concentrations. Nat Microbiol. 2022 Nov 7. doi:
596 10.1038/s41564-022-01269-8.

597 Fuchs F, Wille J, Hamprecht A, Parcina M, Lehmann C, Schwarze-Zander C, Seifert
598 H, Higgins PG. In vitro activity of mecillinam and nitroxoline against Neisseria
599 gonorrhoeae - re-purposing old antibiotics in the multi-drug resistance era. J Med
600  Microbiol. 2019 Jul;68(7):991-995. doi: 10.1099/jmm.0.001014.

601  Gessain A, Nakoune E, Yazdanpanah Y. Monkeypox. N Engl J Med. 2022 Oct 26. doi:

602 10.1056/NEJMra2208860.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

603 Girometti N, Byrne R, Bracchi M, Heskin J, McOwan A, Tittle V, Gedela K, Scott C,
604 Patel S, Gohil J, Nugent D, Suchak T, Dickinson M, Feeney M, Mora-Peris B,
605 Stegmann K, Plaha K, Davies G, Moore LSP, Mughal N, Asboe D, Boffito M, Jones R,
606  Whitlock G. Demographic and clinical characteristics of confirmed human monkeypox
607 virus cases in individuals attending a sexual health centre in London, UK: an
608 observational analysis. Lancet Infect Dis. 2022 Sep;22(9):1321-1328. doi:
609 10.1016/S1473-3099(22)00411-X.

610 Grosenbach DW, Honeychurch K, Rose EA, Chinsangaram J, Frimm A, Maiti B,
611 Lovejoy C, Meara I, Long P, Hruby DE. Oral Tecovirimat for the Treatment of Smallpox.
612 N Engl J Med. 2018 Jul 5;379(1):44-53. doi: 10.1056/NEJM0a1705688.

613 Isidro J, Borges V, Pinto M, Sobral D, Santos JD, Nunes A, Mixao V, Ferreira R, Santos
614 D, Duarte S, Vieira L, Borrego MJ, Nuncio S, de Carvalho IL, Pelerito A, Cordeiro R,
615 Gomes JP. Phylogenomic characterization and signs of microevolution in the 2022
616  multi-country outbreak of monkeypox virus. Nat Med. 2022 Aug;28(8):1569-1572. doi:
617 10.1038/s41591-022-01907-y.

618 Hendriks A, Cruz AR, Soldaini E, Manetti AGO, Bagnoli F. Human Organotypic Models
619 for Anti-infective Research. Curr Top Microbiol Immunol. 2021;430:77-99. doi:
620 10.1007/82_2018_130.

621 Hoffmann C, Jessen H, Wyen C, Grunwald S, Noe S, Teichmann J, Krauss AS,
622 Kolarikal H, Scholten S, Schuler C, Bickel M, Roll C, Kreckel P, Koppe S, Straub M,
623 Klausen G, Lenz J, Esser S, Jensen B, Rausch M, Unger S, Pauli R, Harter G, Muller
624 M, Masuhr A, Schafer G, Seybold U, Schellberg S, Schneider J, Monin MB, Wolf E,
625 Spinner CD, Boesecke C. Clinical characteristics of monkeypox virus infections among
626 men with and without HIV: A large outbreak cohort in Germany. HIV Med. 2022 Sep 4.

627 doi: 10.1111/hiv.13378.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

628 Huang Y, Mu L, Wang W. Monkeypox: epidemiology, pathogenesis, treatment and
629 prevention. Signal Transduct Target Ther. 2022 Nov 2;7(1):373. doi: 10.1038/s41392-
630 022-01215-4.

631 Hughes CM, Liu L, Davidson WB, Radford KW, Wilkins K, Monroe B, Metcalfe MG,
632 Likafi T, Lushima RS, Kabamba J, Nguete B, Malekani J, Pukuta E, Karhemere S,
633 Muyembe Tamfum JJ, Okitolonda Wemakoy E, Reynolds MG, Schmid DS, McCollum
634 AM. A Tale of Two Viruses: Coinfections of Monkeypox and Varicella Zoster Virus in
635 the Democratic Republic of Congo. Am J Trop Med Hyg. 2020 Dec 7;104(2):604-611.
636  doi: 10.4269/ajtmh.20-0589.

637 Inigo Martinez J, Gil Montalban E, Jiménez Bueno S, Martin Martinez F, Nieto Julia A,
638 Sanchez Diaz J, Garcia Marin N, Cérdoba Deorador E, Nunziata Forte A, Alonso
639 Garcia M, Humanes Navarro AM, Montero Morales L, Dominguez Rodriguez MJ,
640 Carbajo Ariza M, Diaz Garcia LM, Mata Pariente N, Rumayor Zarzuelo M, Velasco
641 Rodriguez MJ, Aragén Pefia A, Rodriguez Baena E, Miguel Benito A, Pérez Meixeira
642 A, Ordobas Gavin M, Lopaz Pérez MA, Arce Arndez A. Monkeypox outbreak
643 predominantly affecting men who have sex with men, Madrid, Spain, 26 April to 16
644 June 2022. Euro Surveil. 2022 Jul;27(27):2200471. doi: 10.2807/1560-
645 7917.ES.2022.27.27.2200471.

646  Johri N, Kumar D, Nagar P, Maurya A, Vengat M, Jain P. Clinical manifestations of
647 human monkeypox infection and implications for outbreak strategy. Health Sci Rev
648  (Oxf). 2022 Dec;5:100055. doi: 10.1016/j.hsr.2022.100055.

649 Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal for
650 protein modeling, prediction and analysis. Nat Protoc. 2015 Jun;10(6):845-58. doi:
651 10.1038/nprot.2015.053.

652 Kindrachuk J, Arsenault R, Kusalik A, Kindrachuk KN, Trost B, Napper S, Jahrling PB,

653 Blaney JE. Systems kinomics demonstrates Congo Basin monkeypox virus infection


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

654  selectively modulates host cell signaling responses as compared to West African
655 monkeypox virus. Mol Cell Proteomics. 2012 Jun;11(6):M111.015701. doi:
656 10.1074/mcp.M111.015701.

657 Lederman ER, Davidson W, Groff HL, Smith SK, Warkentien T, Li Y, Wilkins KA,
658 Karem KL, Akondy RS, Ahmed R, Frace M, Shieh WJ, Zaki S, Hruby DE, Painter WP,
659 Bergman KL, Cohen JI, Damon IK. Progressive vaccinia: case description and
660 laboratory-guided therapy with vaccinia immune globulin, ST-246, and CMX001. J
661 Infect Dis. 2012 Nov;206(9):1372-85. doi: 10.1093/infdis/jis510.

662 Lesch M, Luckner M, Meyer M, Weege F, Gravenstein |, Raftery M, Sieben C, Martin-
663 SancholL, Imai-Matsushima A, Welke RW, Frise R, Barclay W, Schonrich G, Herrmann
664 A, Meyer TF, Karlas A. RNAi-based small molecule repositioning reveals clinically
665 approved urea-based kinase inhibitors as broadly active antivirals. PLoS Pathog. 2019
666 Mar 18;15(3):e1007601. doi: 10.1371/journal.ppat.1007601.

667 LiY, Zhao H, Wilkins K, Hughes C, Damon IK. Real-time PCR assays for the specific
668 detection of monkeypox virus West African and Congo Basin strain DNA. J Virol
669 Methods. 2010 Oct;169(1):223-7. doi: 10.1016/j.jviromet.2010.07.012.

670 Li H, Hwang Y, Perry K, Bushman F, Van Duyne GD. Structure and Metal Binding
671  Properties of a Poxvirus Resolvase. J Biol Chem. 2016 May 20;291(21):11094-104.
672  doi: 10.1074/jbc.M115.709139.

673 Likos AM, Sammons SA, Olson VA, Frace AM, Li Y, Olsen-Rasmussen M, Davidson
674 W, Galloway R, Khristova ML, Reynolds MG, Zhao H, Carroll DS, Curns A, Formenty
675 P, Esposito JJ, Regnery RL, Damon IK. A tale of two clades: monkeypox viruses. J
676 Gen Virol. 2005 Oct;86(Pt 10):2661-2672.

677 Madavaraju K, Yadavalli T, Singh SK, Qatanani F, Shukla D. Prophylactic treatment

678 with BX795 blocks activation of AKT and its downstream targets to protect vaginal


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

679 keratinocytes and vaginal epithelium from HSV-2 infection. Antiviral Res. 2021
680  Oct;194:105145. doi: 10.1016/j.antiviral.2021.105145.

681 Mitja O, Ogoina D, Titanji BK, Galvan C, Muyembe JJ, Marks M, Orkin CM.
682 Monkeypox. Lancet. 2022 Nov 17:S0140-6736(22)02075-X. doi: 10.1016/S0140-
683 6736(22)02075-X.

684 Naber KG, Niggemann H, Stein G, Stein G. Review of the literature and individual
685 patients' data meta-analysis on efficacy and tolerance of nitroxoline in the treatment of
686 uncomplicated urinary tract infections. BMC Infect Dis. 2014 Nov 27;14:628. doi:
687 10.1186/s12879-014-0628-7.

688 Palicelli A, Croci S, Bisagni A, Zanetti E, De Biase D, Melli B, Sanguedolce F, Ragazzi
689 M, Zanelli M, Chaux A, Cafiete-Portillo S, Bonasoni MP, Soriano A, Ascani S, Zizzo M,
690 Castro Ruiz C, De Leo A, Giordano G, Landriscina M, Carrieri G, Cormio L, Berney
691 DM, Gandhi J, Santandrea G, Bonacini M. What Do We Have to Know about PD-L1
692 Expression in Prostate Cancer? A Systematic Literature Review. Part 4: Experimental
693 Treatments in Pre-Clinical Studies (Cell Lines and Mouse Models). Int J Mol Sci. 2021
694  Nov 14;22(22):12297. doi: 10.3390/ijms222212297.

695 Patel A, Bilinska J, Tam JCH, Da Silva Fontoura D, Mason CY, Daunt A, Snell LB,
696  Murphy J, Potter J, Tuudah C, Sundramoorthi R, Abeywickrema M, Pley C, Naidu V,
697 Nebbia G, Aarons E, Botgros A, Douthwaite ST, van Nispen Tot Pannerden C, Winslow
698 H, Brown A, Chilton D, Nori A. Clinical features and novel presentations of human
699 monkeypox in a central London centre during the 2022 outbreak: descriptive case
700 series. BMJ. 2022 Jul 28;378:e072410. doi: 10.1136/bmj-2022-072410.

701  Pelletier C, Prognon P, Bourlioux P. Roles of divalent cations and pH in mechanism of
702  action of nitroxoline against Escherichia coli strains. Antimicrob Agents Chemother.

703 1995 Mar;39(3):707-13. doi: 10.1128/AAC.39.3.707.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

704 Peng C, Zhou Y, Cao S, Pant A, Campos Guerrero ML, McDonald P, Roy A, Yang Z.
705 Identification of Vaccinia Virus Inhibitors and Cellular Functions Necessary for Efficient
706 Viral Replication by Screening Bioactives and FDA-Approved Drugs. Vaccines (Basel).
707 2020 Jul 21;8(3):401. doi: 10.3390/vaccines8030401.

708 Pfafflin F, Wendisch D, Scherer R, Jurgens L, Godzick-Njomgang G, Tranter E, Tober-
709 Lau P, Stegemann MS, Corman VM, Kurth F, Schurmann D. Monkeypox in-patients
710  with severe anal pain. Infection. 2022 Aug 12. doi: 10.1007/s15010-022-01896-7.

711 Qiu ZY, Tao YH, Zheng SL, Sun XD, Chi YH, Sun X, Wang JR. How to recognize and
712  respond to monkeypox 2022 outbreak in non-endemic countries: a narrative review.
713 Eur Rev Med Pharmacol Sci. 2022 Nov;26(22):8620-8630. doi:
714  10.26355/eurrev_202211_30399.

715  Quenelle DC, Prichard MN, Keith KA, Hruby DE, Jordan R, Painter GR, Robertson A,
716 Kern ER. Synergistic efficacy of the combination of ST-246 with CMX001 against
717  orthopoxviruses. Antimicrob Agents Chemother. 2007 Nov;51(11):4118-24. doi:
718 10.1128/AAC.00762-07.

719 Rabaan AA, Abas AH, Tallei TE, Al-Zaher MA, Al-Sheef NM, Fatimawali, Al-Nass EZ,
720 Al-Ebrahim EA, Effendi Y, Idroes R, Alhabib MF, Al-Fheid HA, Adam AA, Bin Emran
721  T. Monkeypox Outbreak 2022: What We Know So Far and Its Potential Drug Targets
722  and Management Strategies. J Med Virol. 2022 Nov 13. doi: 10.1002/jmv.28306.

723 Rahaus M, Desloges N, Wolff MH. Varicella-zoster virus requires a functional
724  PI3K/Akt/GSK-3alpha/beta signaling cascade for efficient replication. Cell Signal. 2007
725 Feb;19(2):312-20. doi: 10.1016/j.cellsig.2006.07.003.

726 Reed KD, Melski JW, Graham MB, Regnery RL, Sotir MJ, Wegner MV, Kazmierczak
727 JJ, Stratman EJ, Li Y, Fairley JA, Swain GR, Olson VA, Sargent EK, Kehl SC, Frace

728 MA, Kline R, Foldy SL, Davis JP, Damon IK. The detection of monkeypox in humans


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

729 in the Western Hemisphere. N Engl J Med. 2004 Jan 22;350(4):342-50. doi:
730 10.1056/NEJM0a032299.

731 Repac Anti¢ D, ParCina M, Gobin I, Petkovi¢ Didovi¢ M. Chelation in Antibacterial
732  Drugs: From Nitroxoline to Cefiderocol and Beyond. Antibiotics (Basel). 2022 Aug
733 15;11(8):1105. doi: 10.3390/antibiotics11081105.

734  Schmidt-Chanasit J, Bleymehl K, Rabenau HF, Ulrich RG, Cinatl J Jr, Doerr HW. In
735  vitro replication of varicella-zoster virus in human retinal pigment epithelial cells. J Clin
736  Microbiol. 2008 Jun;46(6):2122-4. doi: 10.1128/JCM.00122-08.

737 Seo GJ, Yang A, Tan B, Kim S, Liang Q, Choi Y, Yuan W, Feng P, Park HS, Jung JU.
738 Akt Kinase-Mediated Checkpoint of cGAS DNA Sensing Pathway. Cell Rep. 2015 Oct
739  13;13(2):440-9. doi: 10.1016/j.celrep.2015.09.007.

740  Singh S, Kumar R, Singh SK. All That We Need to Know About the Current and Past
741 Outbreaks of Monkeypox: A Narrative Review. Cureus. 2022 Nov 4;14(11):e311009.
742  doi: 10.7759/cureus.31109.

743 Tajpara P, Mildner M, Schmidt R, Vierhapper M, Matiasek J, Popow-Kraupp T,
744  Schuster C, Elbe-Burger A. A Preclinical Model for Studying Herpes Simplex Virus
745 Infection. J Invest Dermatol. 2019 Mar;139(3):673-682. doi: 10.1016/}.jid.2018.08.034.
746  Thornhill JP, Barkati S, Walmsley S, Rockstroh J, Antinori A, Harrison LB, Palich R,
747 Nori A, Reeves |, Habibi MS, Apea V, Boesecke C, Vandekerckhove L, Yakubovsky
748 M, Sendagorta E, Blanco JL, Florence E, Moschese D, Maltez FM, Goorhuis A,
749  Pourcher V, Migaud P, Noe S, Pintado C, Maggi F, Hansen AE, Hoffmann C, Lezama
750 JI, Mussini C, Cattelan A, Makofane K, Tan D, Nozza S, Nemeth J, Klein MB, Orkin
751 CM; SHARE-net Clinical Group. Monkeypox Virus Infection in Humans across 16
752  Countries - April-dJune 2022. N Engl J Med. 2022 Aug 25;387(8):679-691. doi:

753  10.1056/NEJMoa2207323.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

754  Tiwari V, Shukla D. Phosphoinositide 3 kinase signalling may affect multiple steps
755  during herpes simplex virus type-1 entry. J Gen Virol. 2010 Dec;91(Pt 12):3002-9. doi:
756  10.1099/vir.0.024166-0.

757 Warner BM, Klassen L, Sloan A, Deschambault Y, Soule G, Banadyga L, Cao J, Strong
758 JE, Kobasa D, Safronetz D. In vitro and in vivo efficacy of Tecovirimat against a
759 recently emerged 2022 Monkeypox virus isolate. Sci Transl Med. 2022 Nov
760 1:eade7646. doi: 10.1126/scitransImed.ade7646.

761 White JM, Schiffer JT, Bender Ignacio RA, Xu S, Kainov D, lanevski A, Aittokallio T,
762  Frieman M, Olinger GG, Polyak SJ. Drug Combinations as a First Line of Defense
763 against Coronaviruses and Other Emerging Viruses. mBio. 2021 Dec
764  21;12(6):e0334721. doi: 10.1128/mbio.03347-21.

765 Wima RA, Huttner A, Koch BCP, Mouton JW, Muller AE. Review of the
766  pharmacokinetic properties of nitrofurantoin and nitroxoline. J Antimicrob Chemother.
767 2018 Nov 1;73(11):2916-2926. doi: 10.1093/jac/dky255.

768 Wilhelm R, Eckes T, Imre G, Kippenberger S, Meissner M, Thomas D, Trautmann S,
769 Merlio JP, Chevret E, Kaufmann R, Pfeilschifter J, Koch A, Jager M. C6 Ceramide
770 (d18:1/6:0) as a Novel Treatment of Cutaneous T Cell Lymphoma. Cancers (Basel).
771 2021 Jan 13;13(2):270. doi: 10.3390/cancers13020270.

772  Wykowski R, Fuentefria AM, de Andrade SF. Antimicrobial activity of clioquinol and
773 nitroxoline: a scoping review. Arch Microbiol. 2022 Jul 30;204(8):535. doi:
774  10.1007/s00203-022-03122-2.

775 Xu J, Lee JM, Tatsuke T, Ebihara T, Masuda A, Hino M, Morokuma D, Fujita R, Mon
776 H, Kusakabe T, Takahashi M. Expression and Purification of Vaccinia Virus DNA
777 Topoisomerase IB Produced in the Silkworm-Baculovirus Expression System. Mol

778  Biotechnol. 2019 Aug;61(8):622-630. doi: 10.1007/s12033-019-00184-4.


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.29.522228; this version posted December 30, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

779  Xu N, Huang L, Li X, Watanabe M, Li C, Xu A, Liu C, Li Q, Araki M, Wada K, Nasu Y,
780 Huang P. The Novel Combination of Nitroxoline and PD-1 Blockade, Exerts a Potent
781  Antitumor Effect in a Mouse Model of Prostate Cancer. Int J Biol Sci. 2019 Mar
782  9;15(5):919-928. doi: 10.7150/ijbs.32259.

783 Yang G, Pevear DC, Davies MH, Collett MS, Bailey T, Rippen S, Barone L, Burns C,
784 Rhodes G, Tohan S, Huggins JW, Baker RO, Buller RL, Touchette E, Waller K,
785  Schriewer J, Neyts J, DeClercq E, Jones K, Hruby D, Jordan R. An orally bioavailable
786  antipoxvirus compound (ST-246) inhibits extracellular virus formation and protects
787 mice from lethal orthopoxvirus Challenge. J Virol. 2005 Oct;79(20):13139-49. doi:
788  10.1128/JVI1.79.20.13139-13149.2005.

789 Zhang ZR, Zhang HQ, Li XD, Deng CL, Wang Z, Li JQ, Li N, Zhang QY, Zhang HL,
790 Zhang B, Ye HQ. Generation and characterization of Japanese encephalitis virus
791  expressing GFP reporter gene for high throughput drug screening. Antiviral Res. 2020
792  Oct;182:104884. doi: 10.1016/j.antiviral.2020.104884.

793 Zheng Y, Li S, Song K, Ye J, Li W, Zhong Y, Feng Z, Liang S, Cai Z, Xu K. A Broad
794  Antiviral Strategy: Inhibitors of Human DHODH Pave the Way for Host-Targeting
795 Antivirals against Emerging and Re-Emerging Viruses. Viruses. 2022 Apr
796  28;14(5):928. doi: 10.3390/v14050928.

797  Zoller N, Valesky E, Butting M, Hofmann M, Kippenberger S, Bereiter-Hahn J, Bernd
798 A, Kaufmann R. Clinical application of a tissue-cultured skin autograft: an alternative
799 for the treatment of non-healing or slowly healing wounds? Dermatology.
800 2014;229(3):190-8. doi: 10.1159/000362927.

801

802


https://doi.org/10.1101/2022.12.29.522228
http://creativecommons.org/licenses/by-nc-nd/4.0/

