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Mpox virus (MPXV) primarily infects human skin to cause lesions. Currently,
robust models that recapitulate skin infection by MPXV are lacking. Here
we demonstrate that human induced pluripotent stem cell-derived skin
organoids are susceptible to MPXV infection and support infectious

virus production. Keratinocytes, the predominant cell type of the skin
epithelium, effectively support MPXV infection. Using transmission
electron microscopy, we visualized the four stages of intracellular virus
particle assembly: crescent formation, immature virions, mature virions
and wrapped virions. Transcriptional analysis showed that MPXV infection
rewires the host transcriptome and triggers abundant expression of viral
transcripts. Early treatment with the antiviral drug tecovirimat effectively
inhibits infectious virus production and prevents host transcriptome

rewiring. Delayed treatment with tecovirimat also inhibits infectious MPXV
particle production, albeit to alesser extent. This study establishes human
skin organoids as arobust experimental model for studying MPXV infection,
mapping virus-hostinteractions and testing therapeutics.

Mpox virus (formerly monkeypox virus; MPXV) is the aetiological
pathogen of mpox diseasein humans. Itisalarge double-stranded DNA
virus, belonging to the genus Orthopoxvirus of the family Poxviridae'.
Over past decades, MPXV endemically circulatesin tropical regions of
African countries, predominantly in Central Africa’. However, in2022,
multi-national mpox outbreaks emerged across non-endemic regions
spreading to over 100 countries, with the majority of infected cases
reported in Europe and Americas®*.

Mpox disease is milder than that of smallpox, which is caused by
variolavirus, another member of the Orthopoxvirus genus. However,
severe complications and even death have beenreportedinboth previ-
ous outbreaks and the 2022 mpox outbreak, especially in vulnerable

populations including young children, pregnant women and immu-
nocompromised individuals®. Skin lesions are the most common
symptom, which often appear on the face and extremities. However,
lesions located in the genital-perianal areas of infected patients were
commonly reported in the 2022 outbreak®®. Although these lesions
usually result in mild itches or aches with limited distribution across
the body, during the 2022 outbreak there were frequent reports of
more severe pain, systemic distribution and secondary infection of
bacteriain the skin’”. Close contact with MPXV-infected skin lesions
isamajor route of human-to-human transmission; therefore, there is
an urgent need for better understanding of the pathophysiology of
MPXYV infection in this site and rapid development of therapeutics.
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This in turn requires robust experimental models that can closely
mimic skin features. Currently available in vitro models of MPXV
infection are exclusively based on immortalized cell lines, which do
not fully recapitulate human skin. A number of animal models have
been developed for MPXV infection, but they usually do not develop
the skin manifestations seen in humans'.

Human induced pluripotent stem (hiPS) cell-derived skin orga-
noids are capable of reproducing key physical and physiological
characteristics of human skin. These 3D cultured organoids display
amultilayer structure with an inverted configuration, meaning that,
in contrast to in vivo skin, the dermis is in contact with the external
environment while the epidermis is facing inwards towards the cen-
tre of the organoid. They also bear multiple appendages such as hair
follicles and sebaceous glands”. Furthermore, a recently described
approach utilizes an air-liquid interface (ALI) culture system that
allows skin organoid maturation to occur inamanner that more closely
resembles human skin physiology™. In this system, skin organoids are
dissected and subsequently grown on a collagen-coated transwell so
that the dermal layer is in contact with the culture medium whereas
theepidermisis exposedto theair. Collectively, these features endow
skin organoids with unique advantages for studying skin-associated
diseases, microbial infection and drug development™>. In this Article,
we address whether hiPS cell-derived skin organoids might provide
arobust model system in which to study MPXV pathogenesis in the
skin and test antiviral treatment. We found that hiPS cell-derived skin
organoids support productive infection of MPXV. Infection results
inabundant expression of viral transcripts and rewires the host tran-
scriptome. Treatment with the antiviral drug tecovirimat inhibits
infectious MPXV particle production, demonstrating the potential
ofthis model system for mapping virus-host interactions and testing
antiviral treatments.

Results

MPXV infection in early-stage skin organoids

Toinvestigate whether human skin organoids are permissive to MPXV
infection, we inoculated intact skin organoids at different stages of
maturity with a patient-derived MPXV isolate from the 2022 outbreak.
Asafirsttest, we used skin organoids at day 55 of differentiation (Fig. 1a).
Atthisstage, the epithelium of skin organoids has not fully stratified but
consists of basal keratinocytes that express both keratin 5 (KRTS5) and
keratin15 (KRT15), anintermediate layer with low levels of KRT5,and a
periderm-like outer layer with high levels of KRT15 (ref. 15). We tested
organoids derived from two different lines of hiPS cells originated
from healthy donors, and observed 3 log,,increaseinintracellular viral
genome copies at 7 days compared with 1 h post-inoculation in both
lines (Fig. 1b). The kinetics of extracellular virus secreted into culture
medium, from1h, 1day and up to 7 days post-inoculation, showed a
continuous increase in viral DNA levels and peaked at around 9 log,,
copies ml™ medium (Fig. 1c). This corresponds to an increase of
infectioustitres from approximately 1.5-2 log,, plaque-forming units
(PFU) ml"at1hto3.7log,, PFU ml™at 7 days post-inoculation (Fig. 1d).
Similarly, intracellularinfectious viral titres from organoids increased
from1h to 7 days post-inoculation (Extended Data Fig. 1a). Since the
infection kinetics of these two independent lines is identical, our fol-
lowing experimentations and results with three different lines of hiPS
cellswere pooled for analysis.

The infection was visualized by immunostaining viral replicat-
ing intermediate double-stranded RNA (dsRNA) in cryosections of
infected skin organoids. Co-localization of dsSRNA, KRT5 and KRT15
demonstrated the infection in keratinocytes (Fig. 1e). Transmission
electron microscopy (TEM) visualized the intracellular MPXV particles,
with the majority captured at the immature and mature virion stages
(Fig.1f,g). Severalintermediate assembly steps, such asimmature virion
packaging by dense membrane and the transition form before mature
virions, were observed (Fig. 1h).

MPXV infection in late- and end-stage skin organoids

Next, skin organoids differentiated for 90 days were tested for the
susceptibility to MPXV infection (Fig. 2a). Skin organoids at this later
developmental stage display a stratified epithelium with a differenti-
ated outer layer expressing loricrin and FLG, and pronounced hair peg
formation'"2, We observed anapproximately 3 log,, increase inintracel-
lular and extracellular viral genome copy numbers at 7 days compared
with1hpost-inoculation (Fig.2b,c). Accordingly, theinfectious titre of
secreted viruses was dramatically increased from1h (2.4 log,, PFUmI™)
to 7 days (5 log,, PFUmI™) (Fig. 2d), and this robust increase was also
observed in organoids (Extended Data Fig. 1b). Whole-mount immu-
nostaining of entire skin organoidsinfected for 7 days with MPXVillus-
trates the extensive presence of viral dSRNA on KRT5-positive regions
(Fig. 2e,f). This is further highlighted by zooming into such a region
and looking at a single plane of the imaged stack where we observed
viral dsRNA in individual KRT5-positive cells (Fig. 2g). The same can
also be observed by performing immunostainings on cryosections of
infected skin organoids (Fig. 2h). TEM analysis was performed at 7 days
after virus inoculation, and the abundant presence of MPXV virions
was observed in basal keratinocytes of the skin organoids, which can
be distinguished by the presence of specific features such as the base-
ment membrane and hemidesmosomes (Fig. 2i).

End-stage skin organoids that display completely formed
hair-bearing follicles were obtained after 130 days in culture
(Fig.3a). Afterinoculation with MPXV, we observed robust virus replica-
tionin organoids (3 log,, increase) and secretion into medium (2 log;,
increase), by quantifying viral DNA in organoids and mediumfrom1h
to 7 days (Fig. 3b,c) respectively. Correspondingly, approximately 2
log,,increaseininfectious viral titresin culture medium was observed
by plaque assay (Fig. 3d). Robust infectionsin epithelial surfaces were
visualized by co-staining MPXV virions and integrin 34 subunit in skin
organoid whole mounts (maximal intensity projections and zoomed-in
single z plane images, respectively) (Fig. 3e,f). Similar to the replica-
tion cycle of vaccinia virus, MPXVis assumed to have four intracellular
assembling stages that can be visualized by TEM, initializing from
crescent, followed by immature virions and mature virions, and then
wrapping by Golgi or endosomal compartment (wrapped virions)".
Importantly, we have captured these four successive stages of MPXV
virions by TEM analysis (Fig. 3g), and further observed the presence
of MPXV virions in keratinocytes (Fig. 3h). These robust infections
caused alterations of cellmorphology, which appeared to be advanced
cell degradation (Extended Data Fig. 2a,b). These results collectively
demonstrate that human skin organoids can efficiently support the
productive infection of MPXV.

Transcriptomic analyses reveal active MPXV-host interactions
Asalarge DNAvirus, MPXVis estimated to transcribe hundreds of viral
genes'®, We performed transcriptomic analysis on 90-day-old skin
organoids infected with MPXV, and revealed a number of abundantly
expressed transcripts mapped to the different locations of the MPXV
reference genome at day 7 but not 1 h afterinoculation (Fig. 4a). A heat
map was further generated to display the relative abundance of dif-
ferentviral transcripts. Overall, viral genes are hardly expressed at1 h
post-inoculation, but highly expressed at day 7 (Fig. 4b).

Principal component analysis (PCA) revealed the rewiring of the
host transcriptome by MPXVinfection (Fig. 4c). Gene Ontology analy-
sisidentified upregulated pathways that are associated withimmune
response, autophagy and antiviral response. Interestingly, several
skin-related pathways such as skin development and keratinization
were significantly downregulated, indicating that the infection per-
turbed skin homeostasis in the organoids (Fig. 4d and Extended Data
Fig. 3). Consistently, volcano plot analysis identified up- and down-
regulations of representative genes from these pathways (Extended
Data Fig. 4a). Gene set enrichment analysis revealed enrichment of
transcriptional signatures such as autophagy, apoptosis, necroptosis
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Fig.1|MPXV infectionin early-stage human skin organoids. a, Bright-field organoids by immunostaining with antibodies against KRT5 (white), KRT15
image of human skin organoids at 55 days of differentiation. Scale bar,100 pum. (green), and virus replicating intermediate dsRNA (red), and DAPI nuclei staining
b, Quantification of viral DNA levels in organoids. Each plot represents virus DNA (blue). Scale bar, 25 pm. f, Representative TEM visualized immature virion (IV) in
fromasingle organoid (n =4 for1hgroup, n = 6 for 7 days group). ¢, Quantification organoids. Scale bars, 1 pmand 500 nm (magnification). g, Representative TEM
of viral DNA levels from culture medium (for line 1, n =4 at1 h post-infection,n=3 visualized major mature virion (MV) in organoids. Scale bars, 1 um, 500 nmand

at1day to7 days post-infection; forline 2, n=5at1h post-infection,n=4at1dayto 200 nm (magpnification). h, TEM visualized intermediate steps of MPXV assembly.

7 days post-infection). d, Quantification of infectious viral titres of secreted viruses ~ Scale bars,1pumand 200 nm (maghnification). Green frame indicates part of the viral
inmedium (for line1,n=3;forline2, n=3at1hto 3 days post-infection, n =4 at factory containing viroplasm. h, hour post-inoculation; day, day post-inoculation.
4 daysto 7 days post-infection). e, Representative visualization of MPXV-infected Data are presented as means of biological replicates + s.e.m.
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and ferroptosis in skin organoids of 7 days in comparison with 1 h
post-infection (Extended Data Fig. 4b-e).

Analysis of individual genes of interest revealed that important
epithelial cell-derived cytokines such as thymic stromal lymphopoi-
etin (TSLP) and interleukin-36 y (IL36G), which have been implicated
in skin pathogenesis'”?°, were upregulated 7 days post-infection
(Fig. 4e). More directly, when examining the expression levels of dif-
ferent keratinocyte subpopulation markers, we found that markers
of the spinous layer such as keratin 1 (KRT1) and keratin 10 (KRT10) as
wellas skinbarrier-associated genes such as filaggrin (FLG), filaggrin 2
(FLG2), desmoglein1(DSG1) and desmocollin1(DSC1) were drastically
reduced after 7 days of infection (Fig. 4¢e). Conversely, the expression
of basal keratinocyte markers such asintegrin a6 (ITGA6), integrin 34
(ITGB4) and keratin 14 (KRT14) was upregulated (Fig. 4e), suggesting
thatthereduction of spinouslayer and skin barrier markers represents
abiologically relevant observation. Together these data suggest that
MPXVinfection causes keratinocyte perturbations and may affect the
barrier function of the skinin the organoid model.

Tecovirimat inhibits MPXV in cystic skin organoids
Tecovirimat is a US Food and Drug Administration-approved anti-
viral drug for treating human smallpox disease. It is currently being
explored for treating severe MPXV infection, but the clinical efficacy
remains inconclusive. To assess the antiviral activity of tecovirimat
in MPXV-infected skin organoids, we first tested a scenario of early
antiviral treatment in which tecovirimat was applied 1 h after virus
inoculation (Fig. 5a). A range of concentrations, from low (0.1 uM) to
clinically relevant blood concentrations (1 uM and 5 uM), were tested.
Wefirst quantified the MPXV DNA levelsin culture mediumat 96 hand
7 days post-inoculation. Significant inhibition was observed at 96 h
post-treatment, and the level of inhibition was further increased after
7 days of treatment (Fig. 5b,c). Plaque assay showed potent inhibition
of infectious virus production, and plaques were undetectable after
7 days of treatment with 1 or 5 pM of tecovirimat (Fig. 5d). Approxi-
mately 2 log,, reduction of intracellular viral DNA was observed in
organoids (Fig. 5e). Consistently, a dramatic reduction of MPXV tran-
scripts was observed intecovirimat-treated skin organoids compared
with the untreated organoids at day 7 (40% versus 0.85%) (Fig. 5f and
Extended Data Fig. 5). Differential gene expression analysis showed
that the impact of rewiring host transcriptome by MPXV infection
for 7 days was prevented by tecovirimat treatment (Fig. 5g). This is
consistent with the PCA of the host transcriptome showing that the
tecovirimat-treated organoids clustered together with the uninfected
control (Fig. 4c). Atindividual gene level, MPXV-triggered induction
of epithelial cell-derived cytokines TSLP and IL36G was reduced to
basal levels in tecovirimat-treated organoids (Fig. 4e). The inhibitory
effects by MPXV infection on markers of the spinous layer (KRT1and
KRT10) and genes associated with skin barrier (FLG, FLG2, DSGI1 and
DSC1) were prevented by tecovirimat treatment (Fig. 4e).

Next, we tested a scenario of delayed antiviral treatment. We ini-
tiated the treatment with 1 uM tecovirimat at 4 days post-infection
(Fig. 5h). Quantification of MPXV DNA levels in culture medium
showed no inhibition on day 6 to 10 post-infection (corresponding to
day 2 to 6 post-treatment), and only minor inhibition on day 12 and
14 post-infection (day 8 to 10 post-treatment, P=0.0317 at day 10

post-treatment) (Fig. 5i). Plaque assay demonstrated very mild inhibi-
tion of infectious virus production on day 6 and 8 post-infection (day 2
and 4 post-treatment), and approximately 2 log,, reduction on day 10
post-infection (day 6 post-treatment, P=0.0079), although infectious
titresbecame undetectable on day12 and 14 post-infection (day 8 and 10
post-treatment) (Fig. 5j). These results collectively suggest that early and
late treatments of tecovirimat appear to exert differential effectiveness.

Tecovirimat inhibits MPXV in ALI-cultured skin organoids
Since ALI-cultured skin organoids have recently been shown to better
recapitulate structural characteristics of human skin physiology™,
we here tested this method for modelling MPXV infection and test-
ing antiviral treatment (Fig. 6a). After MPXVinoculation ontop of the
epithelial surface of skin organoids, continuous increase of virus secre-
tion was measured in the medium (dermal side) (over 2 log,, increase
of viral genome copies from 1 h to 7 days post-inoculation) (Fig. 6b).
Correspondingly, infectious virus titres were undetectable at 1 h but
increased up to 3 log,, PFU ml™ at 7 days post-inoculation (Fig. 6c).
Next, tecovirimat was administered through the medium to mimic
in vivo drug absorption. We observed significant inhibition of virus
secretion, with approximately 2 log,, reduction of viral genome copy
numbers in medium after 7 days of treatment (Fig. 6b). Importantly,
tecovirimat robustly inhibited the production of infectious viruses.
No infectious particles were detected in the 7 days treatment group,
whereas a viral titre of 3 log,, PFU ml™ viruses was measured in the
medium of untreated organoids (Fig. 6d). Consistently, intracellular
virus replication was potently inhibited as demonstrated by quantifying
viral DNA in organoids after 7 days treatment (Fig. 6e).

Haematoxylin and eosin (H&E) staining and immunostaining
indicated that the stratification of ALI-cultured skin organoids closely
resembles that of human skin with basal (KRTS5), spinous (KRT10) and
granular (LOR) markers being expressed. Viral particles were detected
inepidermal and dermal layers of infected ALI-cultured skin organoids
(Fig. 6f,g and Extended Data Fig. 6). TEM analysis visualized typical
skin-associated features, such as keratin bundles, desmosomes and
collagen fibres (Extended Data Fig. 2c). Interestingly, we captured
the ongoing process of immature virion formation (blue frame in
Fig. 6h). Importantly, the four intracellular steps of virion assembly,
crescent,immature virions, mature virions and wrapped virions were
visualized (Fig. 6i).

Discussion
Human skin organoids exhibit 3D organization of multiple skin cell
types with multilayer structures, and are thus considered as the best
available in vitro model for studying the physiology and pathology of
the skin'. Skin organoids have been explored for modelling a variety
of diseases including viral infections. Since severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can be detected in skin and
associated with hair loss in patients”, human skin organoids have been
tested for SARS-CoV-2 infection®. Indeed, this modelis susceptible to
SARS-CoV-2infection, and can recapitulate the injury to hair follicles
and epidermis, resultingin hair loss as seen in patients with coronavirus
disease 2019 (ref.13).

Inpatientsinfected with MPXYV, skin lesions are the most common
symptom®. Evidently, MPXV effectively infects and propagatesinthe

Fig.3|MPXV infectionin end-stage human skin organoids. a, Bright-field
image of skin organoids at 130 days of differentiation. Scale bar, 400 pm.

b, Quantification of viral DNA levels in organoids. Each plot represents virus

DNA from asingle organoid (n = 3). ¢, Quantification of viral DNA levels in culture
medium (n = 6).d, Quantification of infectious viral titres of secreted viruses in
medium (n = 6). e, Representative images of MPXV in skin organoids by whole-
mountimmunostaining using an antibody against epithelial marker integrin 4
subunit (red), an antibody against MPXV virions (green), and DAPI nuclei staining
(blue). Scale bar, 200 pm. f, Representative images of MPXV in single z plane

optical section of awhole-mounted skin organoid by immunostaining integrin 34
subunit (red) and MPXV (green), and DAPI nuclei staining (blue). Scale bar, 50 pm.
g, Representative TEM visualized the four intracellular MPXV virions (crescent,
immature virion (IV), mature virion (MV) and wrapped virion (WV)) in organoids
(black arrowheads show an advanced stage of cell degradation; red frame shows
viroplasm forming/entering IV); green frame indicates fibrillar aspect of viral
factory. Scale bar, 500 nm. h, TEM visualized MPXV virions in keratinocytes.
Scalebars, 2 um, 1 pmand 500 nm. Data are presented as means of biological
replicates +s.e.m.
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Fig. 5| MPXV-host interactions and response to tecovirimat treatment.

a, Schematic representation of early tecovirimat treatment in skin organoids.
b,c, Quantification of MPXV DNA level in culture medium at 96 h (b) and 7 days
(c) after tecovirimat treatment (inb, n = 4 for each group; in ¢, n = 6 for no
treatment group, n = 4 for tecovirimat group). d, Quantification of infectious
titres in culture medium at 7 days after tecovirimat treatment. Infectious virus
titres were undetectable in the treatment groups (n = 4). e, Quantification

of MPXV DNA level in organoids at 7 days after tecovirimat treatment (n = 4).

f, The percentages of mapped MPXV transcripts in different groups of
organoids (n =3, P<0.001). g, Top 50 significantly regulated genes upon MPXV

Days post-inoculation

infection. h, Schematic representation of delayed tecovirimat treatmentin
skin organoids. i,j, Quantification of MPXV DNA level (i) and infectious titres
(j) in culture medium at 1 h (0 day), 2 days, 4 days, 6 days, 8 days, 10 days,

12 days and 14 days post-inoculation. Tecovirimat (1 pM) was administered at

4 days post-inoculation. Data are shown as mean + s.e.m. Ini, n =10 for MPXV
propagation, n =5 for no treatment and tecovirimat treatment group.Inj,n=>5
foreachgroup.b, ¢, e,iandjuse Mann-Whitney test with two tailed; fuses x*
test.*P<0.05 (fori, P=0.0317), **P < 0.01 (for j, P= 0.0079). The dashed line
indicates that infectious titres were undetectable. Data are presented as means
of biological replicates +s.e.m.

skin of the infected patients®. However, there isalack of human-derived
experimental models to authentically recapitulate thisinfection. Here
we demonstrated that human cystic skin organoids are highly permis-
sive for MPXV infection, with viral genome copies and infectious titres
dramatically increasing over time in particular within the first week
post-inoculation. Interestingly, the production of infectious viruses
gradually decreased in the second week of infection in our skin orga-
noids. This may resemble the self-limiting course of MPXV infection,
whichin general lasts 2-4 weeks in patients®.

Next, we took advantage of further technological developments
of culturing skin organoids into ALI system™, This system shows the
advantages of being mainly byproduct free, in a physiological confi-
guration (epidermis up, dermis down) and endowed with hair follicles
that are known to play a key role in barrier function of the skin. We
confirmedthat these keratinocytes support the full lifecycle of MPXV
infection. In both model systems, cystic structured and ALI-cultured
skin organoids, the four intracellular successive stages of MPXV assem-
bly that have been previously described"” as well as multiple intermedi-
ate steps have been observed ininfected cells by TEM. Interestingly, a
recent study on vaccinia virus further classified intracellular mature

virusesinto nascent and mature virions, although these two forms are
indistinguishable by TEM®. Thus, it would be intriguing to investigate
whether these newly classified forms also exist for MPXV.
Genome-wide transcriptome analysis revealed profound rewiring
of host gene transcription by active MPXV infection, whereas tecoviri-
mat treatment largely impeded this process. Gene Ontology analysis
indicates that several pathways associated with skin and hair develop-
ment are significantly downregulated. Thisisin line with the fact that
MPXV infection is particularly pathogenic to skin tissues. Further-
more, we identified transcriptional signatures associated with apop-
tosis, necroptosis and ferroptosis, which may explain the underlying
mechanism of skininjury in patients. Wheninterrogating our datasets
for the expression levels of individual genes of interest, we observed
specific effects of MPXV infection on keratinocytes of the skin orga-
noids throughinduction of epithelial-derived cytokines such as TSLP
and IL36G and the downregulation of skin barrier-associated genes.
TSLPis knownto beinvolvedin skin conditions such as atopic derma-
titis', and was also recently found to be induced in Staphylococcus
aureus-infected skin organoids in ALI culture™. IL36G expression was
found to be highly induced in human keratinocytes by adding dsRNA
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analogue polyinosinic-polycytidylic acid, raising the possibility that
viral dsRNA may have a similar effect in our skin organoid model®.
Furthermore, we found that MPXV infection is associated with the
downregulation of genes specifically associated with the skinbarrier,
afeature that requires complex model systems to be captured.

7 days post-infection

Tecovirimat treatment

AWV LM Lwy
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Efficient propagation of MPXVinskin organoidsinevitably requires
exploitation of host metabolic machineries, whichis supported by our
observation that multiple catabolism- and metabolism-related path-
ways are dysregulated. Our previous studies of modelling infections
of different RNA viruses in humanintestinal, liver and lung organoids
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Fig. 6| MPXV infection and antiviral treatment in skin organoids cultured
in ALIL a, Schematic diagram for MPXV infection and treatment in organoids
cultured in ALL b, Quantification of MPXV DNA level in culture medium from
organoids with tecovirimat treatment or without treatment (n = 6, P=0.0286).
¢, Kinetics of infectious viral titres in the culture medium from 1 h to 7 days post-
inoculation (n =7).d, Quantification of infectious virus titres in culture medium
at 7 days after tecovirimat treatment. Infectious virus titres were undetectable
inthe treatment group (n =7). e, Quantification of viral DNA level in skin
organoids at 7 days after tecovirimat treatment (n = 3). f, Representative bright-
field images of ALI-skin organoids stained with H&E. Scale bar, 50 pm.

g, Representative immunostaining with antibodies against epithelial layer
markers KRTS5 (basal layer), KRT10 (spinous layer) and LOR (granular layer)

as well as against MPXV virion, virus replicating dsRNA or integrin 4 subunit.
Scalebar,100 pm. h, Representative TEM images visualized skin-associated
landmarks and MPXV virions (blue frame shows the process of forming immature
virion). Scale bars, 2 pm, 500 nm and 200 nm (magnification). i, Representative
TEMimages visualized different MPXV virions in ALI-skin organoids. Scale bar,
200 nm. Data are shown as means of biological replicates + s.e.m,**P < 0.01,
Mann-Whitney test, two tailed. IV,immature virion; MV, mature virion; WV,
wrapped virion.

ubiquitously activated robust antiviral interferon response with the
induction of a large set of interferon-stimulated genes**~?. In con-
trast, the activation of this classical antiviral response was minimal
in MPXV-infected skin organoids. In line with our findings, previous
evidence indicates that orthopoxviruses are capable of antagonizing
cytosolic DNA sensing and antiviral response, thereby effectively evad-
ing host innate immunity®**°,

Two antiviral drugs, brincidofovir and tecovirimat, have been
approved for treating smallpox, and are effective in inhibiting MPXV
infection in experimental models. Tecovirimat inhibits orthopox-
virus by disrupting a major envelope wrapping protein VP37 and is
more potent than brincidofovir as shown in experimental models®.
In this specific case, the US Food and Drug Administration approval
of tecovirimat for treating smallpox was based on well-controlled
animal studies using related orthopoxviruses including MPXV*, but
efficacy demonstrated in animals does not always translate into effi-
cacy in patients®. Nevertheless, given the urgent clinical need and an
acceptable safety profile in tested healthy individuals, tecovirimat is
increasingly being prescribed for compassionate use for treating MPXV
infection®. In cultured Vero cells, tecovirimat has been shown to be
highly efficacious againstaMPXVisolate fromthe 2022 outbreak even
at nanomolar concentrations®. In treated patients, achievable blood
concentrations of tecovirimat range from 1to 5 uM (ref. 36), but the
effect on MPXV viral load remainsinconclusive”. Inmice infected with
a2022 MPXV isolate, treatment of tecovirimat resulted in about 2 log,,
reduction of viral titres on day 7 in lung tissues’®. In our skin organoids,
tecovirimat was initially applied immediately after virus inoculation.
Tecovirimat treatment ranging from 0.1to 5 pM for 7 days resulted in
2to3log, reductioninviral DNA load. Importantly, no infectious virus
was detected in culture medium after 7 days treatment.

In clinical practice, it is common to have a delay in prescribing
antiviral treatment for mpox patients. A large clinical study investigat-
ing tecovirimat treatment for 549 patients with mpox from the United
States, May to August 2022, reported that the median time between
the onset of symptoms and the first dosage of tecovirimat was 7 days
(ref. 39).In another study reporting three fatal cases of mpox in peo-
ple with uncontrolled human immunodeficiency virus, all patients
received tecovirimat treatment 14 days after disease onset at the earli-
est, mainly because of inability to access the medication initially*°. To
testadelayed antiviral treatment scenario, we firstinfected skin orga-
noids with MPXV for 4 days, and then treated with tecovirimatat1 pM
for the subsequent 10 days. We observed minimal effects on viral DNA
load inthe culture medium. The inhibition on production of infectious
viruses was also very mild during the first 4 days of treatment, which
was more apparent on day 6 and eventually became undetectable on
days 8 and 10 of treatment. The disparities in viral DNA and infectious
titre reduction in both experimental schemes are consistent with the
mechanism-of-action of tecovirimat that prevents the production
of infectious poxviruses®. Although tecovirimat is being widely pre-
scribed, it remains inconclusive regarding the effectiveness for treat-
ing mpox, because proper control groups are usually not available for
comparison®*., Our results of delayed tecovirimat treatment in skin
organoids compromising the effectiveness highlight the importance
of early initiation of the treatment for infected patients, whichis in fact

amajor challenge in clinical practice. Mechanistically, future studies
should better characterize the impact of tecovirimat on the different
stages of MPXV biogenesis in experimental models, and if possible in
biopsies from treated patients.

Notably, a number of animal models have been developed for
MPXV infection, but it remains unclear how faithfully these models
recapitulate theinfectionand diseasein humans, in particular the lack-
ing of skin manifestations*. The availability of humaninvitro models is
essential forin-depth studies to the pathogenic mechanisms of MPXV
and for discovering therapeutics. Currently available in vitro models
are exclusively based on immortalized cell lines*. These cell lines
have many epigenetic, genetic and functional alterations that fail to
adequately model many aspects of human diseases” and lack interac-
tions between different cell types presentin tissues. Here we show that
human skin organoids in cystic structure or ALI culture can authenti-
cally recapitulate virus-host interactions and evaluate antiviral drug
efficacy. This system, standalone or in combination with conventional
models, could serve as aninnovative tool for MPXV research. Neverthe-
less, the pathogenesis of MPXV infection such as pathological inflam-
mation also involves immune cells, which are currently lacking in our
skin organoids. Future improvement, for example by incorporating the
relevantimmune cell populations, would further advance this system
for better disease modelling and therapeutic development.

Insummary, human skin organoids support the productive infec-
tion of MPXV and recapitulate active virus-host interactions. Tecoviri-
mat treatment inhibited MPXV infection in this model. Our findings
shallhelp to better understand the pathogenesis of MPXV-induced skin
injury, and facilitate future research into MPXV-hostinteractions and
antiviral drug development.

Methods

Skin organoid generation

Three previously described hiPS cell lines (LUMCi004-A, LUMCi031-A
and WT2) were used to generate skin organoids (hpscreg.eu)**.
Lines were maintained in an undifferentiated state as described®.
Hair-bearing skin organoids were generated as previously described™".
In short, the hiPS cell lines were cultured in StemFlex medium (SFM,
Thermo Fisher Scientific) on vitronectin-coated plates (STEMCELL
Technologies) and passaged twice aweek as single cells by using Gentle
Cell Dissociation Reagent (STEMCELL Technologies) at a density of
2.5x10*cells cm™. Incubation was performedina37 °Cincubator with
5% CO,.For hair-bearing skin organoids generation, cells were dissoci-
ated by using Gentle Cell Dissociation Reagent and 3,500 cellsin 100 pl
of SFM containing 10 pM Y27632 (Bio-Connect) were dispensed into 96
wells of a U-bottom low-attachment plate (Thermo Scientific), spun
down (110 r.c.f., 6 min) and incubated for 24 h. A volume of 100 pl of
SFMwasthenadded, and 24 hlater (day O of differentiation) aggregates
were washed three times in 1 ml of Essential 6 medium (E6M, Gibco)
and transferred to new 96 wells of a U-bottom plate in 100 pl of E6M
containing 2% Matrigel (Corning), 10 tM SB431542 (R&D Systems),
4 ng ml fibroblast growth factor (Tebubio), 2.5 ng mlI™ BMP4 (R&D
Systems) and 100 pg ml™ Normocin (Invivogen). Three days later, 25 pl
of E6M containing1 uMLDN 193189 (Bio-Techne), 250 ng mI™ fibroblast
growth factor and 100 pg ml™ Normocin was added. Three days later,
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75 uL of E6M containing 100 pg ml™ Normocin was added. Two and
4 days later, 100 pl of medium was carefully removed and refreshed
by 100 pl of E6M containing 100 pg ml™ Normocin. Two days later,
aggregates were washed three times in 1 ml of advanced Dulbecco’s
modified Eagle medium (DMEM)/F12 medium (Gibco), and each aggre-
gatewastransferred toawell of alow-attachment 24-well plate (Thermo
Scientific) in 500 pl of Organoid Maturation Medium (OMM, com-
posed of 49% advanced DMEM/F12,49% Neurobasal medium (Gibco),
1x GlutaMAX (Gibco), 0.5x B2-27 minus vitamin A (Gibco), 0.5x N-2
(Gibco), 0.1 mM2-mercaptoethanol (Gibco) and 100 pg ml™ Normocin)
containing 1% Matrigel (OMM1%M). Three days later, 250 pl of medium
was carefully removed and replaced by 250 pl OMM1%M. Two days later
(day18 of differentiation), 250 pl of medium was removed and replaced
by 250 pulOMM (without Matrigel). Fromday18to45, halfmediumchange
was performed every 3 days using OMM. From day 45 onwards, half
medium change was performed every other day, including fullmedium
change once a week. From day 80 onwards, the volume of OMM was
increased to1ml.

ALIskin organoid culture

Cyst-like skin organoids at days 75-90 of differentiation were cut into
four and placed epidermis-up on type I-collagen-coated Transwell
culture insert (2 mg ml™) placed on a 12-well plate containing 600 pl
of OMMP, After 3 weeks of ALI culture in a humidified incubator at
37 °Cwith 5% CO,, ALI-skin organoids were transferred for 6 daysto an
incubator without humidity at 37 °C with 5% CO, (dry conditions). OMM
wasreplaced every 2 days when cultured in humidified conditions and
daily when cultured in dry conditions. Schematic representation was
illustrated with BioRender.

MPXV infection and antiviral treatment

Cell culture-propagated MPXV virus particles originating from a patient
isolate of the 2022 outbreak were used in this study (European Virus
Archive, Ref-SKU: 010V-04721). Three representative stages of skin
organoids were used to inoculate with MPXV, namely the early stage of
55 days of differentiation (hair germs formed), the late stage of 90 days
of differentiation (more hair germ and hair pegs formed) and the end
stage of 130 days of differentiation (hair follicles formed). Individual
skin organoids of all stages were inoculated with approximately 10°
PFU MPXV and incubated at 37 °C for 2 h. After 2 h incubation, viral
inoculum was removed, and organoids were washed three times by
phosphate-buffered saline (PBS). Skin organoids were then cultured
in 24-well plate supplemented with 500 pl culture medium per well.
Culture medium was collected and/or organoids were lysed at 1 h,
48 h, 96 h and 7 days post-inoculation for future DNA isolation. For
skin organoids cultured in ALI, 10° PFU virus was inoculated on the top
of the epithelial surface of each organoid, and incubated at 37 °C for
2 h. Afterincubation, virus inoculum was removed and gently washed
twice with PBS. Culture medium (600 pl per well of 24-well plate) was
then added to the bottom of the well so that it comes in contact with
the dermalside of the organoid while the insert and epithelial surface
of'the organoid remain dry. For early treatment of antiviral drug, skin
organoids were firstinoculated with MPXV for 2 h, and culture medium
containing serial concentrations of tecovirimat (Selleckchem) was
supplemented immediately after inoculation. Medium was refreshed
onday 2 and day 4 post-infection. In addition, delayed antiviral treat-
ment was tested by administering 1 uM of tecovirimat to end-stage
organoids at 4 days post-infection. Culture medium was collected at
1h (0 day), 2 days, 4 days, 6 days, 8 days, 10 days, 12 days and 14 days
post-inoculation for DNA isolation and plaque assay.

DNA extractionand qPCR detection

Total DNA was purified from infected organoids or culture medium
using Macherey-Nagel NucleoSpin DNA Kit (BIOKE) and quantified
by Nanodrop ND-1000. Viral DNA levels were quantified by SYBR

Green-based qRT-PCR (Applied Biosystems SYBR Green PCR Master
Mix; Thermo Fisher Scientific Life Sciences) with the StepOnePlus Sys-
temv2.3 (Thermo Fisher Scientific Life Sciences). MPXV viral DNA was
detected by primers ‘Forward- GGCTCTTCTATCAACCACA; Reverse-
AGTCATTATCTCCTCCTCCA', and calculated by previously generated
formula‘y=-0.3095x +15.387.

Plaque assay

Skinorganoids were collected and stored in1 mlserum-free advanced
DMEM/F12 medium (with 1x GlutaMAX, 1 M HEPES and 1% penicil-
lin/streptomycin), and centrifuged after three cycles of freezing and
thawing to collect clear cell lysates as intracellular viruses. Cleared
supernatants from culture medium were used as extracellular viruses.
Confluent Vero cells in 12-well plates were washed once with PBS
before virus inoculation. Next, Vero cells were overlaid with 1.2% avi-
cel in serum-free advanced DMEM/F12 medium (with 1x GlutaMAX,
1M HEPES and 1% penicillin/streptomycin) containing ten-fold serial
dilutions of samples. Plates were incubated 3 days at 37 °C and then
fixed by 4% paraformaldehyde (PFA) and stained with 0.1% crystal
violet. Plaques were quantified as PFU ml™. Datawere presented as the
common logarithm, and the samples with undetectable plaque were
arbitrarily denoted with a value ‘1.

Embedding of ALI-cultured organoids

ALl-cultured organoids were fixedin 0.2 % (w/v) PFAin 0.1 M phosphate
buffer (PB) containing 0.12 mM CacCl, and 4% (w/v) sucrose (solution
I,pH7.4)for16 hat4 °C. They were washed in solutionIfor12 hat4 °C
and thenin PB containing 15% (w/v) sucrose for 16 h at4 °C. Organoids
were then incubated in PB with 15% sucrose and 7.5% gelatin for 1 h at
37 °C, immediately frozen in liquid nitrogen-chilled isopentane, and
stored at 80 °C until sectioned®.

Histology

Cryosections of ALI-cultured skin organoids were stained with H&E.
Images were acquired with an Olympus AX70 microscope using an
Olympus XC50 digital colour camera.

Immunofluorescence staining and image acquisition

For cryosections, entire organoids were embedded in Tissue-Tek
O.C.T. compound (Sakura, catalogue no. 4583) embedding matrix.
Sections (10 pm thick) were fixed for 10 min in ice-cold acetone and
blocked with 2% bovine serum albumin (BSA; Sigma) in PBS for1h
at room temperature (RT). Incubations with primary and secondary
antibodies were performed in PBS 2% BSA for 1 h at RT (details of the
antibodies used and concentrations are provided in Supplementary
Information). Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI). Sections were mounted in Fluoromount-G (SouthernBiotech).
For whole-mount immunostaining, organoids were fixed in 4% PFA
for16 h at 4 °C and incubated in Scale SO (pH 7.2) composed of 20%
(w/v) D-(-)-sorbitol, 5% glycerol,1 mM methyl-B-cyclodextrin, 1% (w/v)
N-acetyl-L-hydroxyproline, 3% dimethyl sulfoxide in1x Dulbecco’s PBS,
no calcium, no magnesium (DPBS, ThermoFisher Scientific, catalogue
no.14190144) for 8 h at 37 °C. They were permeabilized by successive
incubations in Scale A2 (pH 7.7) composed of 10% glycerol, 4 M urea
and 0.1% Triton X-100 in de-ionized H,0 for 36 hat 37 °C; in Scale B4(0)
(pH 8.4) composed of 8 M urea for 24 h at 37 °C and in Scale A2 for
12 hat 37 °C. Skin organoids were incubated in DPBS for 6 hat RT, and
primary antibodies were incubated in AbScale solution composed of
0.33 Murea, 0.1% Triton X-100 in DPBS for 36 h at 37 °C. After two wash-
ing steps in AbScale solution for 2 h at RT, secondary antibodies were
incubated in AbScale solution for 36 hat 37 °C and washed in AbScale
solution for 6 h at RT two times in AbScale Rinse solution composed
of 0.1% DPBS containing 2.5% BSA and 0.05% Tween 20, for 2 h at RT.
After refixation in 4% PFA for 1 h at RT, skin organoids were washed
1hin DPBS containing DAPI for 1 h at RT and cleared in Scale S4 (pH
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7.9) composed of 40% (w/v) D-(-)-sorbitol, 10% glycerol, 4 M urea and
15% (v/v) dimethyl sulfoxide for 16 h at 37 °C. They were mounted and
imaged in Scale S4 (ref. 11). Microscopy images were acquired with a
Zeiss LSM900 Airyscan2 upright confocal microscope, or with aLeica
TCS SP5 confocal microscope.

Genome-wide RNA sequencing and data analysis
Four groups of organoids were prepared for bulk RNA sequencing: skin
organoids cultured for1 h post-inoculation; skin organoids cultured for
7 days post-inoculation; skin organoids treated with 5 uM tecovirimat
post-inoculation; skin organoids without virus infection were cultured
in the same conditions for 7 days and were used as non-infected con-
trols. Finally, three samples per condition were processed to extract
total RNA following the Macherey-Nagel NucleoSpin RNAII Kit (BIOKE).
Extracted RNA was first measured by Bioanalyzer RNA 6000 Picochip,
followed by RNA sequencing performed by Novogene with paired-end
150 bp (PE150) sequencing strategy. For viral gene mapping, raw reads
from every dataset were quality controlled using fastp*® with average
quality parameter set to 30. These quality control reads were then
mapped using Burrows-Wheeler Transform aligner* to mpox genome
(accession NC_063383.1, assembly GCF_014621545.1). This version
of mpox genome is also available on UCSC Genome Browser (UCSC
Genome Brower Instance with mpox genome*®). Read mapping rates
were calculated using samtools*. Read counts were used for differential
expression analyses. For differential expression analysis of MPXV tran-
scripts, the R ‘edgeR’ was used with Benjamini-Hochberg for P-value
adjustmentand 107 as threshold for the false discovery rate. The clus-
tering was made by using the Euclidean distance and R ‘hclust’ function
as clustering function.

See additional materials and reagents in Supplementary
Information.

Statistics and reproducibility

All statistical analyses were completed using GraphPad Prism 8.0 or
Rsoftware. Comparison between two groups was analysed by Mann-
Whitney U test. Data are presented as mean * standard error of the
mean (s.e.m.). P<0.05 was considered statistically significant. For
immunofluorescence staining and electron microscopy, at least two
biological replicates were prepared, and representative images were
selected in the manuscript.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within
the paper, its supplementary information or its source data. RNA
sequencing data are publicly available at https://doi.org/10.17026/
dans-xj2-hhat. Mpox viral reads were mapped according to the refer-
ence genome (accession NC_063383.1). Source dataare provided with
this paper.

Code availability
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Extended Data Fig. 1| Quantification of infectious viral titers in organoids at1 hour and 7 days post-inoculation. a, Infectious viral titers of organoids after 55
days of differentiation (n =2 biological replicates). b, Infectious viral titers of organoids after 90 days of differentiation (n = 2 biological replicates).
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A Collagen fibers * Keratin bundle 4 Desmosome ---- Basement membrane
Extended Data Fig. 2| Transmission electron microscopy analysis of skin membrane (red frame) in end-stage skin organoids. ¢, Representative skin
organoids. (a) and (b) show destroyed organelles, degrading cytoplasm (black characteristics was visualized in ALI-skin organoid, including skin dermis,
arrowheads), and irregular chromatin condensation, alteration of nucleus collagen fibers, keratin bundles, desmosomes, and basement membrane.
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Extended Data Fig. 3| Gene ontology analysis of skin organoids upon MPXV infection. Top 30 significantly up- and down-regulated pathways by gene ontology
analysis at day 7 post-inoculation, compared with the uninfected group. Three independent skin organoids were used in each group, P value determined by DESeq2.
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Extended Data Fig. 4 | Transcriptomic analysis of skin organoids upon 7 days
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up-and down-regulated genes by volcano plot analysis at day 7 post-inoculation,
compared with the uninfected group. Pvalue determined by DESeq2. b-e, Gene
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set enrichment analysis (GSEA) of KEGG pathways including autophagy_other
(HSA04136), apoptosis (HSA04210), necroptosis (HSA04217), and ferroptosis

(HSA04216) in skin organoids.
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Extended DataFig. 5| Total reads and mapped MPXV reads in different skin organoid groups by bulk-RNA sequencing. Skin organoids were either not infected
(control), infected for 1 hour (1 hour), infected for 7 days (7 day) or infected and treated with 5 uM of tecovirimat for 7 days (Tecovirimat), n = 3 per group. Dataare
presented as means of biological replicates + SEM.
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CTR
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Extended Data Fig. 6 | Low magnification images of the mpox virion (green) and integrin B4 subunit (red) immuneostaining depicted in Fig. 6g. White *indicates
the potential autofluorescent signal of the cornified layer of the epithelium, which is distinguishable from the specific staining of mpox virion observed in the
conditions where MPXV had been inoculated.
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