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A B S T R A C T   

Snakebite envenoming was reintroduced as a Category A Neglected Tropical Disease by the World Health Or
ganization in 2017. Since then, increased attention has been directed towards this affliction and towards the 
development of a deeper understanding of how snake venoms exert their toxic effects and how antivenoms can 
counter them. However, most of our in vivo generated knowledge stems from the use of animal models which do 
not always accurately reflect how the pathogenic effects of snake venoms manifest in humans. Moreover, animal 
experiments are associated with pain, distress, and eventually animal sacrifice due to the toxic nature of snake 
venoms. Related to this, the implementation of the 3Rs principle (Replacement, Reduction, and Refinement) in 
the use of experimental animals in snakebite envenoming research is recommended by the World Health Or
ganization. Therefore, more humane experimental designs and new in vitro/ex vivo alternatives for experimental 
animals are sought after. Here, we report the use of an organotypic model of human skin to further elucidate the 
pathophysiology of the dermonecrotic effects caused by the venom of the black-necked spitting cobra, Naja 
nigricollis, in humans. The goal of this study is to expand the repertoire of available models that can be used to 
study the local tissue damages induced by cytotoxic venoms.   

1. Introduction 

Snakebite envenoming is recognized as a Category A neglected 
tropical disease by the World Health Organization (WHO) (Chippaux, 
2017). It is estimated that 1.8–2.7 million people are affected by 
snakebite envenoming annually, resulting in an estimated 81,000–238, 
000 deaths and 400,000 cases of permanent physical and psychological 
sequelae (Gutiérrez et al., 2017a). The clinical manifestations of 
snakebite envenoming include systemic complications, such as neuro
toxic and hemotoxic effects, and local complications, such as tissue 
necrosis (Gutiérrez et al., 2017a). Naja nigricollis, the black-necked 
spitting cobra, is one of the most medically important snake species in 
Africa. Envenomings by N. nigricollis are characterized by severe cuta
neous necrosis and, when venom is spat into the eyes, ophthalmic 

lesions (Habib and Gopalakrishnakone, 2013). This local tissue damage 
is likely mediated by cytotoxins (CTxs) which are the most abundant 
component in the venom of many cobra species (Naja spp.) (Petras et al., 
2011). CTxs belong to the three-finger toxin (3FTx) family of proteins 
(Kessler et al., 2017), which interact with the phospholipid bilayer of 
membranes in various cell types, disrupting their integrity and inducing 
cytotoxicity associated with pore formation and cell lysis (Pucca et al., 
2020). Although the timely administration of anivenoms containing 
animal-derived polyclonal antibodies (Gutiérrez et al., 2011) – the 
standard of care in snakebite envenoming cases – is generally effective at 
abrogating systemic toxicities, it largely fails to prevent the local tissue 
damage caused by N. nigricollis venom (Ho et al., 2021; Liu et al., 2020; 
Rivel et al., 2016). This is to a large extent due to the inherently low 
immunogenicity of CTxs, partially owing to their small size 
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(approximately 7 kDa) (Dufton and Hider, 1988). The discovery of more 
effective therapeutics against CTxs that would complement the action of 
antivenoms is thus imperative. However, to develop such therapeutics, it 
is crucial to better understand the mechanisms by which CTxs induce 
their cytotoxic damage. 

Currently, murine models of envenoming are the gold standard for 
studying venom-induced pathologies in vivo (Gutiérrez et al., 2017b). 
Using murine models, it has been shown that venoms rich in CTxs cause 
dermonecrotic lesions (Rivel et al., 2016). However, the pathophysi
ology of venom-induced dermonecrosis observed in mice may not 
accurately mimic what takes place in human victims due to the differ
ences in skin structure and function between mice and humans (Arnette 
et al., 2016a). Therefore, alternative models, that more closely resemble 
human skin tissue architecture, could be instrumental in elucidating the 
pathways that are involved in the pathological alterations induced by 
venoms in human skin. One such approach, likely to be of great value, is 
the application of organotypic models of human skin. These are 
three-dimensional (3D) cultures that enable higher degrees of archi
tectural complexity and more accurately recapitulatate the spatial 
cell-cell or cell-extracellular matrix interactions than traditional mono
layer (2D) cell cultures (Arnette et al., 2016b). Moreover, their use aids 
the reduction of experimental animals in research (Gutiérrez et al., 
2020). 

Here, we provide the first report of the use of an organotypic model 
of human skin to study the dermonecrotic effects of N. nigricollis venom, 
and the histological and proteomic observations made in this model 
were compared to an existing mouse model for context. Using this novel 
setup, we observe pathophysiological effects in the organotypic human 
skin model upon exposure to N. nigricollis venom which correlate to the 
more severe effects that are induced on a tissue level in the mouse 
model. In addition, our proteome analysis shows that widespread 
changes occur after N. nigricollis venom exposure in both the in vitro 
organotypic model and the in vivo mouse model. Meta-analysis of these 
datasets highlights a broad range of biological processes that are 
commonly affected in the two models and that follow what is known to 
occur upon skin damage and repair. Our work here introduces organo
typic skin cultures as a potential model for the study of N. nigricollis 
venom-induced dermonecrosis and provides a new approach to study 
the biology of venom-induced pathophysiological effects. 

2. Materials and methods 

2.1. Monolayer cultures of human N/TERT keratinocytes and human 
dermal fibroblasts 

N/TERT immortalized keratinocytes (kindly donated by Edel 
O’Toole from the Queen Mary University of London) were cultured as 
previously described (Pucca et al., 2020). Primary human dermal fi
broblasts (Sigma-Aldrich, 106–05N) were cultured in Dulbecco’s 
modified Eagle’s medium/Nutrient mixture F-12 (DMEM/F-12; Gibco, 
11320033) supplemented with 10% (v/v) fetal bovine serum (FBS; 
Fisher Scientific, 11550356), 1% (v/v) penicillin-streptomycin (Sig
ma-Aldrich, P4333), and 2 mM L-Glutamine (Gibco, 25030081) under 
standard mammalian cell culture conditions (37 ◦C, 5% CO2, and 85% 
humidity). At approximately 80% confluency, the keratinocytes and fi
broblasts were used for generating organotypic models of human skin. 

2.2. Generating 3D organotypic models of human skin 

Per organotypic culture, 60 μL Collagen I (Corning, 354236), 60 μL 
Matrigel (Corning 354234), 17 μL of 10 × Minimum Essential Medium 
(10x MEM; Gibco, 21430–020), 17 μL FBS (Fisher Scientific, 11550356), 
and 17 μL of fibroblast suspension (for a final density of 5 × 105 cells per 
mL of the mixture) were mixed. Subsequently, 170 μL of the colla
gen–fibroblast mixture was added to each well of a 12-well Transwell® 
plate (Corning, 3470). After gel polymerization for 1h at 37 ◦C, 

fibroblast culture medium was added, and the organotypics were incu
bated overnight (fibroblast pre-conditioning). The next day, the fibro
blast culture medium was removed and 1 × 105 keratinocytes were 
seeded in the central area of the collagen–fibroblast mixture in each 
well. Thereafter, the cultures were incubated overnight in keratinocyte 
culture medium. Finally, the keratinocyte culture medium was removed 
from the insert and the cultures were lifted to the air-liquid interface and 
grown for an additional fifteen days in keratinocyte culture medium, 
which was renewed every other day. 

2.3. Subjecting the organotypic models of human skin to N. nigricollis 
venom 

At day 17 of culturing, two organotypics were punctured and 
injected with 20 μL phosphate-buffered saline (PBS, pH 7.4) using a 25 
μL syringe (Hamilton, 84855) and were considered as controls. Two 
other organotypics were injected with 20 μL of 1.6 μg/μL Tanzanian 
N. nigricollis venom (purchased from Latoxan, Portes-Les-Valence, 
France) and these were considered the venom-subjected condition 
samples. The dose of venom was determined based on an unpublished 
pilot dose-determination experiment. The media were renewed and the 
organotypic models were incubated overnight. The next day, both the 
control and the venom-subjected organotypics were harvested for his
tological and proteomics analysis. 

2.4. In vivo experiments of N. nigricollis envenoming in a mouse model 

All animal experiments were conducted using protocols approved by 
the Animal Welfare and Ethical Review Boards of the Liverpool School of 
Tropical Medicine and the University of Liverpool. The experiments 
were performed in specific pathogen-free conditions under licensed 
approval (PPL #P58464F90) of the UK Home Office and in accordance 
with the Animal [Scientific Procedures] Act 1986 and institutional 
guidance on animal care. The experimental animals (18–20 g, male, CD- 
1 mice, Charles River, UK) were housed in groups of three, with envi
ronmental enrichment, water and food ad libitum, their health monitored 
daily during acclimatization, and the experimental design was based 
upon 3R-refined WHO-recommended protocols (Chippaux, 2010) with 
animals randomized. Experimental animals were briefly anesthetized 
using inhalational isoflurane (4% for induction of anesthesia, 1.5–2% for 
maintenance) and intradermally injected in the shaved rear quadrant on 
the dorsal side of the flank skin with either 31.5 μg (low dose; n = 3) or 
63 μg (high dose; n = 3) of Tanzanian N. nigricollis venom (purchased 
from Latoxan, Portes-Les-Valence, France) dissolved in 50 μL of PBS. The 
mice were observed three times daily up to 72h post-injection to ensure 
wellbeing and that there were no signs of systemic envenoming. After 
72h, experimental animals were euthanized using increasing concen
trations of CO2, after which the skin surrounding the injection site was 
dissected and internal skin lesion sizes measured in two directions with 
callipers and photographed. Cross-sections of the skin lesions and 
healthy skin control (collected from the opposite flank of the same an
imals) were further dissected and preserved in formalin fixative for 
routine tissue processing and mounted on microscopy slides for down
stream histopathological analysis. In addition, biopsies of necrotic and 
healthy skin tissue from each animal were collected and stored at − 80 ◦C 
for downstream proteomics analysis. 

2.5. Histological analysis 

Mouse skin samples underwent tissue processing using a Tissue-Tek 
VIP (vacuum infiltration processor) overnight, while the harvested 
organotypic models were fixed in 4% paraformaldehyde and routinely 
processed for histological analysis before being embedded in paraffin 
(Ultraplast premium embedding medium, Solmedia, WAX060). 4 μm 
paraffin sections were cut on a Leica RM2125 RT microtome, floated on 
a waterbath and placed on color slides (Solmedia, MSS54511YW) or 
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poly-lysine slides (Solmedia, MSS61012S) to dry. For haematoxylin and 
eosin (H&E) staining, slides were deparaffinized in xylene and rehy
drated in decreasing grades of ethanol (100%, 96%, 85%, 70%) to 
distilled water before being stained in haematoxylin for 5 min, “blued” 
in tap water for 5 min, and stained in eosin for 2 min. Slides were then 
dehydrated through 96% and 100% ethanol to xylene and cover slipped 
using DPX (Cellpath, SEA-1304-00A). Haematoxylin (Atom Scientific, 
RRBD61-X) and Eosin (TCS, HS250) solutions were prepared in-house. 

For immunohistochemical analysis, the organotypic sections were 
deparaffinized in two changes of xylene for five and 3 min, respectively, 
then re-hydrated in decreasing grades of ethanol (100% twice, 90%, 
80%, and 70%) for 3 min each. Sections were washed in phosphate- 
buffered saline (PBS) for 5 min, then blocked by incubating in a buffer 
consisting of 1% bovine serum albumin (BSA) w/v, 2% fetal bovine 
serum (FBS) v/v in PBS, and additionally containing 5–10% goat serum 
(Sigma) for 1 h at room temperature. Sections were then probed with 
primary antibody diluted in PBS containing 1% BSA and incubated on 
the section at room temperature for 2 h or overnight at 4 ◦C, staining for 
cytokeratin 1 (ab93652; Abcam), cytokeratin 14 (ab7800; Abcam), 
integrin alpha 6 (ab181551; Abcam), or involucrin (ab181980; Abcam). 
Sections were washed three times with PBS before addition of the sec
ondary antibody, goat Alexa Fluor 488-green (ab150113; Abcam) or 
568-red (ab175471; Abcam), at a 1:500 dilution for 1 h at room tem
perature. Sections were washed three times in PBS before 4′,6-Dia
midino (Chippaux, 2017)2-phenylindole (DAPI; D9542; Sigma-Aldrich) 
at a 1:1000 dilution was used as a nuclear stain. Following a further 
three washes in PBS the sections were mounted using Epredia 
Immu-mount (Fisher Scientific; 10622689). Transmission light and 
immunofluorescence microscopy imaging was performed with an Invi
trogen Evos FL Auto 2 microscope using a 20x or 60x magnification lens. 
Acquired images were further analyzed in Fiji (Schindelin et al., 2012), 
and stitching was performed using a plugin developed by Preibisch et al. 
(Preibisch et al., 2009). 

2.6. Proteomics 

Two-to-three mg of the organotypic models and mouse skin samples 
(both controls and venom-subjected samples) were placed into Pressure 
Cycling Technology (PCT) microtubes containing 30 μL of 4 M guanidine 
hydrochloride and homogenized in a Barocycler (Pressure Bioscences, 
Inc) for 60 cycles of 20 s at 45 kpsi and 10 s at atmospheric pressure, at 
33 ◦C. The homogenates were reduced and alkylated by adding 1 μL of 
400 mM tris(2-carboxyethyl)phosphine (TCEP) and 3 μL of 200 mM 
chloroacetamide (CAA) and incubated for 30 min at ambient tempera
ture with 600 rpm shaking. The samples were digested using Lys-C at a 
ratio of 1:100 Lys-C:Protein (w:w), with the microtubes placed into the 
Barocycler for 45 cycles of 50 s at 20 kpsi and 10 s at atmospheric 
pressure, at 37 ◦C. After that, trypsin was added at a ratio of 1:20 trypsin: 
protein (w:w), and the microtubes were placed back into the Barocycler 
for 90 cycles of 50 s at 20 kpsi and 10 s at atmospheric pressure, at 37 ◦C. 
Digestion was stopped by acidifying with 10% trifluoroacetic acid (TFA) 
for a final concentration of 1%. The digests were desalted using tips 
packed with Empore C18 discs (ThermoFisher Scientific, 13-110-019) 
with approximately 5–10 μg/plug peptide capacity. The C18 mem
brane was activated with 100% methanol (MeOH), and equilibrated 
with 0.1% formic acid (FA). The samples were loaded onto the column, 
washed twice with 0.1% FA, and then eluted in 80% acetonitrile (ACN) 
containing 0.1% TFA. The eluate was dried under vacuum at 30 ◦C, re- 
suspended in LC–MS buffer (2% ACN, 1% TFA), and the peptide con
centration was determined using a NanoDrop One Spectrophotometer 
(ThermoFisher Scientific). 

Mass spectrometry data were collected using a Q Exactive mass 
spectrometer (ThermoFisher Scientific, San Jose, CA) coupled to a 
Proxeon EASY-nLC 1200 liquid chromatography (LC) system (Thermo
Fisher Scientific). Peptides were separated for 140 min on a 50 cm × 75 
μm microcapillary PepMap RSLC C18 resin (2 μm, ThermoFisher 

Scientific, TF164711), packed inside an EasySpray ES803A column. For 
analysis, 500 ng of samples were loaded onto the analytical column. Full 
MS spectra were collected at a resolution of 70,000, with an AGC target 
of 3 × 106 or a maximum injection time of 20 ms and a scan range of 
300–1750 m/z. The MS2 spectra were obtained with a top 10 method at 
a resolution of 17,500, with an AGC target value of 1 × 106 or maximum 
injection time of 60 ms, normalized collision energy of 25, and an in
tensity threshold of 1 × 103. Dynamic exclusion was set to 45 s, and ions 
with a charge state 1 were filtered out. The gradient started with 10% 
buffer B (80% ACN with 0.1% FA) and increased to 23% buffer B in 85 
min. It further increased to 38% buffer B in 30 min, before finally going 
to 60% buffer B in 10 min. A washing step with 95% buffer B was then 
performed for 15 min. Mobile phase buffer A contained ultra-pure H2O 
with 0.1% FA. 

The raw data obtained from the analysis of the organotypic samples 
were searched with Proteome Discoverer 2.5 software. The Sequest 
engine was used for assigning spectra to peptides, with human proteins 
included as the target database (reviewed human proteome database 
was downloaded from UniProt, accessed September 14th, 2017, 42,157 
sequences). Precursor tolerance was set to 10 ppm, and fragment mass 
tolerance was set to 0.02 Da. Peptide minimum length was set to 6 
residues, while maximum length was 144. Carbamidomethylation of 
cysteines (+57.021 Da) was added as static modification, while methi
onine oxidation (+15.995) and the protein N-terminal modifications, 
namely acetylation (+42.011), methionine loss (− 131.040 Da), and 
methionine loss plus acetylation (− 89.030 Da) were included as variable 
modifications. Only b and y fragment ions were considered for precursor 
identification. False Discovery Rate (FDR) was controlled with the 
Percolator node, and protein and peptide target FDRs were set to 1% and 
5% for strict and relaxed targets, respectively. For label-free quantifi
cation, the Minora Feature Detector node was added in the processing 
workflow, and the Feature Mapper and Precursor Ions Quantifier were 
added in the consensus workflow. Unique and razor peptides were 
considered for protein quantification, and normalization mode was set 
to total peptide amount. All other node settings were set to default 
values. The raw data from mouse samples were searched with the same 
settings, with the exception of the FASTA database used in the Sequest 
node, which was set to the mouse UniProt proteome (reviewed murine 
proteome database was downloaded from UniProt, accessed September 
9th, 2020, 25,101 sequences). Search results were exported for further 
processing. 

2.7. Proteomics data processing, statistics, and analysis 

Protein abundance data collected from the mass spectrometry ex
periments on the organotypic skin models and mice were first filtered so 
that only proteins that were present in at least two out of three replicates 
in the mouse samples or in both replicates in the case of the organotypic 
models, which only had two replicates in each condition (control or 
venom-subjected), were considered for further processing. Proteins that 
met these criteria in one condition, but were completely absent in the 
other condition, were also included in the analysis. Principal component 
analysis was performed using ClustVis (Metsalu and Vilo, 2015), a web 
tool found at https://biit.cs.ut.ee/clustvis/. Further processing took 
place as described by Aguilan et al. (2020) to identify proteins signifi
cantly decreased or increased in abundance in the venom-subjected 
condition compared to control as reflected by the fold-change and 
associated p value calculations of protein abundances. In brief, abun
dance values were transformed into their log2 equivalents and under
went two types of normalization. In the first, each value was scaled 
against the average of all protein abundances in the specific sample. In 
the second, values were normalized by their distribution width, which 
corrects for potential differences in the dynamic range of acquisition 
between samples. The Probabilistic Minimum Imputation model, which 
assumes low abundance resampling, was used to impute missing values. 
Low abundance was intended as >2 standard deviations smaller than the 
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distribution of all valid values, and the resampling variability was set to 
0.3. The fold-change was calculated as the ratio of transformed and 
normalized protein abundance values between the venom-subjected 
condition and controls. P values were calculated by performing 
different t-tests depending on whether the replicates for each protein 
were homoscedastic or heteroscedastic as determined by F-tests. Vol
cano plots and other graphs were created in Prism v.9 (GraphPad). 
Pathway enrichment analysis was performed by feeding the lists of 
significantly affected proteins in the venom-subjected condition 
compared to the controls through the online Metascape tool (Zhou et al., 
2019). The occurring interaction network clusters were further visual
ized and edited in Cytoscape (Shannon et al., 2003). 

3. Results 

3.1. Establishment of the organotypic models of human skin 

Organotypic models of human skin were established according to a 
16-day cell culturing scheme (Fig. 1a). On day 17, the organotypic 
models were punctured and injected either with PBS, as a control, or 
with 32 μg of N. nigricollis venom, and were harvested 24 h later. It is 
worth highlighting that the 24 h endpoint of the exposure to the snake 
venom deviates from the 72 h standard time for assessing dermonecrosis 
in mouse models. This was due to issues relating to the liquid cultures, in 
which the organotypic models are maintained, namely the requirement 
to renew the cell culture medium every other day – a requirement made 
even stronger by the accumulation of cell debris due to the cytotoxic 
action of the venom. The medium renewal that would have been 
required to extend the incubation time to 72 h could have interfered 
with the experiments in ways that are difficult to control. Therefore, in 
this study we chose to focus on the acute effects and responses that could 
be observed after 24 h. 

As previously reported, contraction of the collagen-fibroblast matrix 
was observed in the organotypics, indicating successful establishment of 
the dermal layer (El-Ghalbzouri et al., 2002). Various degrees of 
contraction were observed between the individual organotypic models 
(Fig. 1b). 

Microscopic imaging of the organotypic sections revealed a cellular 
organization comparable to that of human skin. A single row of mitot
ically active, columnar, or cuboidal cells, i.e., stratum basale (SB) (Pet
rova et al., 2014) of epidermis, could be seen on top of the 
collagen-fibroblast matrix (Fig. 1c). Upwards, the stratum spinosum 
(SS), comprising 4–5 layers of polyhedral keratinocytes, was observed. 
The SS keratinocytes produce significant amounts of desmosomes, 
anchoring the cells to each other. Notably, dehydration of the organo
typic models, during fixation, slightly shrank the SS keratinocytes, but 
they remained tightly bound to each other through the desmosomes 
(Yousef et al., 2021) (Fig. 1c, red arrow heads). In some of the sections, 
but not all, a thin layer of granular keratinocytes, the stratum gran
ulosum (SG), was seen on top of the SS layer. Moving upwards, the SG 
keratinocytes usually lose their nuclei and organelles, turning into cor
neocytes. The corneocytes, in turn, form the stratum corneum (SC), 
which is the outermost layer of intact skin (Yousef et al., 2021). The SC 
performs a crucial barrier function that prevents the penetration of 
external compounds into the body. The SC was not observable in the 
H&E-stained sections, most likely as an artefact of the sample prepara
tion procedure. However, cytokeratin 1 (suprabasal keratinocyte 
marker), cytokeratin 14 (a protein isoform that is highly expressed in 
basal cells), involucrin (late differentiation marker), and integrin alpha 
6 (marker of basal epithelial cells in contact with the basement mem
brane) immunostainings confirmed the presence of differentiated layers 
of stratified epithelium in the organotypic models (Dyring-Andersen 
et al., 2020; Sanz-Gómez et al., 2020). Overall, the histological analysis 
of the cross-sections demonstrated differentiated layers of epidermal 
cells and confirmed the successful establishment of the organotypic 
models of human skin. 

3.2. Histopathological effects of N. nigricollis venom on mouse skin and 
organotypic models of human skin 

Mice (n = 3 per group) received flank injections with either 31.5 μg 
(low dose) or 63 μg (high dose) of N. nigricollis venom with lesions 
dissected post-euthanasia 72h later. The non-injected flank on the 
opposite side of each mouse was used as a healthy internal control. 
Although both groups of venom-injected mice developed skin lesions, 
the lesion area was not significantly different between the low and high 
venom dose groups. Notably, in both groups, the lesion area in one 
animal was considerably different than the other two (Figure S1a). For 
the remainder of this study, all mentions of experiments and analyses 
involving mouse samples refer to the animals that received the high dose 
of venom (63 μg). 

A healthy macroscopic (Figure S1b) and microscopic (Fig. 2a, left 
panel) appearance of inner skin was seen in the control flanks of mice. 
Focusing on the epidermis of the control skin, two-to-three layers of 
intact keratinocytes could be seen (Fig. 2a, right panel zoom-in). In 
contrast, macroscopic lesions (Figure S1c) defined by histological al
terations ranging from mild (Fig. 2b, left panel) to more severe (Fig. 2c, 
left panel) were observed in the flanks injected with N. nigricollis venom. 
These alterations included (i) thickening of the epidermal layer due to 
hyper-proliferation and aberrant differentiation of keratinocytes (hy
perplasia), (ii) emergence of proteinaceous material, which forms a 
sheet overlying the keratinocytes, and (iii) loss of the continuity of the 
epidermis, i.e., epidermal disappearance. Epidermal hyperplasia, which 
generally is seen during mild inflammatory responses to wounding, was 
the most frequently observed alteration in the cross-sections (Fig. 2b, 
right panel zoom-in). In comparison, a necrotic scar, which is identified 
by the presence of a proteinaceous material (Fig. 2c, right panel zoom- 
in) and discontinuity of the epidermis, was seen in a minority of the 
sections. 

The constituted organotypic models of human skin were also sub
jected to punctures and injections with either PBS, as a control, or 32 μg 
of N. nigricollis venom. A comparison of the control and venom-injected 
samples from mice with the organotypic models of human skin high
lights considerable differences between the two models under the con
trol condition, but also notable similarities under the venom-subjected 
condition. Skin epidermis in mice contains only two to three layers of 
keratinocytes (Fig. 2a, right panel zoom-in), while the control organo
typic model, similarly to intact human skin, is comprised of multiple 
layers of differentiated keratinocytes, resulting in a thicker epidermis 
(Fig. 2d) (Salgado et al., 2017). Similar to the more drastic alterations 
seen in some of the slices of venom-treated mouse skin, keratinocytes of 
the venom-injected organotypic models demonstrated clear signs of 
necrosis, resulting in markedly fewer live cells. In addition, the 
well-defined organization of the keratinocyte layers was lost (Fig. 2e). 

In summary, the organotypic human skin model recapitulates the 
differences in epidermis organization that are observed in healthy tissue 
between humans and mice. Exposure to N. nigricollis venom led to 
several pathological alterations of varying severity in the skin of mice, 
while in the organotypic models, the more severe necrotic phenotypes 
were predominantly observed. A plausible explanation for this could be 
that the small size of the organotypic models resulted in the majority of 
the cells becoming exposed to venom toxins. The liquid culture in which 
the organotypic models are incubated could further promote the equal 
distribution of the venom toxins. 

3.3. Exposure to N. nigricollis venom leads to extensive alterations in the 
proteomic landscape of mouse skin and the organotypic model of human 
skin 

To examine the global proteome effects that accompany the patho
logical alterations observed and described above, we employed a 
shotgun proteomics approach for identification of the proteins present in 
the samples and their abundance. After filtering of the detected proteins, 
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Fig. 1. Establishing an organotypic model of human skin. (a) Cell culture protocol. A collagen-fibroblast matrix was incubated overnight in fibroblast culture 
medium (added to both the Transwell and the Insert). Keratinocytes were seeded onto the collagen–fibroblast matrix and were kept submerged in keratinocyte 
culture medium (added to both the Transwell and the Insert). Organotypic rafts were raised to the air–liquid interface, with keratinocyte culture medium only being 
added to the Transwell. After 2 weeks of growth at the air–liquid interface, the organotypic models were injected with either PBS or N. nigricollis venom. (b) 
Contraction of the matrix. Yellow circles demonstrate the original area occupied by the collagen–fibroblast matrix before contraction, and the dotted red lines show 
the matrix area after contraction. (c) Schematic illustration of human skin (left) and a comparison with the cellular organization of a representative histological 
section of an organotypic model stained with H&E (right). Different colors are used to annotate the various skin layers in the 2 panels. SC: stratum corneum; SG: 
stratum granulosum; SS: stratum spinosum; SB: stratum basale. Note that in the organotypic section, the SC is absent, and the SS is thinner compared to the schematic 
illustration. Red arrowheads point to desmosomes that connect the keratinocytes. (d) Cytokeratin 1 (red), cytokeratin 14 (green), involucrin (red), and integrin alpha 
6 (red) immunostainings confirm the presence of differentiated keratinocytes, including the skin barrier (i.e., stratum corneum). Cell nuclei are stained with DAPI 
(blue) in all images. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. 
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2498 proteins remained and were taken along for further analysis in the 
mouse sample dataset, while this number was significantly lower in the 
organotypics, with 1301 proteins being further analyzed. 924 proteins 
were found in both datasets, constituting approximately 37% and 71% 
of the total pool of proteins in the proteomics of the mice and organo
typic models, respectively (Fig. 3a). The detected proteins underwent a 
series of transformation and normalization steps in order to go from the 
mass spectrometry’s intensity output values (corresponding to protein 
abundances) to the fold-changes in abundance for each protein between 
the control and venom-subjected conditions (Tables S1 & S2) (Aguilan 
et al., 2020). 

Principal component analysis was carried out using the normalized 
proteomic profiles of the individual replicates in each condition in order 
to compare their similarity. For the most part, the control replicates 
clustered together and away from the venom-subjected replicates in 
both datasets as expected (Fig. 2b). However, the venom-subjected 
replicates did not all cluster together, indicating that the venom in
jections had variable effects on a proteomic level between animals. It is 
also worth noting that venom-subjected replicate #2 in the mouse 

dataset clustered closely with control replicate #1, suggesting that the 
region of the lesion that was used for the proteomics experiments 
showed few protein abundance alterations in response to the venom 
exposure in this animal. A plausible explanation for this observation is 
proposed in the Discussion section below. 

An overview of the fold changes, visualized as the ratio of each 
protein’s abundance in the venom-subjected condition over the control, 
and plotted against their p values (statistical significance) can be seen in 
Fig. 3c. Proteins whose abundance is significantly altered (2-fold 
decreased or increased in the untransformed dataset) and is accompa
nied by high statistical confidence (raw p value < 0.05) can be seen 
annotated in color. A significant decrease in the abundance of 118 
proteins was observed when mice were challenged with venom (purple 
dots), whereas 134 proteins were more abundant (orange dots). In the 
organotypic models, the abundance of 104 proteins was significantly 
decreased, while it was significantly increased for 124 proteins. When 
the lists of significantly affected proteins were compared between 
models, only a few proteins were found in common. Phosphohistidine 
phosphatase 1 (PHPT1) was the only protein found to be significantly 

Fig. 2. Naja nigricollis venom injections in mice and organotypic human skin models lead to a range of histological alterations. (a) Left panel: Light micrograph of 
H&E-stained control mouse skin demonstrates the characteristic histological pattern, with the epidermis (E), the dermis (D), hair follicles (HF), the hypodermis (H), 
and the Panniculus carnosus (P) annotated in capital letters. Right panel zoom-in: Control mouse epidermis displays 2–3 continuous layers of keratinocytes. (b) Left 
panel: Mild alterations of mouse skin in response to the venom injections. The epidermal hyperplasia (i), epidermal discontinuity (ii), and proteinaceous material (iii) 
indicate a necrotic response. Right panel zoom-in: Epidermal hyperplasia. (c) Left panel: Severe alterations of mouse skin in response to the venom injections. 
Epidermal hyperplasia (i) and a very prominent proteinaceous material (iii) can be seen here, too. Right panel zoom-in: Proteinaceous material of the necrotic region. 
(d) Multi-layer keratinocyte organization in the human skin organotypic model under control conditions. (e) Extensive keratinocyte cell death due to exposure to 
venom in the human skin organotypic model. 
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Fig. 3. Shotgun proteomics on mouse skin and organotypic models subjected to N. nigricollis venom. (a) Venn diagram depicting the proteins found in common 
between the mouse and organotypic model datasets. (b) Principal component analysis depicting the similarity between replicates (control and venom-subjected) in 
each model. In the mouse dataset, the first and second principal component cumulatively explain 67.9% of the variance observed, while in the organotypic model 
dataset, they explain 88.9% of the variance. Control replicates are annotated as blue dots, while venom-subjected replicates are annotated as red dots. (c) Volcano 
plots of all detected proteins (grey dots) in mouse and organotypic model samples after filtering, transformation, and normalization steps. The log2 value of the fold- 
change in protein abundance between venom-subjected and control conditions is plotted on the x-axis, while the -log2 value of the corresponding p value (statistical 
significance) is plotted on the y axis. Each dot represents a single protein. Proteins with a log2(fold-change) value < − 1 or >1 (2-fold decrease or increase in 
abundance in the untransformed dataset) and a -log2(p value) > 4.32 (raw p value < 0.05) are annotated in color as significantly affected. Decreased abundance 
proteins are seen in purple and increased abundance proteins in orange. (d) Table depicting the proteins found in common between the lists of significantly affected 
proteins in the two models. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. 
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less abundant in the venom-subjected condition. It has been previously 
shown that PHPT1 overexpression in primary neurons decreases cell 
viability (Krieglstein et al., 2008). On the other hand, alpha actinin 1 
(ACTN1), actin-related protein 2/3 complex subunit 2 (ARPC2), 
eukaryotic translation initiation factor 3 subunit J (eIF3j), eukaryotic 
translation initiation factor 4A-1 (eIF4A1), late endosomal/lysosomal 
adaptor and mitogen activated protein kinase and mechanistic target of 
rapamycin activator 3 (LAMTOR3), and Ras-related protein RAB-18 
were found in the increased abundance list. These proteins are 
involved in cell-matrix adhesion organization in keratinocytes (Hamill 
et al., 2015), cytoskeleton regulation and re-organization (Choi et al., 
2019), translation (Zhao et al., 2020), cell growth signaling (Sancak 
et al., 2010), and vesicle trafficking (Filipek et al., 2017; Li et al., 2017). 

To summarize, the proteomes of mouse skin and the human skin 
organotypic models under control and venom-subjected conditions were 
analyzed. Overall, we found that the proteomes in the two models 
showed a large overlap, at least quantitatively (i.e., which proteins were 
present). We also observed that the venom injections led to a variable 
proteomic profile in both models, and while the numbers of proteins 
with significantly decreased and increased abundance were similar be
tween the two models, the overlap of identical proteins in these lists is 
limited. 

3.4. Pathway enrichment analysis highlights commonalities in the venom- 
affected pathways between the mouse skin and organotypic human skin 
models 

We next wanted to examine whether exposure to N. nigricollis venom 
resulted in specific pathways being commonly affected in the two 
models. For this, a pathway enrichment analysis was performed with the 
Metascape web tool (Zhou et al., 2019), using the lists of significantly 
affected proteins that were previously obtained. Metascape incorporates 
a core set of default ontologies for enrichment analysis in its pipeline, 
including GO processes, KEGG pathways, and Reactome gene sets 
among others. This was performed separately for proteins whose 
abundance was significantly decreased and increased, respectively. 
Indeed, more potentially biologically relevant connections between the 
two models were observed when also looking at proteins of each dataset 
that are not identical to proteins of the other but are both members of the 
same gene ontology terms (Fig. 4a). This observation was more pro
nounced for the proteins whose abundance was significantly increased. 

The top 20 enriched terms across the protein lists (significantly 
decreased and increased, respectively) from both models were depicted 
as heatmaps, color-coded based on their p value (Fig. 4b). These terms 
covered a broad range of biological processes and signaling pathways. 
The enriched pathways relating to the decreased abundance proteins 
showed very little overlap between the two models and were often 
associated with general metabolism-related processes (Fig. 4b left 
panel). On the other hand, the enriched pathways associated with the 
increased abundance proteins displayed a much higher overlap between 
the two models and were generally involved in cellular processes, such 
as regulation of actin cytoskeleton, Rho GTPases signaling, apoptosis, 
and the regulation of expression of SLITs and ROBOs (Fig. 4b right 
panel). It is worth noting that the enriched terms that were only asso
ciated to the increased abundance proteins derived from the mouse 
dataset were mostly associated with humoral immune and acute in
flammatory responses triggered by the damaged tissue. A complete 
overview of the enriched terms that came out of each list in the Meta
scape analysis can be found in Table S3. 

Going forward, analysis was only continued for the data relating to 
the increased abundance proteins, as these exhibited a higher overlap 
between the two models in enriched terms related to skin homeostasis 
and wounding. Next, the pooled datasets from the two models were used 
to visualize all the known protein interactions, as this could highlight 
additional pathways that are potentially affected by venom toxins. A 
highly complex interactome network was constructed (Fig. 4c), which 

could be used to parse out specific clusters corresponding to protein 
complexes (Fig. 4d). Some of the interesting clusters that appeared 
contained members from both datasets (red vs blue dots), and these 
individual clusters were tested for enriched ontology terms. The results 
indicated that an upregulation of processes relating to the formation of 
the cornified envelope/keratinization, insulin-like growth factor (IGF) 
signaling, and phosphatidylinositol 3-kinase/protein kinase B (PI3K- 
Akt) signaling took place, among others. 

Lastly, the presence of certain other potentially interesting groups of 
proteins in the obtained proteomics datasets was investigated. The first 
group consisted of damage-associated molecular pattern molecules 
(DAMPs). These are proteins that have been described to be abundant in 
wound exudates collected from mice exposed to viperid venom, and are 
involved in the pathophysiology observed upon envenoming (Rucavado 
et al., 2016). The second group consisted of proteins involved in che
mokine/cytokine signaling as we predicted that the arrival of immune 
cells to the site of injury would more strongly mediate an inflammatory 
response in mice. Overall, proteins from both aforementioned groups 
were found in our datasets (green dots for DAMPs, pink dots for che
mokines/cytokines) (Figure S2a). While the majority of DAMPs detected 
appeared to have some abundance alterations in both datasets, only a 
few that were present in the mouse dataset were deemed statistically 
significant (p value < 0.05). As for chemokines and cytokines, most of 
them were indeed present in the mouse dataset as predicted, and 
although they did seem to display increased abundance, most did not 
meet the significance criteria. The complete list of proteins of each group 
for the two models can be found in Table S4. 

Our data showed that there is a much higher overlap between the 
lists of proteins whose abundance is significantly affected when exam
ining them for non-identical proteins that are both members of the same 
gene ontology terms. This indicates that while there are not many 
identical proteins affected in the two datasets upon exposure to venom, 
many of the affected pathways and processes are likely common. Several 
upregulated signaling pathways were extracted from the list of proteins 
with significantly increased abundance, and these results were com
plemented and further expanded by looking at protein interactions and 
the complexes they form. 

4. Discussion 

Dermonecrosis is one of the main clinical manifestations of enve
nomings by N. nigricollis and other spitting cobras (World Health Or
ganization, 2010), which together with other snakes are responsible for 
approximately 6000–15,000 annual snakebite-related amputations in 
sub-Saharan Africa (Chippaux, 2011). In part, these high numbers of 
severe venom-induced morbidity are the result of the inefficacy of cur
rent snakebite antivenoms at preventing cytotoxic pathophysiology and 
to limitations in the timely access to health facilities. Therefore, estab
lishment of a new model to study snakebite-induced dermonecrosis is 
warranted in order to better characterize this relevant pathological ef
fect. This study aimed to expand the repertoire of available models that 
can be used to study the necrotic effects of snake venoms by introducing 
the application of an organotypic model of human skin. This model was 
employed to study N. nigricollis venom-induced dermonecrosis from a 
histological and proteomic perspective in comparison to a more estab
lished in vivo mouse model. However, inherent differences between the 
in vitro organotypic model of human skin and the in vivo mouse model 
impose clear limitations in the direct comparison of the two models, 
which are discussed in detail below. Our goal was therefore not to assess 
whether skin organotypics can act as surrogates to mouse models, but 
rather to use the more established mouse model as a reference for 
investigating the potential value of the organotypic model as a tool in 
these types of studies. 

The mouse skin and the organotypic models of human skin presented 
both similarities and differences. In terms of the histological pattern of 
epidermis, the organotypic model better resembles the human skin than 
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Fig. 4. Pathway enrichment analysis of significantly affected proteins in mouse and organotypic model samples upon exposure to N. nigricollis venom. (a) Circos plots 
depicting overlap between lists of proteins with decreased abundance (left) or increased abundance (right). Each line connects a protein from the mouse dataset 
(yellow blocks) to a protein from the organotypic model dataset (green blocks). Red lines connect identical proteins between the two datasets, whereas purple or 
orange lines (corresponding to decreased or increased abundance) connect proteins that are not identical, but which are both members of the same gene ontology 
terms. (b) Heatmap of the top 20 enriched gene ontology terms based on the lists of proteins with significantly decreased abundance (left) or increased abundance 
(right). The color-coding corresponds to each term’s p value for either the mouse or organotypic model-derived dataset. (c) Complex interactome network based on 
the pooled collection of proteins with significantly increased abundance from both the mouse and organotypic model datasets. (d) Examples of extracted protein 
complexes and the enriched ontology terms associated with them. For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article. 
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the in vivo mouse model, especially in regard to the number of layers of 
epithelial cells. Mouse epidermis is comprised of a few layers of cells 
(Fig. 2a, right panel zoom-in), whereas human skin and the organotypic 
model used here display a higher number of layers in the epidermis 
(Fig. 2d). On the other hand, the extracellular matrix underlying the 
epithelial cell layer in the organotypic model only partially resembles 
the dermis, as it is rich in collagen and contains fibroblasts, but does not 
contain the typical skin appendages (sebaceous glands, hair follicles) 
present in mouse and human skin. 

Our histological findings highlight pronounced differences in the 
morphology of normal and envenomed tissues in both models. In the 
case of mouse skin, the most prominent alteration observed was hy
perplasia (Fig. 2b), corresponding to the re-epithelialization process that 
typically takes place after acute injury (Cañedo-Dorantes and 
Cañedo-Ayala, 2019). In a subset of the samples, more severe manifes
tations of necrosis could be seen, which was identified by the loss of 
epidermis altogether and the formation of proteinaceous material 
(Fig. 2c). In the case of the organotypic model, the effect of venom was 
more drastic, as it predominantly induced necrosis of epithelial cells and 
widespread disorganization of the epidermis. It is likely that a higher 
dose of venom, such as the one used previously by Rivel et al. (2016), 
would have induced a more widespread dermonecrotic effect in mice. 
The higher dose that was used in this study (63 μg) was determined by 
pilot unpublished dose-determination experiments and was selected so 
as to not surpass the maximum allowable lesion size outlined in the 
licensed animal experiment approval and to avoid any systemic signs of 
envenoming, which would have required early euthanasia of the ani
mals. The lower dose (32 μg) injected in mice was similar to the dose 
that was administered to the organotypics. 

The variable effects of the venom dosage in mice, which were 
observed on a histological level, were also reflected on a proteomics 
level. For example, we observed that the venom-subjected mouse 
replicate #2 clustered more closely with the control samples (Fig. 3b). 
Intriguingly, this is also the experimental animal that developed the 
largest lesion in response to the venom injection (Figure S1a). One 
plausible explanation for this discrepancy could be that the skin was so 
damaged in the lesion area that a lesser affected neighboring region was 
selected to make the slices for histology and proteomics. This clustering 
of a venom-subjected replicate with the controls may have important 
effects on the significance (p values) of the changes in abundance for 
some proteins in the mouse dataset. In conclusion, the damage induced 
in the organotypic models by the venom of N. nigricollis better resembles 
the severe pattern of dermonecrosis described in mice when using higher 
doses of venom, and is perhaps likely to simulate the ulceration and 
dermonecrosis observed in clinical cases of envenomings by N. nigricollis 
(World Health Organization, 2010), thus underscoring the potential 
utility of this model in the study of venom-induced skin damage. 

Global proteomics analysis revealed a large overlap in identical 
proteins that made up the collective proteome in each of the two models 
(Fig. 3a). Compared to the organotypic models, which only have kera
tinocytes and fibroblasts present, additional cell types are present in the 
mouse dermis and hypodermis, such as mast cells, resident macro
phages, dendritic cells, and endothelial cells (Joost et al., 2020). Addi
tionally, venom treatment may cause the arrival and activation of 
leukocytes and macrophages, further expanding the repertoire of cell 
types present in the mouse skin (Koh and DiPietro, 2011), all of which 
likely result in the presence of proteins that are unique to the 
mouse-derived dataset. Further, a small subset of the differences in 
proteome consistency between the two models might be due to differ
ential gene/protein nomenclature in humans and mice. Although most 
orthologs share the same gene symbol in mice and humans (the differ
ence being that in mice the first letter of the gene symbol is uppercase 
and the rest are lowercase while in humans all letters are uppercase), 
there are still some instances of orthologous pairs maintaining different 
gene symbols and could impact their identification as being orthologous 
in our analysis (Wright and Bruford, 2006). 

Many proteins whose abundance was significantly affected by the 
venom treatments were identified (Fig. 3c, Table S1 and S2). Although 
the number of identical proteins whose abundance was significantly 
affected in the datasets was quite low (Fig. 3d), pathway enrichment 
analysis highlighted a range of overlapping biological processes that 
correlate to proteins that are non-identical but are still somehow 
involved in those processes (Fig. 4a and b). Considering the important 
role that the cytoskeleton plays in wound healing responses, regulation 
of the actin cytoskeleton was, unsurprisingly, one of the terms found to 
be enriched in the pathway enrichment analysis (Abreu-Blanco et al., 
2012). Signaling by Rho GTPases is another one of the top hits in the 
pathway enrichment analysis. Interestingly, constitutive activation of 
Rho GTPases was posited to underlie the toxicities of certain 
dermonecrosis-inducing bacterial toxins (Horiguchi, 2001). Although 
these toxins share no resemblance to the toxins present in the 
N. nigricollis venom, it is possible that the same signaling pathway might 
be impacted in this case too, but in a different way. Proteomic signs of 
apoptosis were also identified. This process is more strongly correlated 
to the organotypic model dataset, which is in agreement with the 
observation that epithelial cell damage was more pronounced in the 
histology of the organotypic models. 

Some of the pathways highlighted by the pathway enrichment 
analysis were only present in one of the models and this observation can 
be explained by highlighting the differences between the two models. As 
mentioned above, venom exposure leads to immune cell infiltration of 
the skin in mice and therefore the mouse dataset was enriched for terms 
such as humoral immune response and acute inflammatory response 
(Fig. 4b, right). Such terms are not enriched in the organotypic model 
dataset since this model consists only of keratinocytes and fibroblasts. 
Additional indications of immune cell infiltration in the mouse skin are 
demonstrated by the abundance of chemokine/cytokine signaling mol
ecules being increased in the mouse dataset, though not in a statistically 
significant manner (Figure S2a). It was also observed that DAMPs, 
molecules previously associated with viperid envenoming in mice 
(Rucavado et al., 2016), were more readily affected in our mouse dataset 
compared to that of the organotypic model (Figure S2a). It is unclear at 
this stage whether such differences between the models are solely due to 
the reduced complexity of the organotypic models, or whether some 
responses are more strongly correlated with a specific organism over 
another. More studies with higher number of replicates, and a range of 
venom dosages and exposure times would be necessary to better address 
the differences seen between the models at the proteome level. 

When enriched terms that correlated with protein interactions be
tween the combined pools of significantly affected proteins from both 
our datasets were examined, additional signaling pathways appeared 
(Fig. 4d). These included the IGF pathway and the PI3K/Akt signaling 
pathway, both of which are known to be involved in wound healing 
responses (Sadagurski et al., 2006; Teng et al., 2021). These findings 
further point towards the organotypic model recapitulating many of the 
established responses to skin tissue damage. 

Certain facets of the experiments in this study were characterized by 
pronounced variability. Examples of this variability are the lesion area 
caused by the N. nigricollis venom in mice (Figure S1c), and the level of 
contraction of the collagen-fibroblast matrix of the organotypic models 
(Fig. 1b). Variability in the proteomics experiments, both inherent and 
technical, could perhaps explain to some extent why the organotypic 
models (which had 2 replicates as opposed to 3 in mice) had a higher 
number of significantly affected proteins compared to the total number 
of proteins detected compared to the mouse dataset (Fig. 3c). Such 
variability highlights the need to further characterize these models. 
Despite these limitations, our study underscored the potential value of 
the organotypic model to assess the action of dermonecrotic snake 
venoms and toxins. 

In summary, we find that, in a number of promising ways, the 
organotypic model is able to recapitulate certain effects that N. nigricollis 
venom exerts in mice, both from a histological and a proteomic 
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perspective. Although only N. nigricollis venom was tested here as a 
proof of principle, we propose that this organotypic model can become a 
valuable tool in studying the effects of this and other locally-acting 
venoms. The introduction of this model complies with the 3Rs princi
ple of replacing, reducing, and refining the use of animals in research 
(Gutiérrez et al., 2020), as it may eventually lead to the limitation of the 
current animal-based tests which cause pain and tissue damage. Until 
additional characterization studies have taken place to build on these 
early findings, we propose that this model is particularly well-suited to 
be used alongside (i.e. in parallel with) animal models, rather than to 
directly subsitute them. In the future, the approach employed here could 
potentially be further refined to find utility in the assessment of the ef
ficacy of antivenoms, antibodies, and inhibitors against tissue-damaging 
toxins, as well as compounds with tissue regenerative effects, with the 
ultimate goal of developing more effective treatments for 
snakebite-induced dermonecrosis. 
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