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Abstract
During the course of acute ZIKV infection, pruritus is a cardinal symptom widely 
documented in the literature. Its frequent association with dysesthesia and several 
dysautonomic manifestations, suggests a pathophysiological mechanism involving the 
peripheral nervous system. The aim of this study was to develop a functional human 
model to potentially able to be infected by ZIKV: by demonstrating the functionality 
on a new human model of co-culture of keratinocyte and sensory neuron derived from 
induced pluripotent stem cells using a classical method of capsaicin induction and SP 
release, and verify the presence of ZIKV entry receptor in these cells. Depending of 
cellular type, receptors of the TAMs family, TIMs (TIM1, TIM3 and TIM4) and DC-
SIGN and RIG1 were present/detected. The cells incubations with capsaicin resulted 
in an increase of the substance P. Hence, this study demonstrated the possibility to 
obtain co-cultures of human keratinocytes and human sensory neurons that release 
substance P in the same way than previously published in animal models which can be 
used as a model of neurogenic skin inflammation. The demonstration of the expres-
sion of ZIKV entry receptors in these cells allows to considerate the potent possibility 
that ZIKV is able to infect cells.
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1  |  BACKGROUND

Zika virus (ZIKV) has been responsible for an extensive epidemic 
affecting people in more than 56 countries since its emergence in 
Brazil in 2015.1 It was declared a public health emergency by the 
World Health Organization on February 2016 due to its high rate 
of neurological complications (congenital microcephaly, encephalitis, 
myelitis, Guillain-Barré syndrome).2–5 During acute Zika virus infec-
tion, pruritus is currently considered as a cardinal symptom since it 
was described as the second most frequent symptom after exan-
thema (80%–95%) during the large-scale epidemic in Rio de Janeiro 
and the following epidemics of the Americas.6,7 A frequent associ-
ation of ZIKV pruritus with dysesthesia (52%) possibly associated 
with dysautonomic symptoms such as dry mouth and eyes, urinary 
incontinence, heat intolerance and sweating disorders has been 
reported in the literature suggesting the concomitant existence of 
a small-fibre neuropathy.8,9 Pruritus is considered as symptom of 
small-fibre neuropathies.10

The skin is the site of a high viral load during the acute phase of 
ZIKV infection.11–13 The main receptors for the entry of the virus into 
the cells are receptors of the TAMs family: TYRO3 and AXL which are 
receptor tyrosine kinases, TIMs (T-cell immunoglobulin mucin: TIM1, 
TIM3 and TIM4) as well as DC-SIGN (dendritic cell-specific inter-
cellular adhesion molecule-3-grabbing non-integrin). RIG1 (retinoic 
acid-inducible gene 1) is an essential modulator of ZIKV infection by 
controlling apoptosis.13,14 In human, dendritic cells, fibroblasts, kera-
tinocytes and also keratinocyte cell line HaCat express at least one 
of these receptors and are permissive to ZIKV infection.11–13,15–19 
Associated symptoms of ZIKV infection may be related to an infec-
tion of keratinocytes but maybe also the sensory nerve. Until now, 
the involvement of peripheral nervous system in ZIKV infection was 
poorly described. The presence of these receptors in peripheral 
nerve cells, nor in sensory neurons was never studied. Only studies 
on progenitors of neural crest stem cells (hNCCs) and peripheral neu-
rons (hPNS) have been carried out, finding an increase in cell death 
after ZIKV infection.20

Keratinocytes and peripheral sensory nerve fibres are strongly 
involved in pruritus, pain and neurogenic skin inflammation. 
Substance P (SP) and the transient receptor potential vanilloid 1 
(TRPV1) are implicated and considered as important mediators 
in the genesis and maintenance of pruritus and pain associated 
to CNI.21–25 They are present on both keratinocytes and sensory 
neuron from DRG. Different works showed by in vitro tests that 
stimulation of co-culture by a solution of capsaicin, an agonist 
of TRPV1, induces a calcium response and a significant TRPV1-
specific release of SP, allowing that these models are functional 
and could be used for the study a part of CNI and pruritus mecha-
nism.26,27 These models were adapted to study mechanism linked 
independently to inflammation, sensitive skin, itch or pain.27–30 The 
limitation of these models is that sensory neurons were issued from 
animals. Recent research allows the obtention of sensory neurons 
of human through the differentiation of induced pluripotent stem 
cells (iPS).31–38

Hence, after validation of the model by induction of SP release 
we were interested in the expression of ZIKV entry receptors in ke-
ratinocytes and in human sensory nerve endings that are in the first 
line of external environment.

2  |  QUESTION ADDRESSED

The aim of the study was to propose a human functional in vitro 
model composed by keratinocytes and sensory neurons potentially 
useable to study the cellular consequences of infection by ZIKV by 
validation of the expression of receptor implicated in ZIKV entry in 
cells. More precisely, we developed a co-culture model using human 
primary keratinocytes and human sensory neurons differentiated 
from iPS. This model was compared, with a focus of TRPV1 activa-
tion and SP release, with previously developed co-culture models 
constituted by animals' cells. Finally, we studied the expression of 
receptors permitting the entry of ZIKV on the cells of the model.

2.1  |  Experimental design

The in vitro model was constituted by human keratinocytes from 
abdominoplasties seeded in the same well with sensory neurons 
from human iPS or rodent DRG. Firstly, neuronal and sensory 
marker of neurons from iPS cells were checked. Hence, to validate 
the functionality of the cells and the model, capsaicin was used to 
induce calcium flux and SP release as previously described in other 
models.27,28,30 The expression or not of ZIKV entry receptors (DC-
SIGN, AXL, TYRO3, TIM1, RIG1) in iPS differentiated cells into sen-
sory neurons was evaluated by qPCR and/or immunochemistry. 
Sensory neurons from iPS cells were sourced from AXOL Bioscience 
(Ax0055, Cambridge, UK) and shipped frozen. The cells were seeded 
and cultured according manufacture's instruction.

3  |  RESULTS

After more than 6 weeks after seeded, the iPS cells presented a 
neuronal morphology with (Figure S1) or without (Figure 1A) and a 
dense nerve fibre network was observable in conformity with the 
supplier (Figure 1A). In complement with the provider, qPCR analysis 
showed the expression of BRN3A, a sensory expression marker, with 
a Ct of 27.86 ± 2.2 (N = 4) and TRPV1 with a Ct of 31.9 ± 2.03 (N = 4). 
Immunostaining showed the expression of neurofilament M (neu-
ronal marker), peripherin (peripheric neuronal marker), BRN3A and 
TRPV1 confirming sensory neuronal differentiation (Figure  1B–E). 
The functionality of cells was assessed by calcium imaging. Capsaicin 
and lactic acid induced a calcium flux (Figure 1F).

To demonstrate that the co-culture response is close to the 
previously established and published model with animal cells, we 
prepared DRG-keratinocyte co-culture incubated with capsaicin 
10 μM for 15 min. Capsaicin leaded to a significant increase of the SP 
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release by 2.3-fold higher than the control (SD: 0.8, N = 7, p < 0.05) 
(Figure 2A).27 Capsaicin incubated with the sensory neurons from 
iPS and keratinocyte co-cultures resulted in a significant increase 
of SP release by 1.6-fold higher than the ethanol control (SD: 0.5, 
N = 3, p < 0.001). Incubation with capsaicin does not induce modi-
fication of cell viability in the DRG-keratinocytes and sensory neu-
rons from iPS-keratinocytes co-cultures compared to the ethanol 
control (N = 3) (Figure 2B). Capsaicin could therefore be used at this 

concentration without causing any bias related to cellular toxicity or 
detachment of cells under our conditions.

All transcript of the receptors identified as allowing the entry 
of ZIKV were detected by qPCR on proliferating human keratino-
cytes (N = 2). TIM1 was expressed with a mean Ct of 17.24 (SD: 
3.83). TYRO3 was expressed with a Ct of 25.23 (SD: 1.83). The DC-
SIGN and AXL were very weakly expressed with a Ct of 34.1 (SD: 
1.48) and 33.45 (SD: 1.05) respectively. All mRNA were detected 

F I G U R E  1  Characterization of iPS cells after more 6 weeks of culture. (A) Picture of the iPS cells after more 6 weeks of culture observed 
in phase contrast microscope. Immunostaining of the neurofilaments M (mature neuronal marker) (B), TRPV1 (C), BRN3A (sensory neuronal 
marker) (D), peripherin (peripheric neuronal marker) (E). TRPV1, peripherin, BRNA3A were revealed in green, neurofilaments M in red 
and nuclei in blue by DAPI. (F) Calcium imaging experiment. Calcium flux were recorded on individual cells before and after application 
of capsaicin or lactic acid. The graph reports the amplitude of each individual cell response and mean values (±standard deviation) of a 
representative experiment. Each dot represent one cells. ****, Wilcoxon test, n = 56.

F I G U R E  2  Cell response after 
capsaicin induction. (A) Release of 
substance P after activation of co-
cultures by capsaicin (Capsa) with the 
ethanol (OH) control. The graph reports 
the mean values (±standard deviation) 
of the 7(with DRG cells) or 3 (with iPS 
cells) independent experiments in fold 
change to the control (N = 7. *p < 0.05, 
N = 3. ***p < 0.001 [Mann–Whitney 
test]). (B) Cytotoxic effect of capsaicin 
on co-cultures (Capsa) with ethanol (OH) 
as a control. The graph reports the mean 
values considering the control as 100% 
viability (±standard deviation) of the 
independent three experiments.
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by qPCR on the DRGs (N = 2) with the exception of DC-SIGN. 
TYRO3 was the most expressed receptor with a Ct of 24 (SD: 0.1), 
followed by AXL with a Ct of 27.1 (SD: 0.5) and TIM1 with a Ct of 
30.2 (SD: 0.7). All mRNA were detected in sensory neurons differ-
entiated from iPS cells. The most expressed were Tyro3 with a Ct 
of 26.3 (SD: 1.24, N = 4), followed by DC-SIGN with a Ct of 28.9 
(SD: 3.99, N = 4). RIG1 and TIM1 receptors were weakly expressed 
with a Ct of 31.2 and 30.7 respectively (respective SD: 1.24, N = 3 
and 0.37, N = 4). AXL was very weakly expressed with a Ct of 34.8 
(SD: 0.89). Comparatively with pre-differentiated iPS cells (at the 
seeding) mRNA of Tyro3, AXL, TIM1 and DC-SIGN types but not 
RIG1 were significantly more expressed after 6 weeks of matura-
tion (Figure 3A). RIG1 was highly expressed on iPS cells differenti-
ated in sensory neurons as revealed by immunostaining. RIG1 was 
expressed on cellular body and nerve fibres. AXL, TYRO3, DC-
SIGN and TIM1 were very weak or not fund (Figure 3B). DC-SIGN, 
AXL and Tyro3 were identified uniquely on cellular body and in a 
small number of cells.

4  |  CONCLUSION AND PERSPEC TIVES

This study showed that a co-culture of human keratinocytes and 
iPS differentiated into peripheral sensory neurons could be used 
for in vitro studies to mimic a part of neurogenic skin inflammation 
and maybe test the infection of these cells by ZIKV. Firstly, we 
validated the sensory characteristic of differentiated iPS cells by 
the expression by immunostaining of neurofilaments M (neuronal 
marker), TRPV1, BRN3A (sensory neuronal marker), peripherin 

(peripheric neuronal marker). By calcium imaging we confirmed 
the functionality of cells. Concerning the co-culture model, in a 
review of skin-nerve models Schutte et al. presented in phase 
contrast microscopy a picture of a co-culture of human sensory 
neurons with keratinocytes.39 In our work, a significant increase 
of the SP release after stimulation by capsaicin was observed. 
Results were similar when we used a heterologous model (neu-
rons from rat DRG and human keratinocytes) and the homologous 
model (neurons issued from human iPS and human keratinocytes). 
This response is comparable to the results obtained by Pereira 
et al. using co-culture between cells from pig DRGs and pig ke-
ratinocytes, which enabled them to create a model for the “study 
of neurogenic skin inflammation”.27 Significant release of SP after 
activation of TRPV1 with resiniferatoxin and non-significant re-
lease with capsaicin (10 μM) was previously observed in sensory 
neurons from iPS.40 Our results on sensory neurons differentiated 
from iPS cultured with human keratinocytes showed a significant 
SP release after capsaicin incubation (10 μM) attesting the partici-
pation of keratinocytes. Alternatively, the use of sensory neurons 
from skin derived precursors could be evaluated to avoid the use 
of OGM (iPS).41

The entry of ZIKV in skin cells was previously demonstrated.11,12 
It is consistent with our observation by qPCR of the expression of 
arbovirus receptors in cultures of human primary keratinocytes. 
Moreover, we observed the presence of arbovirus transcripts 
entry receptors AXL, TYRO3, RIG1 and TIM1 on rat DRGs cells by 
qPCR. Volpi et al. reported the possibility of ZIKV infection of DRGs 
from rats deficient in alpha/beta interferon (Ifnar1-KO) in vitro.42 
Swartwout et al. showed the possibility of ZIKV infection of DRGs 

F I G U R E  3  Expression profile of pre-differentiated and after 6 weeks of maturation into sensory neurons of iPS cells. (A) RT-qPCR analysis 
of mRNA expression encoding the RIG1, TIM1, AXL, DC-SIGN and TYRO3 genes, in pre-differentiated (ND) and after maturation of iPS cells 
(Diff). The graph reports the mean values (±standard deviation) of the 4 independent experiments (N = 4. *p < 0.05, Mann–Whitney test). (B) 
Immunostaining of RIG1, AXL, TIM1, DC-SIGN and Tyro3 on differentiated iPS cells after 6 weeks. RIG1, AXL, DC-SIGN, TIM1 and Tyor3 was 
revealed in green (FITC), nuclei in blue by DAPI. Scale bar = 50 μm.
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from immunocompetent mice in vitro but with a high multiplicity of 
infection (MOI) of 30.43

Lee et al. showed the capability of iPS to be infected by varicella–
zoster virus.32 More interestingly, Oh et al. demonstrated the direct 
infection of peripheral neuron by ZIKV but without identify the entry 
receptor.20 By immunostaining we showed than RIG is expressed on 
peripheral sensory nerve fibre, it is maybe the receptor implicated 
in the entry of ZIKV. In in vivo context, or in vitro, it is possible too 
that ZIKV penetrate in the cells by keratinocytes or dendritic cells 
and penetrate in the neurons via nerve-skin cells interactions. Exact 
mechanism of ZIKV infection and interaction with skin cells need to 
be investigated more specifically.

We developed a human homologous functional co-culture model 
functionally available for the study of a part of pruritus and neu-
rogenic cutaneous inflammation mechanism linked to substance 
P. Keratinocytes and differentiated iPS cells express receptors re-
quired for the entry of ZIKV. Furthermore, different work showed 
the possibility of ZIKV to infect in vitro keratinocytes or peripheral 
neurons differentiated from iPS suggesting the interest of the model 
to study pruritus and neurogenic inflammation generated by ZIKV. 
Due to high expression of RIG1 in nerve fibres but also in keratino-
cytes, it is a very interesting candidate to permit the entry of ZIKV 
in the skin.

AUTHOR CONTRIBUTIONS
Claire Bocciarelli wrote the original draft of the manuscript and 
realized most of the experiments. Nadège Cordel participated 
to take in place the project, participated to write the manuscript, 
review and edit the article and found financial support. Raphael 
Leschiera, Matthieu Talagas, Christelle Le Gall-Ianotto participated 
to the experimentation. Weiguo Hu provided skin sample. Pascale 
Marcorelles participated to take in place the project. Joachim Fluhr 
participated to write the publication and brought important sugges-
tions. Laurent Misery corrected the manuscript and participated to 
take in place the project. Nicolas Lebonvallet led the project and 
participated in all of these aspects. Gaëlle Bellemere and Stéphanie 
Bredif provide important data from an independent collaboration. 
All authors have read and approved the final manuscript.

ACKNO​WLE​DG E​MENTS
We thank the French Society of Dermatology for its financial sup-
port, and animal facility from Brest for supply of animals and techni-
cal assistance.

FUNDING INFORMATION
Grant from de French Society of Dermatology.

CONFLIC T OF INTERE S T S TATEMENT
Authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Matthieu Talagas   https://orcid.org/0000-0001-6769-3364 
Christelle Le Gall-Ianotto   https://orcid.
org/0000-0003-0158-2850 
Joachim Fluhr   https://orcid.org/0000-0003-3610-0698 
Nicolas Lebonvallet   https://orcid.org/0000-0001-7263-1408 

R E FE R E N C E S
	 1.	 Garcia E, Yactayo S, Nishino K, Millot V, Perea W, Briand S. Zika 

virus infection: global update on epidemiology and potentially as-
sociated clinical manifestations/Epidemiologie et manifestations 
cliniques potentiellement associees a l'infection a virus Zika: mise a 
jour mondiale. Wkly Epidemiol Rec. 2016;91(7):73-82.

	 2.	 Cauchemez S, Besnard M, Bompard P, et al. Association between 
Zika virus and microcephaly in French Polynesia, 2013-15: a ret-
rospective study. Lancet Lond Engl. 2016;387(10033):2125-2132. 
doi:10.1016/S0140-6736(16)00651-6

	 3.	 Mécharles S, Herrmann C, Poullain P, et al. Acute myelitis due to 
Zika virus infection. Lancet Lond Engl. 2016;387(10026):1481. 
doi:10.1016/S0140-6736(16)00644-9

	 4.	 Cao-Lormeau VM, Blake A, Mons S, et al. Guillain-Barré syndrome 
outbreak associated with Zika virus infection in French Polynesia: a 
case-control study. Lancet Lond Engl. 2016;387(10027):1531-1539. 
doi:10.1016/S0140-6736(16)00562-6

	 5.	 González-Salazar C, Tartaglia JS, Teixeira Dourado MEJ, França 
MCJ. Clinical neurophysiology of Zika virus–related disorders 
of the peripheral nervous system in adults. J Clin Neurophysiol. 
2022;39(4):253-258. doi:10.1097/WNP.0000000000000862

	 6.	 Brasil P, Calvet GA, Siqueira AM, et al. Zika virus outbreak in Rio 
de Janeiro, Brazil: clinical characterization, epidemiological and 
Virological aspects. PLoS Negl Trop Dis. 2016;10(4):e0004636. 
doi:10.1371/journal.pntd.0004636

	 7.	 Paniz-Mondolfi AE, Blohm GM, Hernandez-Perez M, 
et al. Cutaneous features of Zika virus infection: a clinicopatho-
logical overview. Clin Exp Dermatol. 2019;44(1):13-19. doi:10.1111/
ced.13793

	 8.	 Cordel N, Birembaux X, Chaumont H, et al. Main characteris-
tics of Zika virus exanthema in Guadeloupe. JAMA Dermatol. 
2017;153(4):326-328. doi:10.1001/jamadermatol.2016.5442

	 9.	 Misery L, Bodere C, Genestet S, Zagnoli F, Marcorelles P. Small-
fibre neuropathies and skin: news and perspectives for der-
matologists. Eur J Dermatol. 2014;24(2):147-153. doi:10.1684/
ejd.2013.2189

	10.	 Brenaut E, Marcorelles P, Genestet S, Ménard D, Misery L. Pruritus: 
an underrecognized symptom of small-fiber neuropathies. J Am Acad 
Dermatol. 2015;72(2):328-332. doi:10.1016/j.jaad.2014.10.034

	11.	 Hamel R, Dejarnac O, Wichit S, et al. Biology of Zika virus infection 
in human skin cells. J Virol. 2015;89(17):8880-8896. doi:10.1128/
JVI.00354-15

	12.	 Cordel N, Hébert V, Vega Rua A, Herrmann-Storck C. In vivo Zika 
virus detection in human skin. Br J Dermatol. 2018;178(2):e108
-e110. doi:10.1111/bjd.16096

	13.	 Kim JA, Seong RK, Son SW, Shin OS. Insights into ZIKV-mediated 
innate immune responses in human dermal fibroblasts and epi-
dermal keratinocytes. J Invest Dermatol. 2019;139(2):391-399. 
doi:10.1016/j.jid.2018.07.038

	14.	 Schilling M, Bridgeman A, Gray N, et al. RIG-I plays a dominant 
role in the induction of transcriptional changes in Zika virus-
infected cells, which protect from virus-induced cell death. Cell. 
2020;9(6):E1476. doi:10.3390/cells9061476

	15.	 Huang XQ, Yi JL, Yin SC, et al. Exposure to heat-inactivated 
Trichophyton rubrum resulting in a limited immune response of 
human keratinocytes. Chin Med J (Engl). 2013;126(2):215-219.

 16000625, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14870 by C

ochrane France, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-6769-3364
https://orcid.org/0000-0001-6769-3364
https://orcid.org/0000-0003-0158-2850
https://orcid.org/0000-0003-0158-2850
https://orcid.org/0000-0003-0158-2850
https://orcid.org/0000-0003-3610-0698
https://orcid.org/0000-0003-3610-0698
https://orcid.org/0000-0001-7263-1408
https://orcid.org/0000-0001-7263-1408
https://doi.org//10.1016/S0140-6736(16)00651-6
https://doi.org//10.1016/S0140-6736(16)00644-9
https://doi.org//10.1016/S0140-6736(16)00562-6
https://doi.org//10.1097/WNP.0000000000000862
https://doi.org//10.1371/journal.pntd.0004636
https://doi.org//10.1111/ced.13793
https://doi.org//10.1111/ced.13793
https://doi.org//10.1001/jamadermatol.2016.5442
https://doi.org//10.1684/ejd.2013.2189
https://doi.org//10.1684/ejd.2013.2189
https://doi.org//10.1016/j.jaad.2014.10.034
https://doi.org//10.1128/JVI.00354-15
https://doi.org//10.1128/JVI.00354-15
https://doi.org//10.1111/bjd.16096
https://doi.org//10.1016/j.jid.2018.07.038
https://doi.org//10.3390/cells9061476


1568  |    BOCCIARELLI et al.

	16.	 Kirui J, Abidine Y, Lenman A, et al. The phosphatidylserine recep-
tor TIM-1 enhances authentic chikungunya virus cell entry. Cell. 
2021;10(7):1828. doi:10.3390/cells10071828

	17.	 Bauer T, Zagórska A, Jurkin J, et al. Identification of Axl as a down-
stream effector of TGF-β1 during Langerhans cell differentiation 
and epidermal homeostasis. J Exp Med. 2012;209(11):2033-2047. 
doi:10.1084/jem.20120493

	18.	 Wei-yuan M, Wen-ting L, Chen Z, Qing S. Significance of DC-LAMP 
and DC-SIGN expression in psoriasis vulgaris lesions. Exp Mol 
Pathol. 2011;91(1):461-465. doi:10.1016/j.yexmp.2011.04.015

	19.	 Filkor K, Hegedűs Z, Szász A, et al. Genome wide transcriptome 
analysis of dendritic cells identifies genes with altered expression 
in psoriasis. PLOS One. 2013;8(9):e73435. doi:10.1371/journal.
pone.0073435

	20.	 Oh Y, Zhang F, Wang Y, et al. Zika virus directly infects peripheral 
neurons and induces cell death. Nat Neurosci. 2017;20(9):1209-
1212. doi:10.1038/nn.4612

	21.	 Yosipovitch G, Rosen JD, Hashimoto T. Itch: from mecha-
nism to (novel) therapeutic approaches. J Allergy Clin Immunol. 
2018;142(5):1375-1390. doi:10.1016/j.jaci.2018.09.005

	22.	 Gouin O, Lebonvallet N, L'Herondelle K, et al. Self-maintenance of 
neurogenic inflammation contributes to a vicious cycle in skin. Exp 
Dermatol. 2015;24(10):723-726. doi:10.1111/exd.12798

	23.	 Gouin O, L'Herondelle K, Lebonvallet N, et al. TRPV1 and TRPA1 in 
cutaneous neurogenic and chronic inflammation: pro-inflammatory 
response induced by their activation and their sensitization. Protein 
Cell. 2017;8(9):644-661. doi:10.1007/s13238-017-0395-5

	24.	 Zeidler C, Pereira MP, Huet F, Misery L, Steinbrink K, Ständer S. 
Pruritus in autoimmune and inflammatory dermatoses. Front 
Immunol. 2019;10:1303. doi:10.3389/fimmu.2019.01303

	25.	 Misery L, Brenaut E, Pierre O, et al. Chronic itch: emerging 
treatments following new research concepts. Br J Pharmacol. 
2021;178(24):4775-4791. doi:10.1111/bph.15672

	26.	 Ulmann L, Rodeau JL, Danoux L, Contet-Audonneau JL, Pauly G, 
Schlichter R. Trophic effects of keratinocytes on the axonal devel-
opment of sensory neurons in a coculture model. Eur J Neurosci. 
2007;26(1):113-125. doi:10.1111/j.1460-9568.2007.05649.x

	27.	 Pereira U, Boulais N, Lebonvallet N, Lefeuvre L, Gougerot A, 
Misery L. Development of an in vitro coculture of primary sen-
sitive pig neurons and keratinocytes for the study of cutaneous 
neurogenic inflammation. Exp Dermatol. 2010;19(10):931-935. 
doi:10.1111/j.1600-0625.2010.01119.x

	28.	 Le Garrec R, L'herondelle K, Le Gall-Ianotto C, et al. Release of 
neuropeptides from a neuro-cutaneous co-culture model: a novel 
in vitro model for studying sensory effects of ciguatoxins. Toxicon. 
2016;116:4-10. doi:10.1016/j.toxicon.2015.11.004

	29.	 Pereira U, Boulais N, Lebonvallet N, Pennec JP, Dorange 
G, Misery L. Mechanisms of the sensory effects of tac-
rolimus on the skin. Br J Dermatol. 2010;163(1):70-77. 
doi:10.1111/j.1365-2133.2010.09757.x

	30.	 Sakka M, Leschiera R, Le Gall-Ianotto C, et al. A new tool to test 
active ingredient using lactic acid in vitro, a help to understand cel-
lular mechanism involved in stinging test: an example using a bacte-
rial polysaccharide (Fucogel®). Exp Dermatol. 2018;27(3):238-244. 
doi:10.1111/exd.13489

	31.	 Lee G, Chambers SM, Tomishima MJ, Studer L. Derivation of 
neural crest cells from human pluripotent stem cells. Nat Protoc. 
2010;5(4):688-701. doi:10.1038/nprot.2010.35

	32.	 Lee KS, Zhou W, Scott-McKean JJ, et al. Human sensory neurons 
derived from induced pluripotent stem cells support varicella-
zoster virus infection. PloS One. 2012;7(12):e53010. doi:10.1371/
journal.pone.0053010

	33.	 Chambers SM, Qi Y, Mica Y, et al. Combined small-molecule 
inhibition accelerates developmental timing and converts 

human pluripotent stem cells into nociceptors. Nat Biotechnol. 
2012;30(7):715-720. doi:10.1038/nbt.2249

	34.	 Reinhardt P, Glatza M, Hemmer K, et al. Derivation and expansion 
using only small molecules of human neural progenitors for neu-
rodegenerative disease modeling. PloS One. 2013;8(3):e59252. 
doi:10.1371/journal.pone.0059252

	35.	 Denham M, Hasegawa K, Menheniott T, et al. Multipotent caudal 
neural progenitors derived from human pluripotent stem cells that 
give rise to lineages of the central and peripheral nervous system. 
Stem Cells. 2015;33(6):1759-1770. doi:10.1002/stem.1991

	36.	 Eberhardt E, Havlicek S, Schmidt D, et al. Pattern of functional TTX-
resistant sodium channels reveals a developmental stage of human 
iPSC- and ESC-derived nociceptors. Stem Cell Rep. 2015;5(3):305-
313. doi:10.1016/j.stemcr.2015.07.010

	37.	 Ankam S, Rovini A, Baheti S, et al. DNA methylation patterns in 
human iPSC-derived sensory neuronal differentiation. Epigenetics. 
2019;14(9):927-937. doi:10.1080/15592294.2019.1625672

	38.	 La Montanara P, Hervera A, Baltussen L, et al. Cyclin-dependent-
like kinase 5 is required for pain signaling in human sensory neu-
rons and mouse models. Sci Transl Med. 2020;12(551):eaax4846. 
doi:10.1126/scitranslmed.aax4846

	39.	 Schutte SC, Kadakia F, Davidson S. Skin-nerve co-culture systems 
for disease modeling and drug discovery. Tissue Eng Part C Methods. 
2021;27(2):89-99. doi:10.1089/ten.tec.2020.0296

	40.	 Muller Q, Beaudet MJ, De Serres-Bérard T, Bellenfant S, Flacher 
V, Berthod F. Development of an innervated tissue-engineered 
skin with human sensory neurons and Schwann cells differenti-
ated from iPS cells. Acta Biomater. 2018;82:93-101. doi:10.1016/j.
actbio.2018.10.011

	41.	 Bataille A, Leschiera R, L'Hérondelle K, et al. In vitro differentiation 
of human skin-derived cells into functional sensory neurons-like. 
Cell. 2020;9(4):1000. doi:10.3390/cells9041000

	42.	 Zika virus replication in dorsal root ganglia explants from interferon 
receptor1 knockout mice causes myelin degeneration. Accessed 
March 25, 2022. https://pubmed.ncbi.nlm.nih.gov/29976​926/

	43.	 Swartwout BK, Zlotnick MG, Saver AE, McKenna CM, Bertke 
AS. Zika virus persistently and productively infects primary 
adult sensory neurons In vitro. Pathog Basel Switz. 2017;6(4):E49. 
doi:10.3390/pathogens6040049

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Supplementary material S1
Supplementary material S2

How to cite this article: Bocciarelli C, Cordel N, Leschiera R, 
et al. New human in vitro co-culture model of keratinocytes 
and sensory neurons like cells releasing substance P with an 
evaluation of the expression of ZIKV entry receptors: A 
potent opportunity to test Zika virus entry and to study Zika 
virus' infection in neurons? Exp Dermatol. 2023;32:1563-
1568. doi:10.1111/exd.14870

 16000625, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/exd.14870 by C

ochrane France, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org//10.3390/cells10071828
https://doi.org//10.1084/jem.20120493
https://doi.org//10.1016/j.yexmp.2011.04.015
https://doi.org//10.1371/journal.pone.0073435
https://doi.org//10.1371/journal.pone.0073435
https://doi.org//10.1038/nn.4612
https://doi.org//10.1016/j.jaci.2018.09.005
https://doi.org//10.1111/exd.12798
https://doi.org//10.1007/s13238-017-0395-5
https://doi.org//10.3389/fimmu.2019.01303
https://doi.org//10.1111/bph.15672
https://doi.org//10.1111/j.1460-9568.2007.05649.x
https://doi.org//10.1111/j.1600-0625.2010.01119.x
https://doi.org//10.1016/j.toxicon.2015.11.004
https://doi.org//10.1111/j.1365-2133.2010.09757.x
https://doi.org//10.1111/exd.13489
https://doi.org//10.1038/nprot.2010.35
https://doi.org//10.1371/journal.pone.0053010
https://doi.org//10.1371/journal.pone.0053010
https://doi.org//10.1038/nbt.2249
https://doi.org//10.1371/journal.pone.0059252
https://doi.org//10.1002/stem.1991
https://doi.org//10.1016/j.stemcr.2015.07.010
https://doi.org//10.1080/15592294.2019.1625672
https://doi.org//10.1126/scitranslmed.aax4846
https://doi.org//10.1089/ten.tec.2020.0296
https://doi.org//10.1016/j.actbio.2018.10.011
https://doi.org//10.1016/j.actbio.2018.10.011
https://doi.org//10.3390/cells9041000
https://pubmed.ncbi.nlm.nih.gov/29976926/
https://doi.org//10.3390/pathogens6040049
https://doi.org/10.1111/exd.14870

	New human in vitro co-­culture model of keratinocytes and sensory neurons like cells releasing substance P with an evaluation of the expression of ZIKV entry receptors: A potent opportunity to test Zika virus entry and to study Zika virus' infection in ne
	Abstract
	1|BACKGROUND
	2|QUESTION ADDRESSED
	2.1|Experimental design

	3|RESULTS
	4|CONCLUSION AND PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


