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Summary
Background Zika virus (ZIKV) is an emerging arbovirus of the genus flavivirus that is associated with congenital Zika
syndrome (CZS) in newborns. A wide range of clinical symptoms including intellectual disability, speech delay,
coordination or movement problems, and hearing and vision loss, have been well documented in children with CZS.
However, whether ZIKV can invade the olfactory system and lead to post-viral olfactory dysfunction (PVOD) remains
unknown.

Methods We investigated the susceptibility and biological responses of the olfactory system to ZIKV infection using
mouse models and human olfactory organoids derived from patient olfactory mucosa.

Findings We demonstrate that neonatal mice infected with ZIKV suffer from transient olfactory dysfunction when
they reach to puberty. Moreover, ZIKV mainly targets olfactory ensheathing cells (OECs) and exhibits broad cellular
tropism colocalizing with small populations of mature/immature olfactory sensory neurons (mOSNs/iOSNs),
sustentacular cells and horizontal basal cells in the olfactory mucosa (OM) of immunodeficient AG6 mice. ZIKV
infection induces strong antiviral immune responses in both the olfactory mucosa and olfactory bulb tissues,
resulting in the upregulation of proinflammatory cytokines/chemokines and genes related to the antiviral response.
Histopathology and transcriptomic analysis showed typical tissue damage in the olfactory system. Finally, by using an
air-liquid culture system, we showed that ZIKV mainly targets sustentacular cells and OECs and support robust ZIKV
replication.

Interpretation Our results demonstrate that olfactory system represents as significant target for ZIKV infection, and
that PVOD may be neglected in CZS patients.
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Introduction
Zika virus (ZIKV) is a member of the Flaviviridae family
that was first isolated from a sentinel rhesus monkey in
Uganda in 19471 and is primarily transmitted to
humans via the bite of infected Aedes mosquitoes.
Person-to-person transmission can also occur via sexual
contact, mother to child vertical transmission, blood
transfusion and organ transplantation. Although the
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first case of human ZIKV infection was detected in the
early 1950s, only a few sporadic human cases of ZIKV
infection were reported in the next few decades.2 How-
ever, ZIKV rapidly swept through dozens of countries
and territories around the world since its first epidemic
in 2007 in West Pacific Micronesia.3–6 To date, ZIKV has
adapted to achieve persistent endemic circulation and
widespread transmission,7,8 and it represents a global
Yi-Ni Qi.
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Research in context

Evidence before this study
Zika virus (ZIKV) represents a global epidemic risk and public
health threat due to its widespread transmission and severe
neurological complications. The postnatal developmental
sequelae of affected children with intrauterine ZIKV infection
seem to be severe and are still not fully understood and easy
to neglect. Evidence indicates that ZIKV can infect the tissues
of olfactory system, which has been hypothesized to be the
target of several pathogens including neurotropic flaviviruses.
However, whether olfactory disorder is one of the symptoms
in the ZIKV affected children and the susceptibility and
biological responses of olfactory system to ZIKV infection are
largely unknown.

Added value of this study
In this study, we investigated the susceptibility and biological
responses of the olfactory system to ZIKV infection using
both in vivo and in vitro models. We first reported transient
olfactory disorder as a sequela of ZIKV infection in neonatal
mice. We demonstrated robust infection and persistent

replication of ZIKV in olfactory system of mice and human
olfactory organoids. We further showed that ZIKV mainly
targets the olfactory ensheathing cells of olfactory mucosa,
and also infects a few of mature and immature olfactory
sense neurons, sustentacular cells and horizontal basal cells.
Additionally, ZIKV infection induces strong antiviral response
and broad-spectrum cytokine secretion in both olfactory
mucosa and olfactory bulb tissues, we also note the
upregulation of cell death-related genes and downregulation
of epithelial cell proliferation according to comprehensive
transcriptomic and Luminex assay.

Implications of all the available evidence
Altogether, this study characterized the infectivity and
pathogenesis of ZIKV in olfactory system using both in vitro
and in vivo models. Our results provide the first evidence that
ZIKV-induced olfactory dysfunction may be one of the
neurological sequelae with fetal infection, as well as the
experimental foundation for the deepen understanding of
ZIKV pathogenesis and discovery of new anti-viral strategies.
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epidemic risk and public health threat. Human ZIKV
infections were generally asymptomatic or caused only
mild self-limited symptoms characterized by lower-
grade fever, headache, rash, arthralgia and myalgia in
past epidemics.4,9,10 Notably, the recent outbreak in the
Americas has raised substantial global health concerns
due to the relationship between ZIKV infection and
severe neurological complications,11–13 including Guil-
lain–Barré syndrome (GBS), acute myelitis and menin-
goencephalitis in adults and congenital malformations
in newborns.14–16 ZIKV-associated Guillain–Barré syn-
drome was reported in a limited number of cases during
epidemics in French Polynesia, Brazil, Colombia, and
other countries,6 Guillain–Barré syndrome is an auto-
immune disease that is characterized by ascending
paralysis and polyneuropathy and typically occurs after
viral infection.17 The cause of Guillain–Barré syndrome
may be direct ZIKV infection or aberrant autoimmune
targeting of the peripheral nervous system.

Congenital infection with ZIKV during pregnancy
has been associated with serious neurological malfor-
mations known as congenital Zika syndrome (CZS).
CZS includes a series of birth defects with unique fea-
tures, such as severe microcephaly with a partially
collapsed skull, thinning of the cerebral cortex with
subcortical calcifications, macular scarring and focal
pigmentary retinal mottling, congenital contractures,
marked early hypertonia and symptoms of extrapyra-
midal involvement.18 It seems more detrimental when
infections occur during the first trimester of pregnancy,
and approximately 10% of affected children have severe
CZS.19 A small proportion of children also suffer from
CZS when the pregnant mother is exposed during the
second and third trimesters of pregnancy.20 Children
with congenital ZIKV infection at birth always develop
complex and long-term medical and developmental
outcomes, even children without microcephaly.20–24

Although studies are sparse, the postnatal develop-
mental sequelae in infants with intrauterine ZIKV
infection seem to be severe, including gross motor
disabilities, seizures, delayed neurodevelopment,
cognitive impairment, vision and hearing loss,
ophthalmological abnormalities, hypertonia and spas-
ticity.18,25 Although most of the affected infants survive,
exposure to Zika in utero in the pregnant women also
cause fetal loss or neonatal death, which may be asso-
ciated with several fatal complications such as respira-
tory distress, dysphagia and epilepsy.26 To date,
the sequalae of infection in children are still not fully
understood and easy to miss, especially in those who are
asymptomatic at birth.

With advances in research in recent years, increasing
evidence has revealed the broad tissue and cell tropism
of ZIKV infection in both humans and animals. ZIKV
has been detected in the placenta and amniotic fluid of
pregnant mothers and the brains and blood of affected
fetuses,27–29 which is consistent with the relationship
between ZIKV and microcephaly. As a neurotropic
flavivirus, ZIKV was first proven to target human neural
progenitor cells (hNPCs) in early research.30–32 Infection-
related cell death and cell cycle dysregulation in hNPCs
may be a critical cause of microcephaly and other neu-
rodevelopmental injuries. In addition, neural stem cells,
mature neurons, and astrocytes are also permissive to
ZIKV infection.33–35 At the maternal–fetal interface,
Hofbauer cells and trophoblasts of placental tissues
www.thelancet.com Vol 89 March, 2023
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were proven to be susceptible to ZIKV infection,36,37 and
ZIKV RNA was also detected in the umbilical cord blood
and amniotic fluid.28,38 Unexpectedly, ZIKV infection can
also affect the reproductive system. Female uterine fi-
broblasts and male spermatogonia and Sertoli cells are
target cells of ZIKV infection.39,40 ZIKV RNA is constantly
present in vaginal secretions and sperm for several
months after infection,41–43 and direct infection of repro-
ductive organs in ZIKV may result in testicular injury
and infertility.44,45 In addition, ZIKV can infect several
types of human endothelial cells,46 human skin cells,47

eye-associated tissues (cornea, optic nerve and neuro-
sensory retina),48 and spleen and liver tissues,49 and in-
fectious viral particles are present in several bodily fluids,
including saliva, tears and urine in human and animal
models; ZIKV infection may result in varying degrees of
damage in different types of tissues. Notably, research
data show that the human primary respiratory mucosa is
susceptible to ZIKV infection.50 ZIKV RNA was also
present in the nasopharyngeal secretions of an infected
patient.51 Recent studies demonstrated that close oronasal
contact with an infected person or animal or contami-
nated bodily fluids increases the risk of acquiring infec-
tion,52 suggesting that the nasal cavity may serve as a
target for ZIKV infection.

The nasal mucosa is composed of the respiratory
mucosa (RM) and the olfactory mucosa (OM). The pri-
mary olfactory system consists of the OM in the pe-
ripheral nervous system (PNS) and the central olfactory
bulb (OB) and olfactory cortex (OC) in the central ner-
vous system (CNS). The OM lining of the posterodorsal
nasal cavity plays a role in the detection of odorants by
transmitting olfactory signals to the OB and OC in the
CNS via the olfactory nerves. In this pathway, olfactory
ensheathing cells (OECs), a specialized type of glia cell,
play key roles in the projection of olfactory nerves and
supporting axonal regeneration by bounding small
nerve fibers together from the OM to OB. In the other
hand, the OEC channels of olfactory nerves provide a
shortest way for foreign substances to access the CNS.
According to previous studies, the olfactory system is
susceptible to several viruses,53–56 including the neuro-
tropic flaviviruses, such as West Nile virus (WNV)57 and
Japanese encephalitis virus (JEV),58 as well as the newly
emerging SARS-CoV-2 causing the current coronavirus
disease 2019 (COVID-19) pandemic. Infection of the
olfactory system by viruses is a common cause of ol-
factory disorder, known as post-viral olfactory dysfunc-
tion (PVOD). Currently, olfactory dysfunction is
considered an early clinical symptom of COVID-19.
Evidence indicates that ZIKV can also infect the olfac-
tory cells including cultured human olfactory epithelial
cells, mouse olfactory epithelium and olfactory bulb
tissues.59 Additionally, a recent study demonstrated that
ZIKV infection was related to long-term olfactory
dysfunction in patient with ZIKV-associated GBS.60

However, the pathogenic properties, distribution and
www.thelancet.com Vol 89 March, 2023
main target cells of ZIKV in the olfactory system, and
the changes in olfactory function that occur following
ZIKV infection are still largely unknown.

In the present study, we investigated the suscepti-
bility and biological responses of the olfactory system to
ZIKV infection using mouse models and human olfac-
tory organoids derived from patient olfactory mucosa.
ZIKV replicated well in both olfactory tissues in vivo and
olfactory organoids ex vivo and mainly targeted OECs.
Importantly, transient olfactory dysfunction was
observed in immunocompetent adult mice following
inoculation with ZIKV on day 7 after birth, which may
be due to direct cytopathic effects or immune-mediated
olfactory damage induced by ZIKV infection.
Methods
Ethics
All studies with infectious ZIKV were performed under
biosafety level 2 (BSL-2) conditions at the Beijing Institute
of Microbiology and Epidemiology. All work related to
human samples was approved by the ethics committee of
the Seventh Affiliated Hospital of Sun Yat-sen University,
Shenzhen (No. 0720) and the ethics committee of
Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences (SIAT-IRB-200215-H0415). Written
informed consent was obtained from all participating pa-
tients. All animal experiments were performed in a BSL-2
facility and in strict accordance with the guidelines set by
the Chinese Regulations of Laboratory Animals and Lab-
oratory Animal-Requirements of Environment and Hous-
ing Facilities. All animal experiments were approved by
the Animal Experiment Committee of Laboratory Animal
Center, AMMS, China (IACUC-DWZX-2020-018)
and complied with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines (https://
arriveguidelines.org).

Cells and viruses
Aedes albopictus C6/36 cells (ATCC CRL-1660) were
maintained in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS) (Gibco), 100 U/ml peni-
cillin and 100 μg/mL streptomycin (Gibco) at 28 ◦C in
5% CO2. BHK-21 [C-13] cells (Syrian golden hamster
kidney fibroblasts, ATCC CCL-10) were cultured in
Dulbecco’s minimal essential medium (DMEM;
Thermo Fisher Scientific, USA) supplemented with
10% FBS (Gibco), 100 U/ml penicillin and 100 μg/mL
streptomycin (Gibco) at 37 ◦C in 5% CO2. These two cell
lines were validated in our previous study.61 ZIKV strain
GZ01 (GenBank accession No. KU820898) was origi-
nally isolated from the urine sample of a Chinese pa-
tient returning from Venezuela in 2016.62 Viral stocks
were propagated in C6/36 cells, and culture superna-
tants containing ZIKV were collected at 5 days
post-inoculation. BHK-21 cells were used for the deter-
mination of virus titers by a plaque formation assay.
3
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Generation of human olfactory organoids
Human olfactory mucosal air-liquid interface (ALI)
cultures were derived from three residual patient biopsy
samples. These three samples were originated from an
11-year-old male, a 55-year-old middle-age male and a
63-year-old senior female suffered from chronic rhino-
sinusitis with nasal polys, respectively. The olfactory
mucosal epithelium was located by the surgeon and
obtained from the upper region of the nasal cavity of
patients subjected to radical endoscopic sinus surgery.
The obtained tissue was then washed with sterile PBS,
dissected to obtain the healthy epithelial portion of the
tissue, and cut into small pieces using sterile scissors.
The tissue pieces were then enzymatically digested by
Dispase I (Stemcell Technologies, CA), centrifuged to
purify the cell portion, plated in culture dishes with 3T3
fibroblast cells as feeder cells, and expanded using
PneumaCultTM-Ex Plus Medium (Stemcell Technolo-
gies, CA). After progenitor cell expansion, the cultured
cells were transferred onto 0.4 μm Transwell chambers
(Corning transwell 3470) on a 24-well plate and differ-
entiated in ALI culture using PneumaCultTM-ALI Me-
dium (Stemcell Technologies, CA).

Mouse experiments
The strains of mice used in this study were ICR (CD-1),
AG6 (IFN-α/β and IFN-γ receptor knockout mice) and
A129 (IFN-α/β receptor knockout mice). ICR mice were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. AG6 and A129 mice were bred by
the Laboratory Animal Center of Academy of Military
Medical Science (AMMS). All of the mice were housed
and maintained in microisolator cages under pathogen-
free conditions in the animal facility of the animal
center of AMMS. A total of 149 animals were used in
this study. No animals were excluded from this study.
The experimental mice were randomly allocated to each
group but confounders were not controlled. All care-
takers and technicians were blinded to group allocation.
The experimental design and the outcome measures
were summarized in Figs. 1 and 2.

For neonatal mouse experiments, groups of three-day-
old ICR suckling mice were inoculated with 103 PFU of
virus or the same volume of PBS intracerebrally (i.c.)
route, and OE, OB and brain tissues were collected at 2,
4, 6 or 8 dpi (n = 3 per group) and subjected to viral
detection. For the olfactory function test, two groups of
seven-day-old ICR suckling mice were inoculated with
10 PFU ZIKV or equal volume of PBS (control) via i.c.
route (n = 33 per group) and raised together with their
mother and littermates until weaning at postnatal day 26.
Animals were monitored daily for their survival rate,
weight loss and clinical symptoms until 42 days post-
inoculation. The olfactory behavior test was performed
on survival mice at 28, 35 and 42 dpi.

For the A129 or AG6 mouse experiments, groups of
mice were infected with 104 PFU (AG6) or 105 PFU
(A129) of virus by intranasal (i.n.) injection. Mock-
treated mice were administered an equal volume of
PBS via the same route. For the establishment of
infection models, groups of 10 (AG6) and 12 (A129)
animals were used and monitored daily for survival rate,
weight loss and clinical symptoms. For viral RNA
detection, serum samples and various tissues were
collected at the indicated time points. RE, lung, OE, OB
and brain tissues were isolated and weighted as previous
described,63,64 and stored at −80 ◦C until RNA extraction
and quantitative real-time PCR (qRT–PCR) analyses
(n = 3 per group). In addition, the brains of the mice
were dissected and fixed in 4% paraformaldehyde (PFA)
fixative solution for paraffin embedding and further
detection.

ZIKV-specific IgG detection
The serum samples were tested for IgG antibodies
against ZIKV by enzyme-linked immunosorbent assay
(ELISA) as previous described.65 Briefly, 96-well polysorb
enzyme-linked immunosorbent assay plates (Nunc,
USA) coated with 100 ng per well concentration of re-
combinant ZIKV envelope protein (Cat: 40543-V08B4,
Sino Biological, Beijing, China) were used. Plates were
blocked in 5% (vol/vol) bovine serum albumin in
1 × PBS for 1 h at 37 ◦C, then washed thrice with PBST
(1 × PBS with 0.05% Tween-20). The serially diluted
serum samples were added to each well of the plates and
incubated for 1 h at 37 ◦C. After washing the plates with
PBST, a suitable concentration of mouse IgG antibody
was added to each well for 1 h at 37 ◦C. 3, 3′, 5, 5′-tet-
ramethylbenzidine (TMB) (Solarbio, China) was used as
substrate and the reaction was terminated using
2.0 M H2SO4. The optical density (OD) was measured
using a microplate reader (Beckman, USA) at 450 nm
and the cut off was set at twice the OD value of the
control serum.

Buried food pellet test
Olfactory function was evaluated by the standard buried
food pellet test (BFPT), as previously described.60 Briefly,
two days prior to the test, mice were subjected to food
restriction by providing 0.2 g of chow pellets per mouse
per day, with free access to water. On the test day, mice
were habituated to the testing environment for at least
1 h to familiarize them with both the testing cage and
the room. The experiment was performed in a clear test
cage of a regular size (length × width × height:
45 cm × 24 cm × 20 cm) with 3-cm-high clear corncob
bedding. The food pellet was located and buried 0.5 cm
below the surface of the bedding at random sites in the
cage during each trial. In each trial, one mouse was
placed in the center of a test cage with the pellet hidden
inside it, and the latency to find the food pellet was
recorded when the mouse dug up and grasped the food
with its forepaws or teeth within 5 min. If a mouse
failed to find the food pellet within 5 min, the time was
www.thelancet.com Vol 89 March, 2023
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Fig. 1: ZIKV infection of olfactory tissues in suckling ICR mice. (A to D) Seven-day-old ICR suckling mice were infected intracerebrally with
10 PFU of Zika virus (ZIKV) (A). Blood samples were collected at 28 days after ZIKV infection or mock treatment. ZIKV-specific IgG antibody was
determined by ELISA plates coated with soluble ZIKV Envelope protein. (n = 21) (B), and serum levels of viral RNA were detected by qRT–PCR
analysis (n = 5) (C). The olfactory function of infected and mock-treated mice was assessed by a buried food pellet test 4–6 weeks post-infection
and 4 weeks post inoculation, respectively (n = 18) (D). Data are presented as median and interquartile range and were analyzed using Mann
Whitney U test (B) and Kruskal–Wallis with Dunn’s multiple comparisons test (C, D). (E and F) Three-day-old ICR suckling mice were infected
intracerebrally with 103 PFU of ZIKV, mice were sacrificed at different time points, the OM, OB and brain tissues (n = 3) were collected to analyze
ZIKV RNA levels by qRT–PCR analysis (E) and viral loads by in situ RNAscope hybridization, Scale bar, 50 μM (F). The limit of detection (LOD) is
indicated by the dotted line. The data are presented as the mean ± SD and were analyzed with Ordinary one-way ANOVA test. p values are
indicated by ***, p < 0.001; ****, p < 0.0001.
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recorded as 5 min. After recording, the mice were
allowed to consume the food pellet and then placed back
in their home cages.

RNA extraction and quantitative real-time PCR
(qRT–PCR) analyses
The viral RNA levels were determined by qRT–PCR, as
described previously. Briefly, total RNA was extracted
from the individual tissues using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. The total RNA of serum was isolated
using the PureLink RNA Mini Kit (Cat: 12183018A,
Invitrogen, Carlsbad, CA, USA) and eluted in 60 μl of
RNase-free water. ZIKV RNA was measured with the
ZIKV-specific primer-probe set: ZIKV-SAF
(5′-GGTCAGCGTCCTCTCTAATAAACG-3′), ZIKV-ASR
(5′-GCACCCTAGTGTCCACTTTTTCC-3′) and ZIKV-
Probe (5′-FAM-AGCCATGACCGACAC CACACCGT-
BHQ1-3′). qRT–PCR was performed using a One Step
PrimeScript RT–PCR Kit (Takara Bio, Otsu, Japan) with
the LightCycler® 480 System (Roche Diagnostics Ltd,
Indianapolis, Indiana, USA). The following cycling con-
ditions were applied: 42 ◦C for 5 min, 95 ◦C for 10 s,
followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 20 s.
The absolute quantification of ZIKV RNA levels was
calculated by using the standard curve generated from
www.thelancet.com Vol 89 March, 2023
ZIKV RNA transcripts. Each sample was assayed in
triplicate.

RNAscope ® in situ hybridization (ISH) and
immunofluorescence assay (IFA)
For the ZIKV genomic RNA detection in situ, RNA-
scope in situ hybridization (ISH) was performed using
an RNAscope 2.5 HD Assay Kit-BROWN (Advanced
Cell Diagnostics (ACD), Newark, CA, USA) and ZIKV
RNA specific probe (RNAscope probe-V-ZIKVsph2015)
according to the manufacturer’s manual. Tissue
sections (2.5 μM thick) were deparaffinized in xylene
and rehydrated in an ethanol series. Endogenous
peroxidase activity of the tissue sections was blocked
with hydrogen peroxide for 10 min before pretreatment
with boiling in 1 × RNAscope target retrieval buffer
(ACD, Cat No.: 322000) in a water bath for 15 min.
After treatment with protease plus (ACD, Cat No.:
322330) in a HybEZ oven for 30 min at 40 ◦C, slides
were detected using a 2.5 HD Reagent Kit (Brown) (Cat
No.: 322310) and RNAscope probe-V-ZIKVsph2015
(Cat No.: 467871) and then counterstained with he-
matoxylin. Images were obtained with a Pannoramic
DESK, P-MIDI, P250, P1000 (3D HISTECH; Hungary)
and were observed with a Pannoramic Scanner (3D
HISTECH; Hungary).
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Fig. 2: ZIKV infection in the olfactory system of AG6 mice. (A) Overview of the experimental design used to evaluate infection of the
olfactory system in AG6 mice after intranasal (i.n.) administration of ZIKV. Five -week-old AG6 mice were intranasally infected with 104 PFU of
ZIKV. Mice were euthanized and dissected at 1, 3 and 5 dpi for virus detection. (B and C) The survival rate and body weight were recorded. (D to
F) ZIKV RNA copies were detected in the serum (D), lung (E) and RM (F) by real-time qPCR and are shown as median and interquartile range
(D, F) or the mean ± SD (E) from three independent replicates. Data were analyzed using Kruskal–Wallis with Dunn’s multiple comparisons test
(D, F) or one-way ANOVA with Dunnett’s multiple comparisons tests (E). (G to I) ZIKV RNA copies were detected in olfactory tissues (OM, OB)
(G, H) and the brain (I) by real-time qPCR and are shown as the mean ± SD from three independent replicates. Data were analyzed using one-
way ANOVA with Dunnett’s multiple comparisons tests. The limit of detection (LOD) is indicated by the dotted line. (J) The tissue distribution
of viral RNA was determined in the OM, OT and OB with probe-based RNAscope in situ hybridization (ISH) technology. Scale bars, 50 μM,
100 μM and 200 μM. p values are indicated by *, p < 0.05; **, p < 0.01; ****, p < 0.0001.
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To detect replication of the ZIKV genome, the tissue
sections were stained following an RNAscope Fluores-
cence Assay with a RNAscope Multiplex Fluorescent
Reagent Kit v2 (Cat No.:323100) and ZIKV negative-
sense RNA specific probe (RNAscope Probe-V-ZIKV-
NS3-sense (Cat No.: 1073501)). For codetection of ZIKV
RNA and olfactory cell marker proteins, a combination
of an RNAscope Fluorescence Assay with an immuno-
fluorescence assay (IFA) was performed by using
RNAscope Probe-V-ZIKV-NS3-sense (Cat No.: 1073501)
and several cell marker antibodies, including anti-
S100beta (S100B, olfactory ensheathing cell marker)
(Abcam, Cat No.: ab52643), anti-olfactory marker pro-
tein (OMP, mature olfactory receptor neuron marker)
(Abcam, Cat No.: ab183947), anti-GAP43 (immature
olfactory receptor neuron marker) (Abcam, Cat No.:
ab5220), anti-Cytokeratin 8 (CK8, sustentacular cell and
Bowman’s gland marker) (Abcam, Cat No.: ab53280),
and anti-Cytokeratin 5 (CK5, horizontal basal cell
marker) (Abcam, Cat No.: ab52635), following fluores-
cent tyramide-signal amplification (TSA)-based proced-
ures. All the antibodies used here were validated in our
previous study.63 The fluorescent signals were scanned
with a Pannoramic DESK, P-MIDI, P250, P1000 (3D
HISTECH; Hungary) and observed with a Pannoramic
Scanner (3D HISTECH; Hungary).

Histopathology assay
For histopathology analyses, tissues dissected from the
experimental mice were fixed in 4% PFA and sectioned
into 2.5 μM-thick section slices. After being deparaffi-
nized in xylene and rehydrated in a graded alcohol se-
ries, the paraffin sections were stained with hematoxylin
and eosin (H&E) according to standard procedures.
All sections were scanned with a Pannoramic DESK,
P-MIDI, P250, P1000 (3D HISTECH; Hungary) and
www.thelancet.com Vol 89 March, 2023
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were observed with a Pannoramic Scanner (3D HIS-
TECH; Hungary). Damage parameters of OM and OB
in the sections was scored semiquantitatively (OM:
structural damage, edema, inflammation cell infiltration
and abnormal mucus secretion; OB: structural damage,
edema, inflammation cell infiltration and hemorrhage),
none = 0, mild = 1, moderate = 2, and severe = 3; total
maximum score = 12. The total scores were summed
and divided by the number of animals for each group to
get the group mean score. Scoring was performed by a
pathologist blinded to sample numbers.

Luminex assay
For the measurement of cytokines and chemokines in
the olfactory tissues and serum derived from A129 mice,
the OE and OB were dissected from the experimental
mice, and the total protein was extracted using radio-
immunoprecipitation assay (RIPA) lysis buffer
(CWBIO, Cat No.: CW2334S). Whole blood samples
from mice were collected through the ophthalmic venous
plexus and allowed to clot for 1 h at room temperature.
Then, the serum was collected by centrifugation at
2500 rpm for 10 min. Cytokines and chemokines were
measured using the Cytokine & Chemokine 36-Plex
Mouse ProcartaPlex™ Panel 1A (Cat No.: EPX360-
26092-901, Invitrogen, CA, USA) according to the man-
ufacturer’s instructions. Each sample was analyzed in
triplicate. The data were measured using a Luminex-200
system and the XMap Platform (Luminex Corporation,
Austin, TX, USA).

RNA library construction and sequencing
OM and OB tissues frommock-treated and ZIKV-infected
AG6 mice were collected for RNA-Seq. Total RNA from
these tissues was extracted using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) and Dnase I (NEB, USA).
Sequencing libraries were generated using the NEB-
Next® UltraTM RNA Library Prep Kit for Illumina®
(#E7530 L, NEB, USA) following the manufacturer’s rec-
ommendations, and index codes were added to attribute
sequences to each sample. The clustering of the index-
coded samples was performed on a cBot cluster genera-
tion system using HiSeq PE Cluster Kit v4-cBot-HS
(Illumina, San Diego, California, USA) according to the
manufacturer’s instructions. After cluster generation, the
libraries were sequenced on an Illumina Novaseq6000
platform, and 150 bp paired-end reads were generated.
After sequencing, fqtools_plus (github.com/annoroad/
fqtools_plus) was used to filter the original data (raw data)
to clean reads by removing adapter-contaminated reads
and low-quality reads. Clean reads were aligned to the
mouse genome (Mus_musculus.GRCm38.99) using
HISAT2 v2.1.0. The number of reads mapped to each
gene in each sample was counted by HTSeq v0.6.0, and
TPM (transcripts per kilobase of exon model per million
mapped reads) was then calculated to estimate the
expression levels of genes in each sample.
www.thelancet.com Vol 89 March, 2023
Genes with Padj < 0.05 and |Log2FC| ≥ 1 were
identified as Differentially Expressed Genes (DEGs).
DEGs were used as queries to search for enriched bio-
logical processes (Gene Ontology BP) using Metascape.
Heatmaps of gene expression levels were constructed
using the heatmap package in R (https://cran.rstudio.
com/web/packages/pheatmap/index.html). Dot plots
and volcano plots were constructed using the ggplot2
(https://ggplot2.tidyverse.org/) package in R.

Statistics
To determine the group size in ZIKV infection experi-
ments, statistical power analysis was made based on
data from previous studies.66–68 We assumed that ZIKV
infection causes 25% (ICR), 100% (AG6) and 50%
(A129) mortality in mice, and the mortality rates of mice
in mock-treated groups are 0%. The difference of sur-
vival rate between ZIKV-infected group and mock-
treated group is considered as effect size. The power
analyses were performed at 5% of significance level and
80% power using the following formula published
previously69: Sample size = 2 (Za

/2 + Zβ)2 × P (1 − P)/
(p1 − p2)

2. According to the power analysis, at least 27
(ICR), 4 (AG6) or 11 (A129) mice per group were
needed. All quantifications and analyses were done by
investigators blinded to treatment conditions. Data were
analyzed using GraphPad Prism 8 (GraphPad Software,
San Diego, California, USA). Depending on the results
of Gaussian distribution analyses with Shapiro–Wilk
test, Student’s t tests, Ordinary one-way ANOVA anal-
ysis of variance with Dunnett’s multiple comparisons
correction or nonparametric Mann–Whitney U test and
Kruskal–Wallis with Dunn multiple comparison
correction tests were used. The values shown in the
graphs are presented as the mean ± SD or median and
interquartile range of at least three independent exper-
iments. p < 0.05 was considered to indicate statistical
significance. p values are indicated by *, p < 0.05; **,
p < 0.01; ***, p < 0.001; and ****, p < 0.0001.

Role of funders
The funders did not have any role in study design, data
collection, data analyses, interpretation or writing of the
report.
Results
Subtle olfactory dysfunction was observed in
adolescent ICR mice after neonatal ZIKV infection
To investigate the olfactory consequences and progres-
sion of ZIKV infection in the olfactory system after
neonatal infection, we used an immunocompetent ICR
(CD-1) neonatal mouse model with intracerebral inoc-
ulation of ZIKV (Fig. 1A). To investigate the changes in
olfactory function after ZIKV infection, 7-day-old ICR
mice were infected with GZ01 intracerebrally at a dose
of 10 PFU/mouse, and approximately 34% of the mice
7
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died within 21 days post-infection (dpi) (Fig. S1A). ZIKV
infection induced high levels of ZIKV-specific IgG anti-
bodies in the serum on day 28 post-infection, indicating
successful infection with ZIKV in the experimental group
(Fig. 1B). We randomly chose 5 out of 21 surviving mice
for the evaluation of viremia on days 21, 35 and 42 post-
infection. A low level of viral RNA (103.65 copies/mL) in
the serum was detected at 21 dpi in one surviving mouse,
but viral RNA was at the limit of detection in the
remaining mice (Fig. 1C). Regarding the duration of
infection, viremia was completely cleared from the serum
one to three weeks later (28 dpi to 42 dpi) in all surviving
mice (Fig. 1C). After maternal ablactation, the well-
established buried food pellet test (BFPT) was carried
out as previously described to assess the olfactory sensi-
tivity of pups.63 Mice were given a restricted diet (0.2g
chow/mouse/24 h) for 2 days before testing and during
the experimental period. The olfactory behavior test was
performed on weaning mice at 28-, 35- and 42 dpi. We
observed a significant latency to find the food pellet in the
infected mice compared with the mock-treated group at
28 dpi (p < 0.0001), and this difference was maintained
until 35 dpi (p < 0.0001), when a slight recovery was
observed. Moreover, approximately 16.67% of infected
mice (3 out of 18) had dysosmia (failed to find the food
pellets within 300 s) at 28 dpi. Complete recovery of ol-
factory function was observed at 42 dpi (p = 0.1646)
(Fig. 1D). Infection-related damage to olfactory function
may be caused by the direct infection of the olfactory
system by ZIKV.

To verify our hypothesis, 3-day-old ICR mice were
intracerebrally infected with ZIKV for the evaluation of
ZIKV infection in olfactory tissues. OM, OB, brain and
other tissues were dissected for the detection of ZIKV
RNA levels and localization of infection by qRT–PCR and
in situ hybridization (ISH) with ZIKV-specific probes.
ZIKV exhibited broad tropism and replicated in several
tissues, including the RM lining of the upper respiratory
tract (Fig. S1B). Consistent with previous studies, sub-
stantial amounts of viral RNA were observed in the brain,
with a continual increase over time (Fig. 1E), and abun-
dant viral RNA was detected in the cerebral cortex and
hippocampus and other regions in the brains of neonatal
mice at 8 dpi (Fig. 1F). In the olfactory system, high levels
of viral RNA were detected in the OB of the central ner-
vous system (Fig. 1E) at 2, 4, 6 and 8 dpi with a broad
distribution at 8 dpi (Fig. 1F). Moreover, lower levels of
viral RNA were detected in the OM within the peripheral
nervous system using qRT–PCR, and a small amount of
ZIKV RNA was also detected in situ in the OM via RNA-
scope hybridization (Fig. 1E and F), indicating suscepti-
bility to ZIKV in both OB and OM tissues.

The olfactory tissues were susceptible to ZIKV
infection in AG6 mice
To further investigate ZIKV susceptibility and infection
dynamics in olfactory tissues, 5-week-old AG6 mice
(interferon-α/β and interferon-γ receptor deficient) were
inoculated intranasally with 104 PFU of the ZIKV GZ01
strain (Fig. 2A). Similar to our previous study,61 AG6
mice succumbed ZIKV infection via the i.n. route, with
continuous body weight loss (Fig. 2B and C) and a high
viral load in both the serum and lung (Fig. 3D and E).
Additionally, a high level of viral RNA was observed in
the RM of AG6 mice as early as 1 dpi, with a continuous
increase at 3 dpi and 5 dpi (Fig. 2F), and we also
observed the in situ distribution of viral RNA in the RM
at 3 dpi and 5 dpi (Fig. S2A).

In the olfactory system, viral RNA was persistently
detected in the OM and OB at 1–5 dpi, with the highest
viral loads of 1010.71 copies/g (OM) and 1010.12 copies/g
(OB) at 5 dpi (Fig. 2G and H). By using the specific
probe of ZIKV genomic RNA, RNAscope probe-V-
ZIKVsph2015, ZIKV RNA was first detected in situ in
the OM via RNAscope at 3 dpi, and robust ZIKV RNA
signals were also detected in the OM at 5 dpi (Fig. 2J).
Simultaneously, we detected viral RNA signals located
in the olfactory tract (OT) of olfactory nerve fibers at
3 dpi and 5 dpi, the fibers extend from the OM and
project through the cribriform plate (CP) to the OB of
the CNS (Fig. 2J). However, no ZIKV RNA was detected
in situ in the OB until 5 dpi (Fig. 2J), indicating delayed
replication of ZIKV in the OB compared to the OM and
OT. In addition, a strong ZIKV RNA signal was detected
in the olfactory cortex (region of the brain responsible
for receiving and processing sensory signals) at 5 dpi
(Fig. S2B). Additionally, to determine whether ZIKV
could actively replicate in the olfactory tissues, RNA-
scope probe-V-ZIKV-NS3-sense targeting the reverse
complement sequence of ZIKV was used to detect the
replication intermediates, ZIKV negative-sense RNA, in
situ. Consistent with the distribution of ZIKV genomic
RNA, we also noted the fluorescence signals of the
negative-sense RNA in OM, OT (at 3 dpi and 5 dpi) and
OB (at 5 dpi) (Fig. S2D). Taken together, our results
indicated that ZIKV could infect and replicate effectively
in the olfactory system of AG6 mice.

ZIKV mainly targets olfactory ensheathing cells and
induces pathological damage in both the olfactory
mucosa and olfactory bulb of AG6 mice
The olfactory mucosa is a pseudostratified columnar
epithelium and consists of several distinct cell types
including neuroepithelial cells (mature and immature
olfactory sensory neurons (mOSNs, iOSNs) and OECs),
non-neuroepithelial cells (sustentacular cells, microvillar
cells and Bowman’s duct and gland cells) and olfactory
stem/progenitor cells (basal cells). To determine the
target cell types of ZIKV in the OM of AG6 mice, an
RNAscope fluorescence assay of viral replication based
on negative-sense template RNA combined with an
immunofluorescence assay (IFA) of olfactory markers
was performed with the ZIKV negative-sense probe and
specific cell markers. Notably, substantial expression of
www.thelancet.com Vol 89 March, 2023
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viral RNA was detected in the OT lining in the lamina
propria (LP) of the OM, which consists of olfactory
neurons and OECs. According to the colocalization of
ZIKV RNA and specific cell markers, we found that
ZIKV infection occurred in multiple S100B+ OECs in
the OM (Fig. 3A). Additionally, substantial ZIKV infec-
tion was also detected in the S100B+ OECs in the OT
that pass through the olfactory cribriform plate of
ethmoid bone and the outer nerve layer of the OB
(Fig. 3A). Simultaneously, a small proportion of OMP+

mOSNs in the OM, OT and OB were also infected with
ZIKV (Fig. 3B), indicating the neurotropism of ZIKV in
olfactory tissues. Moreover, we also detected the coloc-
alization of ZIKV negative-sense RNA with the GAP43,
CK8 and CK5 proteins (Fig. S3A), which revealed that
iOSNs, sustentacular cells and horizontal basal cells
were also target cells of ZIKV infection.

Furthermore, the changes in histopathology of OM
and OB induced by ZIKV infection were characterized
by hematoxylin and eosin (H&E) staining. Notably,
ZIKV infection resulted in mild structural damage to
the OM, which presented as irregularly arranged cells in
the olfactory epithelium, loss of a small number of
epithelial cells and slight edema of the LP, as well as
moderate neutrophil infiltration of the OM and
abnormal mucus secretion in the nasal cavity. Addi-
tionally, ZIKV infection resulted in slight edema,
neutrophil infiltration and hemorrhage in the OB
(Fig. 3C and Fig. S3B). The mild injury and
www.thelancet.com Vol 89 March, 2023
inflammation in the OM and OB caused by ZIKV
infection may contribute to transient olfactory dysfunc-
tion in mice.

ZIKV infection induces robust immune responses
and substantial dysregulation of host genes in AG6
mice
To comprehensively investigate the cellular response
induced by ZIKV infection in olfactory tissues at the
molecular level, we carried out global transcriptome
analyses of mouse OM and OB infected with ZIKV in
comparison with the mock-treated group. OM and OB
tissues were isolated from mock treated and ZIKV
infected AG6 mice following total RNA extraction and
Cdna library construction. Principal-component analysis
(PCA) discriminated mock-infected controls from ZIKV-
infected OM/Obs based on the expression levels of
genes. Compared with 3 dpi, at 5 dpi, both the OM and
OB showed substantial differences from mock-infected
controls (Fig. 4A). Genome-wide analysis identified
273 DEGs, including 239 significantly upregulated and
34 significantly downregulated genes, in ZIKV-infected
OM at 3 dpi compared with the mock-treated OM
(Fig. S4A and B). At 5 dpi, the number of dysregulated
genes significantly increased, with 746 upregulated
genes and 425 downregulated genes, which may be due
to the increased viral load at 5 dpi compared to 3 dpi
(Fig. 4B). In OB tissues, we also detected a small
number of differentially expressed genes at 3 dpi
9
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(122 upregulated genes and 14 downregulated genes)
and a large number of dysregulated genes at 5 dpi (1404
upregulated genes and 162 downregulated genes)
(Fig. S4A and B, Fig. 4B). Genes involved in IFN re-
sponses including Stat1, Oas1a, Oas1b, Oasl2, Isg15,
Zbp1, and Ifitm3, were among the most significantly
upregulated genes in the OM at 5 dpi. In the OB, the
expression levels of cytokines including Ccl2, Ccl11 and
Cxcl10 were greatly increased. An ISG, Ch25h, was
among the top 10 upregulated genes in the OB (Fig. 4B).

Gene ontology (GO) enrichment analysis indicated
that the major upregulated genes in the OM and OB in
response to ZIKV infection were related to the antiviral
response including the immune response and inflam-
matory response at both 3 dpi and 5 dpi (Fig. 4C). The
downregulated genes were associated with epithelial cell
organization-, proliferation- and integrin-related path-
ways and mostly occurred in the OM at 5 dpi, indicating
that ZIKV infection may induce disorganization of the
OM structure (Fig. 4D). In both the OM and OB, many
genes related to cytokine-mediated signaling pathways
were upregulated, with Ifna4, Ifnb1, Ifng and several
chemokines being the most significantly altered genes.
Additionally, genes involved in cell death were signifi-
cantly upregulated in the ZIKV-infected OM and OB,
these genes included Il6, Tnf, S100a8 and S100a9,
which had the largest fold changes (Fig. S4C and D).
ZIKV infection associated cell death may be a potential
cause of olfactory dysfunction.

ZIKV infects the olfactory system and induces a
strong cytokine/chemokine response in OM and OB
tissues from A129 mice
The susceptibility of the olfactory system to ZIKV
infection was confirmed in A129 mice (interferon-α/β
receptor deficient). Five to six-week-old A129 mice were
www.thelancet.com Vol 89 March, 2023
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challenged with 105 PFU of the ZIKV GZ01 strain per
mouse via the i.n. route, body weight changes and sur-
vival rates were calculated (Fig. 5A and B), and viral
RNA was monitored in the serum and indicated tissues
at 2, 4 and 6 dpi. ZIKV viral RNA maintained high levels
in the serum at both 2 dpi and 4 dpi, and reached its
highest levels in the RM and lung at 4 dpi (Fig. 5C).
Besides, higher viral RNA levels were detected in OM
and OB at 4 dpi and 6 dpi, and lower viral RNA levels
were also detected in the brain (Fig. 5E), indicating
susceptibility to ZIKV in the olfactory tissues of A129
mice. The above results were confirmed by RNAscope
ISH technology (Fig. 5D and F). Over all, these results
indicated that olfactory system infection and effective
viral replication of ZIKV could also be established via
i.n. in A129 mice.

To characterize the immune activation in the olfac-
tory system after ZIKV infection via the i.n route, we
assessed the expression levels of 36 cytokines in OM
and OB tissues from ZIKV-infected and mock-treated
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A129 mice at 2-, 4- and 6 dpi on the Luminex Xmap
platform using a 36-plex mouse cytokine and chemo-
kine panel. In the OM, the concentrations of 9 cyto-
kines/chemokines increased at different time points in
the ZIKV-infected mice in comparison with the mock-
treated controls (Fig. S5A and B). Among these cyto-
kines, the concentrations of the proinflammatory cyto-
kine IL-1β and the chemokine MIP-1α/CCL3 showed
gradually increased within 6 days of ZIKV infection.
Three cytokines showed upregulated expression at 4 dpi,
including the proinflammatory cytokines TNF-α, the
anti-inflammatory cytokine IL-10 and the chemokine
MCP-3/CCL7, among which CCL7 remained upregu-
lated at 6 dpi. Additionally, the increase in the levels of
four cytokines including interferon IFN-γ and chemo-
kines CCL5, IP-10/CXCL10 and IL-15, occurred only at
6 dpi. We also observed upregulated levels of 9 cyto-
kines/chemokines in the OB from ZIKV-infected mice,
including the interferons IFNγ, the proinflammatory
cytokines IL-12p70, IL22, IL-6, IL-18, and LIF and the
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chemokines CCL2, CCL7, and CCL5; all of the increased
cytokine expression occurred at 6 dpi (Fig. S5A and B),
indicating delayed ZIKV infection in the OB compared
to the OM in infected mice. Thus, multiple cytokines
were induced following ZIKV infection in the OM and
OB, which is consistent with the results of the tran-
scriptome analyses above, suggesting that cytokines may
play crucial roles in the viral clearance and olfactory
damage during ZIKV infection.

Human olfactory organoids were permissive for
ZIKV infection
In vitro culture of human organoids isolated from spe-
cific tissues provides a better human model system and
has been widely used for the study of host–virus in-
teractions including tissue susceptibility, pathogenesis
of viral infection and cell tropisms in human tissues. To
further investigate the susceptibility of human olfactory
tissues to ZIKV infection, we developed human olfac-
tory mucosal-derived olfactory organoid cultures using
an ALI culture system. In this culture system, human
olfactory mucosal tissues were digested into single pri-
mary cells, cocultured with 3T3 fibroblast feeder cells
for the expansion of progenitor cells and then trans-
ferred into Transwell chambers for the differentiation of
progenitor cells at the ALI (Fig. 6A). After 15–20 days of
culture, the cells were differentiated into a polarized,
pseudostratified mucociliary olfactory epithelial struc-
ture containing several types of olfactory epithelial cells
including CD73+ microvillar cells, SOX9+ Bowman’s
duct and gland cells, S100B+ OECs and CK8+ susten-
tacular cells (Fig. 6E).

For the evaluation of ZIKV susceptibility in human
olfactory organoids, the organoids were infected with
ZIKV at a multiplicity of infection (MOI) of 3 by
applying ZIKV stock to the apical surface in the upper
compartment of the chamber for 2 h at 37 ◦C. Then the
remaining virus particles were removed from the cell
surface by washing with DPBS and the medium in the
lower compartment of the chamber was replaced with
fresh culture medium. Cells, the fluid used to wash the
apical surface and the culture medium in the lower
chamber were collected at the indicated time points. In
the control group, the organoids were inoculated with
the same volume of culture medium, and samples from
the mock-treated group were collected at 48h post
inoculation. The viral load and ZIKV distribution were
evaluated by qRT–PCR and multiplex immunofluores-
cence staining, respectively. As shown in Fig. 6B, sub-
stantial levels of viral RNA were detected in the infected
organoids at 48 h post viral infection (approximately 108

copies/well) (Mock vs. 48 hpi., p < 0.0001) and a gradual
increase in intracellular viral loads was observed at
120 h post-viral infection (Mock vs. 120 hpi., p < 0.0001;
48 hpi. vs. 120 hpi., p = 0.0021) (Fig. 6B). Substantial
amounts of viral RNA existed in the fluid used to wash
the apical surface of organoids in the Transwell
chambers (Mock vs. 48 hpi., p < 0.0001; Mock vs. 120
hpi., p < 0.0001; 48 hpi. vs. 120 hpi., p = 0.8051)
(Fig. 6C). Additionally, lower viral loads were also
detected in the culture medium in the basolateral
chamber at 48 h post-infection (Mock vs. 48 hpi.,
p = 0.0003). Consistently, we also observed a gradual
increase in viral load in the basolateral medium at 120 h
post-infection (Mock vs. 120 hpi., p < 0.0001; 48 hpi. vs.
120 hpi., p < 0.0001) (Fig. 6D), which indicated that
ZIKV could infect the organoids, be transported through
the apical surface to the basolateral side of the organo-
ids, and be released into the culture medium in the
lower chamber. In addition, we observed colocalization
of ZIKV antigen with the CK8 and S100B proteins
(Fig. 6E), indicating that ZIKV mainly targeted susten-
tacular cells and OECs in human olfactory organoids.
Discussion
ZIKV has been considered a major public health threat
due to its relationship with microcephaly since an
outbreak of ZIKV infection in the Brazilian region in
2015. As a neurotropic flavivirus, ZIKV has a strong
neurovirulence in both the CNS and PNS. With further
research, more evidence has revealed the extra-
microcephalic signs and symptoms of broad tissue
tropism in ZIKV-infected children, including arthrog-
ryposis, clubfoot, hearing deficiencies, and ocular
abnormalities.2,62,70–72 Using an animal model, studies
have also observed motor incoordination and visual
dysfunctions in ZIKV infected mice.73 Additionally,
previous studies revealed that the vaginal mucosa is a
highly susceptible site of ZIKV infection; such infection
resulted in IUGR of the fetus in pregnant mice.74 Viral
infection of the upper respiratory tract is a common
cause of clinical olfactory dysfunction. However,
whether olfactory disorder is one of the symptoms in the
ZIKV affected children is still unknown. To mimic
clinical perinatal ZIKV infection, we infected the
neonatal ICR (CD-1) mice with ZIKV at day 7 after birth
(P7) and evaluated olfactory function when the mice
reached puberty. ZIKV infection did not cause signifi-
cant microcephaly in the surviving mice at puberty (data
not shown). Interestingly, we observed a general latency
to locate the food pellets in the ZIKV-infected group
with 3 out of 18 mice exhibiting olfactory loss (Fig. 1D),
although complete recovery of olfactory function was
observed at 42 dpi. Diseases in ZIKV-affected fetuses
and newborns are more complicated, and our data
implied that olfactory disorder could be a new clinical
symptom of ZIKV infection and may result from direct
damage caused by ZIKV infection or immune-mediated
damage induced by viral infection. Long-term study and
follow-up are necessary for improving prognose and
early interventions for affected children.

Despite limited data, direct viral infection and accu-
mulation in olfactory system is regarded as the main
www.thelancet.com Vol 89 March, 2023
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Fig. 6: ZIKV infection in human olfactory organoids derived from residual patient biopsy samples. (A) Schematic of the strategy used for
the human olfactory mucosal tissue-derived olfactory organoid culture described in detail in the methods. (B to D) Human olfactory organoids
were incubated with ZIKV on the apical side at an MOI of 3. We collected the cells (B), fluid used to wash the apical surface (C) and culture
medium (D) in the lower chamber at the indicated time points. Viral RNA was detected by qRT–PCR analysis. The data originated from the
average value of 3 individual cultures, are presented as the mean ± SD and were analyzed by Student’s t test. p values are indicated by *,
p < 0.05; **, p < 0.01; ***, p < 0.001; and ****, p < 0.0001. (E) Representative multiplex immunofluorescence staining shows that ZIKV mainly
infects S100B+ OECs and CK8+ sustentacular cells.
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cause of PVOD.63,75,76 To date, ZIKV susceptibility and
infection dynamics in the olfactory system have rarely
been studied. To verify the infection and distribution of
ZIKV in the olfactory mucosa and other parts of the
olfactory system within the CNS, a time-course analysis
of ZIKV infection in immunodeficient mice was per-
formed using qPCR and RNAscope ISH techniques.
This allowed us to uncover the progression of the virus
in AG6 mice. We showed that intranasal ZIKV inocu-
lation in immunodeficient mice leads to robust infec-
tion of olfactory tissues with a time-dependent increase
in both viral RNA and ZIKV negative-sense RNA
(Fig. 2G, J and Fig. S2D), indicating an active infection
in olfactory system. In accordance with the present re-
sults, Ozdener and colleagues also demonstrated that
ZIKV was present in the olfactory epithelium and
www.thelancet.com Vol 89 March, 2023
olfactory bulb of immunocompromised mice.59 In
accordance with our results, previous studies have
suggested that the olfactory system could serve as a
target of infection for neurotropic flaviviruses in addi-
tion to respiratory viruses. One early study showed that
St. Louis encephalitis virus (SLE) infected the olfactory
epithelium and then passed via the olfactory nerves to
the olfactory lobes in infected hamsters.57 In addition,
McMinn et al. reported that Murray Valley encephalitis
virus (MVE) was first detected in the olfactory lobes of
footpad inoculated mice.77 Yamada and colleagues also
reported the distribution of JEV antigens in the olfactory
tract and olfactory bulb of piglets.58 To date, the olfactory
system has been considered the target and neuro-
invasion pathway for different flaviviruses.53 To further
validate our results, by using a relevant ex vivo model,
13
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human olfactory organoids, we demonstrated that the
human olfactory mucosa is a target for ZIKV infection.
We infected primary human olfactory organoids
cultured at the ALI with ZIKV apically, mimicking
natural infection upon oronasal contact, and provided
direct evidence that human olfactory organoids are
susceptible to ZIKV infection and release virus into the
basolateral chamber in a time-dependent manner
(Fig. 6A–D). To our knowledge, human olfactory
mucosa-derived olfactory organoids are the first ex vivo
olfactory model for the study of ZIKV infection and
replication and will be a valuable tool to study human-
specific infection and host–virus interactions and
further develop antiviral strategies.

Previously published studies have demonstrated that
ZIKV can replicate in cultured human OECs.59,78

Consistently, the data presented here show that ZIKV
mainly infects S100B positive OECs in both the OM of
AG6 mice and human organoids (Figs. 3A and 6E). The
olfactory pathway acts as a possible shortcut for patho-
gens to enter the CNS, bypassing the blood–brain bar-
rier (BBB). In the olfactory pathway, OECs wrap around
olfactory sensory axons and bundle them together for
the formation of olfactory nerve tracts, providing an
open channel from the peripheral OM to the CNS.79 In
our study, we observed the presence of ZIKV infection
in the olfactory tract crossing the cribriform plate from
the OM to the CNS at 3 dpi and subsequent OB infec-
tion with ZIKV at 5 dpi (Figs. 2J and S2D). Substantial
amounts of ZIKV RNA were also detected in the olfac-
tory cortex region in addition to other parts of the CNS
(Fig. S2B), which indicated that olfactory pathway is a
possible route of ZIKV entry into the CNS.

In addition to direct injury by viral infection, another
hypothesis about the pathogenesis of postinfectious ol-
factory dysfunction is inflammatory response-related
damage to the olfactory system. In our study, we
noted slight inflammatory infiltration of neutrophils in
both the OM and OB (Fig. 3C). Simultaneously, a large
number of upregulated cellular genes involved in cyto-
kine production and cytokine-mediated signaling path-
ways were detected by RNA-Seq technology in response
to ZIKV infection (Fig. 4C). Consistently, we noted an
increase in cytokine production in ZIKV infected OMs
and OBs using a Luminex assay. Among them, both
pro-inflammatory (TNF-α, IP-10) and immunoregula-
tory (IL-10) cytokines/chemokines were upregulated in
the OM (Fig. S5A and B). Most of the overexpressed
cytokines/chemokines in OB display proinflammatory
functions, including IFNγ, IL-12p70, IL-6, IL-18, IL-22,
LIF, MCP-1/CCL2, MCP-3/CCL7, and RANTES/CCL5.
The overexpression of these cytokines/chemokines may
associate with both viral control and the pathogenesis of
ZIKV infection in the olfactory system, indicating the
significant role of inflammation in the pathogenesis of
olfactory dysfunction. Additionally, ZIKV infection led
to the upregulation of a large number of cellular genes
involved in antiviral response and cell death and the
downregulation of genes related to epithelial cell pro-
liferation (Fig. 5C and D). This suggests that potential
damage to olfactory tissues may occur after ZIKV
infection and that viral infection of the olfactory system
may result in clinical consequences. However, more
research is needed to clarify the mechanism of patho-
genesis and virus–host interactions. The comparison of
our global transcriptome datasets from infected olfac-
tory tissues with those from the mock-treated group will
provide valuable resources for further investigation of
the underlying cellular and molecular mechanisms and
management of ZIKV-related pathological effects.

It is important to note that some limitations still
present in this study. One of the limitations is that we
did not investigate the relationship between ZIKV
infection and olfactory disorder after maternal infection.
ZIKV infection during pregnancy can be related to se-
vere fetal outcomes and birth defects, and our results in
neonatal mice indicated that olfactory dysfunction is
quite possible one of sequela in human and mice after
intrauterine ZIKV infection. Further study needs to be
addressed to investigate our hypothesis. Another limi-
tation is that despite animal models used in the present
study are well-established tools for ZIKV infection and
have shed light on the infection and pathogenesis of
ZIKV in olfactory system of adult mice here, they still
have inherent limits and cannot completely mimic those
in humans. For example, defects in interferon pathway
cause robust infection of ZIKV in immunodeficient
mice, and i.c. route was used for the viral infection in
neonatal ICR mice, which could not correlate well with
the natural ZIKV infection in humans. In addition,
although results in human olfactory organoids provided
evidence that human olfactory mucosa did susceptible
to ZIKV infection, whether ZIKV infection could cause
olfactory damage in humans still unknown. One very
recent study reported corroborate our arguments that
long-term olfactory dysfunction occurred in patients
with ZIKV-associated GBS, while more ZIKV infected
individuals of different age still need to be enrolled in
the following studies.

Taken together, our findings characterize ZIKV
infectivity and pathogenesis in olfactory system using
both in vitro and in vivo models. We demonstrated the
high susceptibility of olfactory tissues in both human
organoids and immunodeficient mice and showed that
ZIKV mainly targets OECs and several other cell types
in the OM, which suggests that the olfactory pathway is
a reservoir for ZIKV infection and may serve as a route
of CNS invasion. Infection with ZIKV caused transient
olfactory dysfunction in adult ICR mice when they were
exposed to ZIKV during the neonatal period. Addition-
ally, we noted that ZIKV induces broad-spectrum cyto-
kine secretion in both the OM and OB and results in the
dysregulation of many host genes, which may
contribute to the pathogenesis of ZIKV in the olfactory
www.thelancet.com Vol 89 March, 2023
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system. Further studies that aim to understand
the mechanisms of viral pathogenesis in susceptible
olfactory cells will benefit the development of novel
target-based therapies for ZIKV.
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