
Articles
eBioMedicine
2023;96: 104784

Published Online xxx

https://doi.org/10.
1016/j.ebiom.2023.
104784
Long-COVID cognitive impairments and reproductive
hormone deficits inmenmay stem fromGnRH neuronal death
Florent Sauve,a,t Sreekala Nampoothiri,a,t Sophie A. Clarke,b,t Daniela Fernandois,a,t Caio Fernando Ferreira Coêlho,a,t Julie Dewisme,a,c

Edouard G. Mills,b Gaetan Ternier,a Ludovica Cotellessa,a Cristina Iglesias-Garcia,d Helge Mueller-Fielitz,e Thibaud Lebouvier,a,f Romain Perbet,a,c

Vincent Florent,a Marc Baroncini,a Ariane Sharif,a June Ereño-Orbea,g,s Maria Mercado-Gómez,g,s Asis Palazon,g,s Virginie Mattot,a

Florence Pasquier,a,f Sophie Catteau-Jonard,a,h Maria Martinez-Chantar,g,s Erik Hrabovszky,i Mercé Jourdain,j Dominique Deplanque,a,k,l

Annamaria Morelli,m Giulia Guarnieri,m Laurent Storme,n Cyril Robil,o François Trottein,o Ruben Nogueiras,d Markus Schwaninger,e Pascal Pigny,p,u

Julien Poissy,l,q,u Konstantina Chachlaki,a,u Claude-Alain Maurage,a,c,l,u Paolo Giacobini,a,u Waljit Dhillo,b,r,u S. Rasika,a,∗∗,u and Vincent Prevota,∗,u

aUniv. Lille, Inserm, CHU Lille, Lille Neuroscience & Cognition, UMR-S 1172, DistAlz, Lille, France
bSection of Endocrinology and Investigative Medicine, Imperial College London, London, United Kingdom
cCHU Lille, Department of Pathology, Centre Biologie Pathologie, France
dCIMUS, Universidade de Santiago de Compostela, Santiago de Compostela, 15782, Spain
eInstitute for Experimental and Clinical Pharmacology and Toxicology, University of Lübeck, Lübeck, Germany
fCHU Lille, Department of Neurology, Memory Centre, Reference Centre for Early-Onset Alzheimer Disease and Related Disorders, Lille,
France
gCIC bioGUNE, Basque Research and Technology Alliance (BRTACentro de Investigación Biomédica en Red de Enfermedades Hepáticas y
Digestivas (CIBERehd), Instituto de Salud Carlos III, Madrid, Spain
hCHU Lille, Department of Gynecology and Obstetrics, Jeanne de Flandres Hospital, F-59000, Lille, France
iLaboratory of Reproductive Neurobiology, Institute of Experimental Medicine, Budapest, Hungary
jUniv. Lille, Inserm, CHU Lille, Service de Médecine Intensive Réanimation, U1190, EGID, F-59000 Lille, France
kUniversity Lille, Inserm, CHU Lille, Centre d’investigation Clinique (CIC) 1403, F-59000, Lille, France
lLICORNE Study Group, CHU Lille, Lille, France
mDepartment of Experimental and Clinical Medicine, University of Florence, Italy
nCHU Lille, Department of Neonatology, Hôpital Jeanne de Flandre, FHU 1000 Days for Health, F-59000, France
oUniversity Lille, CNRS, Inserm, CHU Lille, Institut Pasteur de Lille, U1019 - UMR 9017 - CIIL - Center for Infection and Immunity of Lille,
F-59000 Lille, France
pCHU Lille, Service de Biochimie et Hormonologie, Centre de Biologie Pathologie, Lille, France
qUniv. Lille, Inserm U1285, CHU Lille, Pôle de Réanimation, CNRS, UMR 8576 - UGSF - Unité de Glycobiologie Structurale et
Fonctionnelle, F-59000, Lille, France
rDepartment of Endocrinology, Imperial College Healthcare NHS Trust, London, United Kingdom
sBizkaia Technology Park, Building 801A, 48160, Derio, Bizkaia, Spain

Summary
Background We have recently demonstrated a causal link between loss of gonadotropin-releasing hormone (GnRH),
the master molecule regulating reproduction, and cognitive deficits during pathological aging, including Down
syndrome and Alzheimer’s disease. Olfactory and cognitive alterations, which persist in some COVID-19 patients,
and long-term hypotestosteronaemia in SARS-CoV-2-infected men are also reminiscent of the consequences of
deficient GnRH, suggesting that GnRH system neuroinvasion could underlie certain post-COVID symptoms and
thus lead to accelerated or exacerbated cognitive decline.

Methods We explored the hormonal profile of COVID-19 patients and targets of SARS-CoV-2 infection in post-
mortem patient brains and human fetal tissue.

Findings We found that persistent hypotestosteronaemia in some men could indeed be of hypothalamic origin,
favouring post-COVID cognitive or neurological symptoms, and that changes in testosterone levels and body weight
over time were inversely correlated. Infection of olfactory sensory neurons and multifunctional hypothalamic glia
called tanycytes highlighted at least two viable neuroinvasion routes. Furthermore, GnRH neurons themselves
were dying in all patient brains studied, dramatically reducing GnRH expression. Human fetal olfactory and
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vomeronasal epithelia, from which GnRH neurons arise, and fetal GnRH neurons also appeared susceptible to
infection.

Interpretation Putative GnRH neuron and tanycyte dysfunction following SARS-CoV-2 neuroinvasion could be
responsible for serious reproductive, metabolic, and mental health consequences in long-COVID and lead to an
increased risk of neurodevelopmental and neurodegenerative pathologies over time in all age groups.
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Research in context

Evidence before this study
Neuroendocrine neurons expressing the master reproductive
hormone, gonadotropin-releasing hormone (GnRH), while
mostly hypothalamic, have also been shown to migrate or
project to parts of the brain involved in intellectual functions,
and their correct maturation is important for brain
development in general. Interestingly, cognitive deficits in
both individuals with Down syndrome (DS), who display
olfactory deficits, premature aging and an Alzheimer disease
(AD)-like neurodegenerative pathology, as well as in animal
models of DS and AD, appear to be associated with the
deficient expression of GnRH. In addition, menopause/
andropause, when gonadotropin levels are deregulated, is also
associated with altered cognitive function. GnRH insufficiency
due to age or disease might thus be a widespread mechanism
underlying several types of cognitive decline over time.
A significant proportion of male COVID-19 patients also
display persistent low testosterone levels, reminiscent of
absent or aberrant GnRH production, and SARS-CoV-2 has
been shown to invade the brain. Taken together, these
findings raise the possibility that in such patients, the GnRH
system may be infected or dysfunctional, leading to the
accelerated aging and cognitive deficits observed in patients
with “long-COVID” or post-COVID syndrome. However, in
what way and for how long GnRH neurons or their function
may be affected in COVID-19 patients is still unknown.

Added value of this study
By studying the hormonal profile of male COVID-19 patients
at different time points after infection, we found that
persistent hypotestosteronaemia in some men could indeed
be of hypothalamic origin, and that changes over time in
testosterone levels and body weight, another physiological
function regulated by the hypothalamus, were inversely
correlated. Next, by looking for the targets of SARS-CoV-2
infection in post-mortem COVID-19 patient brains, we
observed the infection of olfactory sensory neurons and
multifunctional hypothalamic glia called tanycytes,
highlighting at least two viable routes for viral entry into the
brain and access to the GnRH system. Furthermore, GnRH
neurons themselves were dying in all patient brains studied,
dramatically reducing GnRH expression. Finally, our study of
human fetal olfactory and vomeronasal epithelia, from which
GnRH neurons arise, and fetal GnRH neurons indicates that
GnRH neurons could also be susceptible to SARS-CoV-2
infection in fetuses or new-borns.

Implications of all the available evidence
SARS-CoV-2 is capable of invading the hypothalamus through
at least 2 distinct invasion routes. The resulting dysfunction
of GnRH neurons and tanycytes could thus be responsible for
serious reproductive, metabolic, and mental health
consequences in long-COVID patients, and may lead to a
delayed increase in the risk of neurodevelopmental and
neurodegenerative pathologies in all age groups.
Introduction
The cognitive decline associated with age-related de-
mentias, estimated to affect some 55 million people
worldwide, is a growing problem in aging societies. In a
ground-breaking study, we have recently shown that
cognitive deficits in both individuals with Down
syndrome (DS), a disorder also characterized by olfac-
tory deficits, premature aging and an Alzheimer disease
(AD)-like neurodegenerative pathology,1 as well as in a
trisomic animal model of DS,2 are caused by the pro-
gressive loss of expression of gonadotropin-releasing
hormone (GnRH) by neuroendocrine neurons in the
www.thelancet.com Vol 96 October, 2023
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brain. Interestingly, although GnRH has long been
considered to be merely the master hormone regulating
the reproductive axis, GnRH neurons have been found
to also migrate and project to brain regions implicated
in intellectual functions.2,3 Together with a similar as-
sociation between GnRH and cognition in a mouse
model of AD,2 as well as the known association between
menopause/andropause or gonadotropin levels and
altered cognitive function,4–8 these results suggest that
GnRH insufficiency due to age or disease might be a
widespread mechanism underlying several types of
cognitive decline with age.9

COVID-19 infection also appears to be associated
with accelerated aging and an increased risk of neuro-
degenerative conditions such as AD in affected
patients.10–14 In addition, despite the continued emer-
gence of new variants of SARS-CoV-2, “long COVID” or
“post-COVID-19 syndrome”, rather than acute in-
fections, is becoming the major preoccupation from
both the healthcare and economic points of view. While
definitions of “long COVID” vary, a significant propor-
tion of individuals infected with SARS-CoV-2 continue
to experience symptoms consistent with reports of
neuroinvasion by the virus, including fatigue, cognitive
difficulties or “brain fog”, headaches and persistent
anosmia, from several months to more than a year after
the initial infection.15–18 Interestingly, a significant pro-
portion of male COVID-19 patients also display low
testosterone levels that can persist for months after re-
covery from infection, reminiscent of absent or aberrant
GnRH production or secretion and the dysfunction of
the hypothalamic-pituitary-gonadal (HPG) axis.19,20

In light of the potentially serious population-wide re-
percussions of post-COVID-19 GnRH loss for age-related
cognitive decline and accelerated or exacerbated neuro-
degeneration in the decades to come, we explored the
link between these different signs and brain infection by
SARS-CoV-2 using human COVID-19 patient blood
samples, post mortem brains, fetal tissues and cell lines.
Methods
Ethics authorizations
All human tissues were obtained in accordance with
French laws (Good Practice Concerning the Conserva-
tion, Transformation, and Transportation of Human
Tissue to Be Used Therapeutically, published on
December 29, 1998). Informed consent was obtained
from all patients involved in the study.

Adult COVID-19 patient brains and blood samples
and control brains were obtained under authorization
for the GonadoCOVID study (French protocol # 2-20-
056 id8504) and authorized by the Lille Neurobiobank.

The Imperial College London study was performed in
accordance with the Declaration of Helsinki with ethical
approval granted by the London Bridge Research Ethics
Committee (REC ref 20/HRA/4110) and was registered
www.thelancet.com Vol 96 October, 2023
on the ISRCTN Trial Registry (ISRCTN15615697. All
participants provided written informed consent prior to
inclusion in the study.

The studies on human fetal tissue were approved by
the French agency for biomedical research (Agence de la
Biomédecine, Saint-Denis la Plaine, France, protocol no:
PFS16-002). Non-pathological human fetuses were ob-
tained at GW7, GW11 and GW14 from voluntarily
terminated pregnancies after written informed consent
from the donors (Gynaecology Department, Jeanne de
Flandre Hospital, Lille, France).

COVID-19 ICU patient blood sample and hormonal
analysis (CHU Lille)
Sixty male patients, 35–82 years of age, admitted to the
resuscitation unit of the Lille University Hospital with a
positive COVID-19 PCR were included in the “Gona-
doCOVID” study (French protocol # 2-20-056 id8504).
Exclusion factors were a previous history of cancer or
cirrhosis. Due to the difficulty of following the men-
strual cycles of female patients in the ICU, female pa-
tients were excluded. For each patient, blood samples
yielding 2000 μl of serum were obtained during the first
week following admission, at 2 weeks and at 4 weeks if
still hospitalized. The sampling week was defined based
on the day the samples were obtained, where D1, D3,
D5 sampling days were grouped to Week 1; D7, D9, D14
to week 2 and D30 to week 4. Sixteen patients died while
in the ICU. Patient profiles are provided in Table S1.

The patients were categorized into four groups based
on the severity of the decrease in testosterone (T) and LH
levels (Group 1 = testosterone <2.88 ng/ml with LH ≤ 2
IU/L, Group 2 = testosterone <2.88 ng/ml with LH > 2
but <12 IU/L, Group 3 = testosterone <2.88 ng/ml with
LH > 12 IU/L, Group 4 = testosterone >2.88 ng/ml).

Control ICU patient blood sample and hormonal
analysis (CHU Lille)
Non-COVID-19 infected ICU patients (n = 50) used as
controls belonged to the READIAB study (PHRC 2007
of the French Ministry of Health and Social Affairs:
READIAB-G4; ClinicalTrials.gov: NCT03055169), a
prospective, observational, multicentre study conducted
from April 2012 to August 2016 in the ICUs of six
French hospitals. Enrolled patients were aged 28–87
years and admitted to the ICU for at least two organ
failures, defined according to sequential organ failure
assessment (SOFA) scores. Pregnant women, patients
admitted for <48 h, and patients who, or whose family
members/surrogates, did not give their consent were
excluded. Blood samples were obtained during a 3-day
observational period while the patients were in the ICU.

Post-COVID-19 patient blood sample and hormonal
analysis (Imperial College London)
Male participants for this study were recruited from a
cohort of patients who attended Imperial College
3
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Healthcare NHS Trust with a clinical suspicion of
COVID-19 between March and November 2020. Addi-
tional participants were recruited via advertisements
placed on social media asking for patients who had
tested positive for COVID-19. All participants attended
at least 3 months following diagnosis with COVID-19.
Participants were aged ≥18 years with a diagnosis of
COVID-19 confirmed using either real-time RT-PCR
testing of a nasopharyngeal swab, confirmatory imaging
(chest radiograph or computed tomography scan), or a
positive serum SARS-CoV-2 IgG antibody test taken
after symptom onset. Exclusion criteria included those
prescribed steroids following recovery from COVID-19.
Patient profiles are provided in Table S2.

Participants (n = 47) attended for their study visit at
least 3 months following their initial presentation with
COVID-19. This was part of a wider study21 evaluating
adrenal and thyroid function in COVID-19 survivors.
Participants were non-fasting and study visits
commenced between 8:00 and 9:30 AM to control for
circadian hormonal changes. Participants (n = 22)
attended for a second follow-up visit more than 1 year
after presentation with COVID-19 for a repeat mea-
surement of serum LH, FSH and testosterone.

Serum LH, FSH and testosterone were measured
using automated chemiluminescent immunoassays
(Abbott Diagnostics, UK). Intra-assay and inter-assay
coefficients of variation were as follows: LH, <5%;
FSH, <5%; total testosterone, <5%; cortisol, <10%.
Limits of detection for each assay were as follows: LH in
international units per litre (IU/L), 0.07; FSH in IU/L,
0.05; total testosterone in nanomoles per litre (nmol/L).

COVID-19 patient and control brains
The brains of 4 subjects (3 males and 1 female) who
died of COVID-19 infection in the Lille University
Hospital and 5 control subjects (4 males and 1 female)
who did not test positive for COVID-19, including 2 who
died before the pandemic began, were used for this
study. COVID-19 and control subjects were matched for
age, sex and comorbidities as far as possible. Their
clinical characteristics are summarized in Table 1.

In keeping with strict protocols regarding the treat-
ment of SARS-CoV-2-infected human tissues, human
brains were immersion-fixed in 10% formalin for 1
week at room temperature. The hypothalamus was then
dissected out and immersion-fixed in 4% para-
formaldehyde in PBS 0.1 M, pH 7.4, for an additional
48 h at 4 ◦C, cryoprotected in 30% sucrose for an
additional week at 4 ◦C, embedded in Tissue-Tek and
frozen in liquid nitrogen at the crystallization tempera-
ture of isopentane.

Human fetuses
Non-pathological human fetuses (7, 11 and 14 gesta-
tional weeks (GW), n = 1 per developmental stage) were
obtained from voluntarily terminated pregnancies after
written informed consent was obtained from the parents
(Gynaecology Department, Jeanne de Flandre Hospital,
Lille, France). Fetuses were fixed by immersion in 4%
PFA at 4 ◦C for 5 days. The tissues were then cry-
oprotected in PBS containing 30% sucrose at 4 ◦C
overnight, embedded in Tissue-Tek OCT compound
(Sakura Finetek), frozen on dry ice, and stored at −80 ◦C
until sectioning. Frozen samples were cut serially at
20 μm intervals with a Leica CM 3050 S cryostat (Leica
Biosystems Nussloch GmbH) and immunolabelled as
described below.

COVID-19 patient and control nasal epithelia
The olfactory epithelia of 3 deceased patients (2 COVID-
19 patients and 1 control) were collected at the Lille
University Hospital. Their clinical characteristics are
summarized in Table 1.

Tissues were formalin-fixed in 10% formalin for at
least 1 week at room temperature, then decalcified by
immersion in ethylenediaminetetraacetic acid (EDTA)
20%, pH 7.4, 3 times for 48 h. After that, they were
immersed in 30% sucrose at 4 ◦C until they sank, for
cryoprotection. Finally, they were embedded in Tissue-
Tek, frozen in liquid nitrogen and cut into 20 μm-
thick sections.

FNC-B4 fetal human GnRH neuronal cell line
FNC-B4 cells22 were kept in culture in Coon’s modified
Ham’s F12 medium complemented with 10% FBS at
37 ◦C and 5% CO2 and medium was changed twice
weekly. Cells were used for pseudoviral infection and
gene expression analysis when they reached 70% con-
fluency. Gene expression assays for GnRH, ACE2, and
NRP1 were carried out on uninfected cells by quantita-
tive RT-PCR.

Pseudotyped viral particle infection of cultured
FNC-B4 cells for flow cytometry and
immunocytofluorescence
Pseudotyped viral particles used for the infection were
constructed according to the method detailed in Craw-
ford et al., 202023 using a five-plasmid system lentiviral
backbone 10 (CMV promoter to express ZsGreen
Fluorescent Protein), the SARS-CoV-2 spike protein,
HDM-Hgpm2, pRC-CMV-Rev1b and HDM-tat1b. Cells
infected with the viral particles emit green fluorescence
due to the expression of ZsGreen, allowing their
detection by flow cytometry. FNC-B4 cells were infected
by treatment with 1.1 × 104 viral particles per mL in
conditioned medium for 36 h. Cells were then trypsi-
nized, pelleted at 1000 g for 5 min and resuspended in
PBS for flow cytometry. Flow cytometry was performed
using a CytoFLEX LX flow cytometer (Beckman
Coulter). The gating strategy was based on measure-
ments of green fluorescence by comparing cell
www.thelancet.com Vol 96 October, 2023
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suspensions from green-fluorescence positive cells and
negative cells. For each replicate, green positive events
were counted from a total of 50,000 events.

For immunocytofluorescence, FNC-B4 cells were
plated on cover glasses coated with 0.01% Poly-L-lysine
at low confluency. Cells were fixed in 4% PFA for
15 min and stored at 4 ◦C in PBS containing 0.05%
sodium azide. Prior to primary antibody incubation,
non-specific binding sites were blocked and cells per-
meabilized using an incubation solution (0.3% Triton,
0.3% BSA in PBS, pH 7.4) for an hour at room tem-
perature. Cells were then incubated with the primary
antibodies (Antibody table) in incubation solution
overnight at 4 ◦C. After three washes with PBS, cells
were incubated with secondary antibodies (Antibody
table) in incubation solution for an hour at room tem-
perature. After three washes, cells were counterstained
with DAPI and mounted in Mowiol.

SARS-CoV-2 infection of FNC-B4 cells
Viral infection experiments were carried out in a
biosafety level 3 (BSL3) facility at the Institut Pasteur de
Lille campus and complied with current national and
institutional regulations and ethical guidelines (Institut
Pasteur de Lille/B59-350,009). The cells were seeded in
24-well plates with pre-coated coverslips (40,000 cells/
w). 3 days later the cells were counted before infection
and then infected at MOI 1, 2, and 5 with SARS-CoV-2
variant D614G for 1 h. After 1 h the inoculum was
removed, the cells were rinsed with PBS, and then
recultured for 24 h in fresh medium. In some wells, to
increase infection efficiency, trypsin-TPCK (1 μg/mL)
was added to the fresh medium. After 24 h, the super-
natant was kept for TCID50 viral load testing and the
cells were rinsed with PBS 1X and fixed with 4% para-
formaldehyde for 30 min followed by several rinses with
PBS before labelling. All experiments were performed
within the biosafety level 3 suite.

RNA extraction and quantitative RT-PCR analyses
For cultured human FNC-B4 cells, total RNA extraction
was performed with the E.Z.N.A. Total RNA Kit I (cat:
R6834-02, Omega Bio-tek, Inc.) according to the man-
ufacturer’s instructions. For human brain samples, total
RNA was extracted from two fixed unstained hypotha-
lamic slides (18 μm each) using the ReliaPrep FFPE
Total RNA Miniprep System (cat: Z1002, Promega).
RNA samples were immediately quantified using a
Nanodrop apparatus and stored at −80 ◦C until the
reverse transcription step. For gene expression analyses,
total RNA samples were reverse transcribed using the
High-capacity cDNA Reverse Transcription kit (Applied
Biosystems ref 4,368,814). For fixed human brain sam-
ples, a linear preamplification step was performed using
the TaqMan PreAmp Master Mix Kit protocol (Applied
Biosystems ref 4,488,593). Real-time PCR was then
carried out using TaqMan Universal Master Mix II
www.thelancet.com Vol 96 October, 2023 5
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(Applied Biosystems ref 4,440,049) on the Applied Bio-
systems 7900HT Fast Real-Time PCR System. The
TaqMan probes used in this study are listed in Table S3.

The 18S ribosomal RNA was used as the house-
keeping transcript for normalization. SARS-CoV-2
N-protein expression was assessed using the CDC
2019-Novel Coronavirus Real-Time RT-PCR Diagnostic
Panel, as described elsewhere.24,25 All gene expression
data were analysed using the 2-ΔΔCt method.

RNAscope labelling
Expression of the SARS-Cov2 S-protein in post mortem
brains was assessed using an RNAscope® Multiplex
Fluorescent Reagent kit v2 Assay and the V-nCov2019-S
probe, reference: 848,561 (both from Advanced Cell
Diagnostics Inc.). Briefly, 20 μm-thick hypothalamic
sections were cut on a cryostat, slides washed twice for
10 min in Gibco® DPBS (ThermoFisher) and dry baked
in a HybEZ™ II oven (Advanced Cell Diagnostics Inc.)
at 60 ◦C for 30 min. They were then immersion-fixed in
4% paraformaldehyde PBS 0.1 M, pH 7.4, prepared in
DEPC-treated water, for 1 h at 4 ◦C and washed again
twice for 10 min in Gibco® DPBS. Next, the sections
were processed according to manufacturer’s in-
structions (ethanol dehydration, RNAscope hydrogen
peroxide treatment and target retrieval), incubated with
RNAscope protease IV for 10 min at room temperature,
and the signal revealed using the RNAscope multiplex
fluorescent assay.

Immunohistochemistry and quantification for viral
and host-cell markers in human tissues
Dissected, postfixed and cryoprotected blocks of adult
human patient brains containing the hypothalamus or
olfactory bulb were cut into 20 μm sections and mounted.
A citrate-buffer antigen retrieval step, 10 mM Citrate in
TBS-Triton 0.1% pH 6 for 30 min at 70 ◦C, was per-
formed on 20 μm sections. After 3 washes of 5 min with
TBS-Triton 0.1%, sections were blocked in incubation
solution (10% normal donkey serum, 1 mg/ml BSA in
TBS-Triton 0.1% pH 7, 4) for 1 h. Blocking was followed
by primary antibody incubation (Table 2) in incubation
solution for 48 h at 4 ◦C. Primary antibodies were then
rinsed out, before incubation in fluorophore-coupled
secondary antibodies or, in case of amplified immuno-
labelling biotinylated secondary antibodies for 1 h in
TBS-Triton 0.1% at room temperature. For classic
immunohistochemistry, secondary antibodies were
washed and sections counterstained with DAPI (D9542,
Sigma). For amplified immunohistochemistry, after sec-
ondary antibodies were rinsed, sections were incubated
with VECTASTAIN® Elite ABC-HRP kit (PK-6100, Vec-
tor laboratories) following manufacturer’s instructions.
Sections were then incubated with biotinyl-tyramide re-
agent (SAT700001EA, PerkinElmer) following manufac-
turer’s recommendations, washed and incubated with
fluorophore-coupled streptavidin (1/500 dilution in
TBS-Triton 0.1%) before counterstaining with DAPI.
Finally, the sections were incubated with Auto-
fluorescence Eliminator Reagent (2160, Millipore)
following manufacturer’s instructions and mounted with
Fluoromount™ (F4680, Sigma). Immunolabelling in the
human brain using the two antibodies to human ACE2
(R&D Systems, with tyramide amplification, and Abcam,
without amplification), labelled similar cells.

For immunolabelling of human fetuses, 20 μm-thick
sections of entire heads at GW 7, GW 11 and GW 14
were processed as follows. Slides first underwent anti-
gen retrieval for 20 min in a 5 mM citrate buffer heated
to 90 ◦C, then were rinsed in TBS and blocked/per-
meabilized for 2 h at room temperature in TBS +0.3%
Triton +0.25% BSA +5% Normal Donkey Serum (“In-
cubation solution”, ICS). Sections were then incubated
with primary antibodies (Table 2) for two nights at 4 ◦C
in ICS. After rinses in TBS, the sections were incubated
with secondary antibodies for 2 h at room temperature
in ICS, then rinsed again in TBS. Finally, nuclei were
stained with DAPI (Sigma D9542, 1:5000 in TBS) for
5 min, and sections were rinsed before coverslipping
with homemade Mowiol.

For immunolabelling of mouse brain sections,
30 μm-thick floating sections were rinsed 4 times in
0.1 M PBS pH 7.4 and blocked for 1 h at room tem-
perature in blocking solution (PBS containing 10%
normal donkey serum and 0.3% Triton X-100). Sections
were incubated overnight at 4 ◦C with a mix of primary
antibodies diluted in blocking solution (Table 2). The
sections were washed three times in 0.1 M PBS and
incubated at room temperature for 1 h with Alexa Fluor-
conjugated secondary antibodies (1:500 dilution; all
purchased from Molecular Probes, Invitrogen, San
Diego, CA) in blocking solution. A biotin-streptavidin
amplification step was added for TMPRSS2 to verify
expression in some tissues. The sections were then
rinsed 3 times in 0.1 M PBS. Nuclei were counter-
stained by incubating the sections for 1 min in DAPI
before mounting and coverslipping as above. Informa-
tion on the antibodies used is listed in Table 2.

Statistics
Statistical comparisons were carried out using Graph-
Pad Prism 8. All correlations were performed using R
stats version 4.2.1. Testosterone, LH, and FSH were
compared between the four patient groups using two-
tailed unpaired t-test. For the CHU Lille cohort of
COVID-19 patients, Pearson’s product moment corre-
lation of (cor.test () of R stats version 4.2.1) was used to
estimate the strength of association between testos-
terone (ng/ml) vs CRP (mg/ml) in all patients irre-
spective of sampling week. Pearson’s Chi-squared test
was performed to determine the association between
percentage of mortality among patients and the HPG
axis status. The correlation plots and the dot plots were
generated using ggplot2 version 3.4.1 in R (v 4.2.1).
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Antibody Manufacturer Reference RRID Dilution sample Validation (references or Figures)

Goat ant-i human ACE2 R&D Systems AF933 AB_355722 1/100 Human brain tissue 26

Rabbit anti- human ACE2 Abcam Ab15348 AB_301861 1/100-1/200 Human brain tissue 27,28

Rabbit anti-TMPRSS2 Abcam Ab92323 AB_10585592 1/100-1/1000 Human brain tissue 29

Chicken anti-vimentin Millipore AB5733 AB_11212377 1/500 Human brain tissue 30

Goat anti-TAG1 R&D Systems AF4439 AB_2044647 1/500 Human brain tissue 31

Goat anti-OMP Wako 544–10001 AB_664696 1/200 Human brain tissue 32

Guinea Pig anti GnRH Erik Hrabovszky In-house 1/3000-1/6000 Human brain tissue & Cells 33

Mouse anti-dsRNA SCICONS J2 1001050 AB_2651015 1/500 Human brain tissue Fig. 3c and d

Mouse anti-SARS-CoV-2 spike protein GeneTex GTX632604 AB_2864418 1/200 Human brain tissue Figure S2

Rabbit anti-SARS nucleocapsid protein Novus Bio NB100-56576 AB_838838 1/100 Human brain tissue Fig. 3c and d

Goat anti-NRP1 R&D Systems AF566 AB_355445 1/100 Human brain tissue & Cells 34,35

Rabbit anti-cleaved caspase 3 Cell Signalling #9664 AB_2070042 1/200 Human brain tissue 36

Table 2: List of the primary antibodies used for imunofluorescence.
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For the Imperial College London cohort, the rela-
tionship between admission CRP and testosterone was
determined using Spearman’s rank correlation. Testos-
terone levels measured in the acute phase were
compared by WHO severity group using the Kruskal–
Wallis test.

For quantitative RT-PCR experiments (n = 5 control
patients vs 4 SARS-CoV-2-infected patients; n = 3 mock
infected mice vs 5 SARS-CoV-infected mice), a two-
tailed unpaired t-test was used to compare expression
levels between infected and control brains. The Fried-
man multiple comparison test followed by an uncor-
rected Dunn’s post hoc test was used to compare gene
expression levels between the cortex, OB and hypothal-
amus of infected mice.

For the quantification of the proportion of GnRH
neurons showing normal or abnormal morphology in
control and COVID-19 patients, a two-way ANOVA was
used, followed by Sidak’s post hoc test (n = 18 and 20
sections, 85 and 116 GnRH neurons, respectively; n = 4
patients per group). To compare the proportion of
GnRH neurons with normal or abnormal morphology
that expressed cleaved caspase 3 in COVID-19 patients,
a two-sided Fisher’s exact test was used (n = 66 GnRH
neurons, n = 4 patients).

Data from flow cytometry experiments were
compared using an unpaired t-test.

Role of funders
The funding sources for this project played no role in
the study design, data collection, analysis, interpreta-
tion, writing, or editing of the manuscript.
Results
When the HPG axis functions correctly, GnRH released
by neurons into pituitary portal blood vessels underlying
the median eminence of the hypothalamus is carried to
the anterior pituitary, where it elicits the secretion of the
www.thelancet.com Vol 96 October, 2023
gonadotropins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), which then act on the go-
nads to stimulate steroid hormone production and
gametogenesis.37 Feedback from gonadal steroids then
influences the further release of GnRH and gonado-
tropins, such that low gonadal steroid levels would
trigger a compensatory increase in LH and FSH levels,
and vice versa.38 In order to verify whether the HPG axis
was functioning correctly in COVID-19 patients, we
thus retrospectively measured plasma testosterone, and
LH and FSH concentrations, which serve as surrogates
for GnRH release, in a cohort of 60 male COVID-19
patients, 35–82 years old, hospitalized in the intensive
care unit (ICU) of the Lille Medical University Hospital
(CHU Lille) (Table S1). During their first week in the
ICU, 57 patients (Groups 1–3) showed testosterone
levels that were moderately low (0.92–2.88 ng/ml) or
severely low, indicative of hypogonadism (<0.92 ng/ml),
while only 3 patients showed normal or near-normal
testosterone levels (>2.88 ng/ml; Group 4) (Fig. 1a). Of
the 57 patients with low testosterone levels, only 6
(Group 3) showed the compensatory increase in LH
expected when the HPG axis functions normally (>12
IU/L) (Fig. 1b), while 38 patients (Group 2) showed
intermediate concentrations of LH (2–12 IU/L) and 13
patients (Group 1) showed very low LH concentrations
(<2 IU/L), indicating an impairment of the HPG axis
(Fig. 1b). Of these, 10 of 13 patients (Group 1) and 15 of
38 patients (Group 2) had severely low testosterone
levels (<0.92 ng/ml, indicating the existence of hypo-
gonadotropic hypogonadism) (Fig. 1a and b). Patients
with normal or near-normal testosterone levels (Group
4) all had the expected intermediate concentrations of
LH (2–12 IU/L) (Fig. 1b). FSH levels broadly followed a
similar pattern to that of LH (Fig. 1c). Surprisingly,
given previous reports of a correlation between the in-
tensity of the inflammatory response and low testos-
terone levels,39 the level of C-reactive protein (CRP), an
indicator of inflammation, was not found to be a
7
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Fig. 1: Serum testosterone, and gonadotropin (LH & FSH) concentrations in a male patients hospitalized in the intensive care unit (ICU)
of the Lille Medical University Hospital (CHU Lille). (a–d) COVID-19 infected patients in the ICU were divided into 4 groups depending on
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confounding factor for hypogonadism (Figure S1a,
Table S4).

COVID-19 patients who underwent an extended ICU
stay were also sampled at weeks 2 and 4 in the ICU
(Figure S1b and c). In these, the functioning of the HPG
axis was seen to switch between “normal” (Groups 3 and
4), i.e., where testosterone levels provided feedback to
LH levels, and “abnormal” (Groups 1 and 2), i.e., where
LH levels were not appropriate for testosterone levels
(Fig. 1a and b). Among the 16 patients who died
(26.6%), HPG axis function was abnormal in 12 (75%) at
the time of death (Figure S1b), whereas this condition
was seen in only 11 out of 44 (25%) of the patients who
survived (Figure S1c) (mortality associated with
abnormal HPG function, Pearson’s Chi-squared
χ2(1) = 10.38, p = 0.0013) (Fig. 1d). Together, these re-
sults suggest that the severely low total testosterone
levels seen in the majority of COVID-19 patients in the
ICU and the associated risk of mortality are not just a
reflection of gonadal insufficiency but of impaired hy-
pothalamic GnRH function, or hypogonadotropic
hypogonadism, which may also underlie the poor
prognosis reported in men with low testosterone
levels.40,41

However, hospitalization in the ICU could itself
suppress GnRH release and lead to transient hypo-
gonadotropic hypogonadism.42,43 To verify whether this
could be the case in our patients, in the absence of
uninfected control patients hospitalized in the ICU from
the same period, we reanalysed testosterone, LH and
FSH concentrations obtained from 50 male ICU pa-
tients from the READIAB study, aged 28–87 years,
before the emergence of COVID-19. Unfortunately, 42
of these non-COVID-19 ICU patients (84%) also dis-
played hypogonadotropic hypogonadism according to
the criteria used above (Fig. 1e–g).

In order to distinguish between HPG axis suppres-
sion as a result of the ICU stay and that due to a durable
total testosterone and LH levels, where Group 1 = testosterone <2.88 ng/m
but <12 IU/L, Group 3 = testosterone <2.88 ng/ml with LH > 12 IU/L, Gr
used to estimate the significance of the difference between groups (total
(two-tailed unpaired t-test, Group 4 (n = 3) vs Group 1 (n = 13), t (14)
(39) = 6.124, ****p < 0.0001; Group 4 (n = 3) vs Group 3 (n = 6), t (7) = 4
t-test Group 4 (n = 3) vs Group 1 (n = 13), t (14) = 6.616, ****p < 0.000
Group 4 (n = 3) vs Group 3 (n = 6), t (7) = 1.460, p = 0.1877 (c) Follicle
(14) = 3.137, **p = 0.0073; Group 4 (n = 3) vs Group 2 (n = 38), t (39) = 2.
p = 0.4410) (d) Percentage of mortality among patients with normal (n
with Yates’ continuity correction, Х2 (1) = 10.38, p = 0.0013 (e–g) Non
depending on total testosterone and LH levels, where Group 1 = testostero
ml with LH > 2 but <12 IU/L, Group 3 = testosterone <2.88 ng/ml wit
unpaired t-test was used to estimate the significance of the difference b
unpaired t-test, Group 4 (n = 3) vs Group 1 (n = 26), t (27) = 14.45, **
****p < 0.0001; Group 4 (n = 3) vs Group 3 (n = 5), t (6) = 7.346, ***p = 0
4 (n = 3) vs Group 1 (n = 26), t (27) = 8.926, ****p < 0.0001; Group 4 (n =
vs Group 3 (n = 5), t (6) = 1.654, p = 0.1493 (g) Follicle-stimulating ho
****p < 0.0001; Group 4 (n = 3) vs Group 2 (n = 16), t (17) = 1.635, p = 0
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loss of GnRH following SARS-CoV-2 infection, we
performed similar analyses in another cohort of 47 male
patients followed at Imperial College London, 3 months
or more after contracting COVID-19 (Table S2). Of these
patients, 11 still had low total testosterone at this delayed
time point (median days since initial presentation: 217)
(Fig. 2a). None of the 11 had a compensatory increase in
LH, instead having either low LH levels of <2 IU/L (4/11
patients) or normal LH levels of 2–12 IU/L (7/11 pa-
tients), indicating a persistent dysregulation of the HPG
axis in 23% of men (Fig. 2b); FSH levels were mostly
normal (Fig. 2c). There was no correspondence between
HPG status at this delayed time point and WHO disease
severity rating during the acute phase (Figure S1d). As
in the Lille cohort, CRP values were not a confounding
factor for HPG axis status (Figure S1e). However, the
patients displayed a slight but significant increase in
body weight between diagnosis and the first follow-up
visit (two-tailed paired t test, t(14) = 3.025, p = 0.0091).

Testosterone levels and other parameters were
measured in 22 of these male patients at a second
follow-up visit more than 1 year after presentation with
COVID-19 (median days since initial presentation: 464;
median days since first post-COVID visit: 237 days).
Interestingly, all 7 patients with abnormal HPG axis
function (Groups 1 or 2) during the first visit who
attended the second follow-up now displayed normal
testosterone levels (Group 4) (Fig. 2d). Two men dis-
played extremely low total testosterone levels (<2.88 ng/
ml) without compensatory high LH levels (Fig. 2e),
again confirming that hypogonadism in these patients
might be of hypothalamic origin. These data suggest
that COVID-19 infection can lead to persistent or
delayed hypogonadotropic hypogonadism more than a
year later in some patients. Interestingly, neither of the
two men with hypotestosteronaemia at the second visit
had displayed low testosterone levels at the first. A
similar delayed decrease in testosterone levels was also
l with LH ≤ 2 IU/L, Group 2 = testosterone <2.88 ng/ml with LH > 2
oup 4 = testosterone >2.88 ng/ml. A two-tailed unpaired t-test was
n = 60 patients) during their first week in the ICU. (a) Testosterone
= 6.195, ****p < 0.0001; Group 4 (n = 3) vs Group 2 (n = 38), t

.392, **p = 0.0032 (b) Luteinizing hormone (LH) (two-tailed unpaired
1; Group 4 (n = 3) vs Group 2 (n = 38), t (39) = 2.333, *p = 0.0249;
-stimulating hormone (FSH) (Group 4 (n = 3) vs Group 1 (n = 13), t
977, **p = 0.0050; Group 4 (n = 3) vs Group 3 (n = 6), t (7) = 0.8167,
= 37) and abnormal HPG status (n = 23). Pearson’s Chi-squared test
-COVID-19 male ICU patients (n = 50) were divided into 4 groups
ne <2.88 ng/ml with LH ≤ 2 IU/L, Group 2 = testosterone <2.88 ng/
h LH > 12 IU/L, Group 4 = testosterone >2.88 ng/ml. A two-tailed
etween groups (total n = 50 patients). (e) Testosterone (two-tailed
**p < 0.0001; Group 4 (n = 3) vs Group 2 (n = 16), t (17) = 5.399,
.0003 (f) Luteinizing hormone (LH) (two-tailed unpaired t-test, Group
3) vs Group 2 (n = 16), t (17) = 3.495, **p = 0.0028; Group 4 (n = 3)
rmone (FSH) Group 4 (n = 3) vs Group 1 (n = 26), t (27) = 6.139,
.1204; Group 4 (n = 3) vs Group 3 (n = 5), t (6) = 1.134, p = 0.2999.
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Fig. 2: Serum testosterone, and gonadotropin (LH & FSH) concentrations in male patients followed at Imperial College London 3 months
after contracting COVID-19. COVID-19 infected male patients (n = 47) were divided into 4 groups depending on total testosterone and LH
levels, where Group 1 = testosterone <2.88 ng/ml with LH ≤ 2 IU/L, Group 2 = testosterone <2.88 ng/ml with LH > 2 but <12 IU/L, Group
3 = testosterone <2.88 ng/ml with LH > 12 IU/L, Group 4 = testosterone >2.88 ng/ml. A two-tailed unpaired t-test was used to estimate the
significance of the difference between groups (total n = 47 patients). (a) Testosterone (two-tailed unpaired t-test, Group 4 (n = 36) vs Group 1
(n = 4), t (38) = 2.384, *p = 0.0222; Group 4 (n = 36) vs Group 2 (n = 7), t (41) = 3.262, **p = 0.0022. (b) Luteinizing hormone (LH) (two-tailed
unpaired t-test, Group 4 (n = 36) vs Group 1 (n = 4), t (38) = 2.093, *p = 0.0431; Group 4 (n = 36) vs Group 2 (n = 7), t (41) = 0.2810,
p = 0.7801. (c) Follicle-stimulating hormone (FSH) (two-tailed unpaired t-test, Group 4 (n = 36) vs Group 1 (n = 4), t (38) = 1.535, p = 0.1330;
Group 4 (n = 36) vs Group 2 (n = 7), t (41) = 0.6067, p = 0.5474. (d) Testosterone levels of patients between visits. The colour of the dot
represents the HPG axis status (Group1 in red, Group 2 in orange, and Group4 in blue). The size of the dot is representative of the testosterone
levels (ng/ml). Except Pt 14 and Pt 22 who switched to Group1/Group 2, all other patients were in Group 4 in the follow-up visit (median days
since initial presentation: 464; median days since first post-COVID visit: 237 days). The 9 patients who displayed lower testosterone levels
during the second visit than the first are outlined. (e) Testosterone levels at the second visit and the BMI of patients. Two men, both of whom
had a BMI above 30, displayed extremely low total testosterone levels without compensatory high LH levels. The colour of the dot represents
the HPG axis status (abnormal in red (n = 2) and normal in blue (n = 21)).
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observed in 9 other patients from Group 4 (Fig. 2d),
indicating a progressive dysfunction of varying severity
of the HPG axis in a subpopulation of infected patients.

Hypogonadotropic hypogonadism due to SARS-CoV-
2 neuroinvasion could be caused by the loss of GnRH
neurons or by deficient or abnormal GnRH synthesis
and release due to a perturbation of the transcription
factor or cell network regulating its production.44,45 In
humans, neurons secreting GnRH constitute a sparse
population of barely a couple of thousand cells,3 prin-
cipally located in the infundibular nucleus of the tuberal
region of the hypothalamus.3,46 Their neuroendocrine
terminals contact fenestrated vessels of the pituitary
portal system underlying the median eminence to
secrete the hormone, in a process controlled by the
remodelling of a specialized population of hypothalamic
glia, the tanycytes. Unlike other hypothalamic neurons
driving bodily functions, GnRH neurons are not born in
the brain but originate in the olfactory placode, from
where they migrate into the brain during embryogen-
esis,47,48 while remaining in contact with the olfactory
bulb (OB) via long dendrites.3,49 GnRH neurons might
www.thelancet.com Vol 96 October, 2023
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thus be exposed to SARS-CoV-2 either through the ol-
factory route or through the hematogenic route at the
level of the median eminence in patients with viremia.

In order to determine whether GnRH neurons could
be exposed to SARS-CoV-2 in COVID-19 patients, we
looked for the presence of viral proteins and RNA in the
brains of four patients who died of COVID-19 in the
ICU in 2020, including one who displayed viremia at
the time of death (Table S1), and compared them with
the brains of four age-matched uninfected patients
(deceased before the pandemic or with negative nasal
swab PCR results), using primer pairs and antibodies
specific to early SARS-CoV-2 variants and validated
previously in brain tissue from the K18-hACE2 mouse
model of SARS-CoV-2 infection.50 We observed that all
three of the four COVID-19 patients for whom the
median eminence was available, including the one with
viremia, had readily detectable levels of N-protein tran-
scripts in the hypothalamus (Fig. 3a). Next, perfecting a
technique for multiplex fluorescent in situ hybridization
(RNAscope) in the hypothalamus in human brain tissue
fixed in paraformaldehyde for longer than a week, we
detected S-protein transcripts in vessels, some neuron-
like cells and cells of the ependymal wall, while such
labelling was absent in control patients despite the
strong visualization of positive-control U6 mRNA
(Fig. 3b).

Two host-cell factors are important for SARS-CoV-2
viral entry into a number of cell types: angiotensin-
converting enzyme 2 (ACE2), which is bound by
S-protein, and transmembrane protease, serine 2
(TMPRSS2), which cleaves S-protein, allowing this
binding to take place. Immunofluorescence labelling for
SARS-CoV-2 viral proteins and these two host-cell
factors also revealed abundant N-protein and double-
stranded RNA (dsRNA) in numerous cells of the me-
dian eminence/infundibular nucleus of COVID-19
patients (Fig. 3c and d), unlike uninfected controls
(Fig. 3c), indicating robust SARS-CoV-2 entry and
replication. However, while N-protein was often colo-
calized with vimentin-immunoreactive tanycytic pro-
cesses, dsRNA labelling was fainter in tanycytic cell
bodies lining the ventricular wall than in the nuclei of
non-tanycytic cells morphologically associated with
tanycytic processes (Fig. 3c and d). Interestingly,
immunolabelling for S-protein, which mediates host-
cell entry,51 was extremely high in ACE2-and
TMPRSS2-coexpressing tanycytic endfeet, which con-
tact fenestrated capillaries at the external pial surface of
the median eminence (Fig. 3e and f). Tanycytic endfeet
are known to ensheathe and dynamically interact with
GnRH axon terminals, thus controlling the periodic
secretion of GnRH,52 a process that could break down in
infected patients and contribute to the observed HPG
axis dysregulation. These findings suggest that in pa-
tients contracting COVID-19, SARS-CoV-2 was infecting
hypothalamic cell types.
www.thelancet.com Vol 96 October, 2023
With regard to the olfactory route, while some re-
ports do indicate the olfactory epithelium, in which
some GnRH cell bodies may remain anchored in
adulthood,53 and olfactory bulb (OB) as ports of infec-
tion,54,55 others have suggested that olfactory sensory
neurons are not themselves very susceptible to infec-
tion, and that the propagation of the virus may be
arrested in the OB by local immune mechanisms.56,57 In
our post mortem patient brains, immunofluorescence
labelling showed abundant S-protein labelling along
with ACE2 and TMPRSS2 in the olfactory nerve layer
(ONL), where olfactory marker protein (OMP)-express-
ing axons from sensory neurons of the olfactory
epithelium enter the OB (Figure S2a–c). In addition,
viral dsRNA was present in numerous OB cells
bordering the ONL and within the glomerular layer of
COVID-19 patient brains, unlike controls (Figure S2c).
Furthermore, in the decalcified nasal epithelium of one
patient, immunolabelling for S-protein was clearly
colocalized with OMP- and ACE2-positive olfactory
sensory neurons (Figure S2a), indicating potential
SARS-CoV-2 entry and replication along this second
route of infection.

Given the anatomical relationship between GnRH
neurons and both neuroinvasion routes, we next
examined our post mortem patient brains for signs that
GnRH neurons were themselves infected. Despite the
extreme paucity of GnRH neurons and their scattered
distribution in the hypothalamus, we identified GnRH
neurons expressing both ACE2 and neuropilin 1
(NRP1), a semaphorin receptor that they use during
embryonic life to migrate to their final
destinations,34,35,58,59 and which has been found to be a
co-receptor or alternative receptor that facilitates SARS-
CoV-2 host cell entry,60–62 in all the brains studied
(Fig. 4a and b). Furthermore, more than one-third of
GnRH neurons in the brain of COVID-19 patients dis-
played a bloated or abnormal morphology rather than
the typical fusiform morphology, suggesting that they
were sick or dying (Fig. 4c and d); the number of such
abnormal GnRH neurons was negligible in control
brains (Fig. 4d). In keeping with the view that SARS-
CoV-2 infection was causing the death of GnRH neu-
rons, directly or indirectly through the infection of
associated cell populations, some GnRH neurons were
immunoreactive for cleaved caspase-3, an apoptosis
marker expressed by other infected cells in the brain,63

in all infected patient brains (Fig. 4c). A majority of
these dying neurons also displayed an abnormal
morphology (Fig. 4e). No cleaved caspase-3 labelling was
noted in GnRH neurons in uninfected control brains.
Interestingly, while GnRH neurons are an extremely
small and scattered population in the human hypothal-
amus, we were able to observe a GnRH neuron positive
for the viral S-protein in one patient brain (Fig. 4b).
Further supporting the putative death or dysfunction of
GnRH neurons on a massive scale, RT-PCR analysis of
11
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Fig. 3: Expression of viral transcripts and proteins, ACE2 and TMPRSS2 in the hypothalamus of COVID-19 patients and non-infected
controls. (a) Quantitative PCR analysis of N-protein mRNA in the hypothalamus of COVID-19 patients using three distinct sets of probes
(N1, N2 and N3). n = 5 control patients and 4 SARS-CoV-2-infected patients. Note that one COVID-19 patient (yellow point) had viremia at the
time of death. Two-tailed unpaired t test, for N1 t (7) = 3.097, p = 0.0174, for N2 t (7) = 3.143, p = 0.0163 and for N3 t (7) = 3,587,
p = 0.0089). (b) RNAscope labelling for S-protein mRNA (pink) in the hypothalamus of a control (non-infected) patient and a COVID-19
patient. U6 RNA was used as a positive control. Blue: DAPI. Scale bar: 20 μm. (c) Immunolabelling for SARS-CoV-2 N-protein (white), viral
dsRNA (green) and vimentin (magenta) to identify tanycytes, indicating that viral markers are absent in the hypothalamus of controls (left) but
heavily expressed in a 63-year-old COVID-19 patient (right). 3 V: third ventricle. Scale bar: 30 μm. (d) N-protein (white), dsRNA (green) and
vimentin (magenta) immunolabelling showing abundant N-protein colocalization with vimentin in numerous tanycytic fibres (white arrows)
and its presence in non-tanycytic cell bodies (empty arrows) near the median eminence (ME). dsRNA is not present in the vimentin-rich
tanycytic cell body layer lining the ventricular wall. Blue: DAPI. Scale bar: 30 μm. (e,f) Extremely strong labelling for S-protein (white) seen
in the end-feet (white arrowhead) of tanycytes (vimentin; magenta in e; green in f), which also express ACE2 (green in e) and TMPRSS2
(magenta in f), at the pial surface of the ME, where tanycytic processes (white arrows) contact fenestrated capillaries. Blue: DAPI. Scale bar:
20 μm.
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the hypothalamus of four COVID-19 patient brains
revealed an almost complete disappearance of GnRH
transcripts as compared to five control brains, whereas
NRP1, which is expressed by other cell populations in
the hypothalamus, was not significantly affected
(Fig. 4f).

Given the importance of physiological GnRH
secretion appears to have for cognitive function in
adulthood,2 to verify whether the GnRH neuronal
infection and HPG axis abnormalities observed in
COVID-19 patients could be associated with cognitive
deficits, we analysed cognitive symptoms reported by
male patients in the London cohort, who underwent
extensive testing at >3 months and >1 year after infec-
tion (Table S5). At both follow-up visits, the proportion
of patients reporting impaired memory or attention
(“DePaul Symptom” questionnaire), regardless of
frequency or severity, or difficulty concentrating (“Long
COVID” questionnaire) tended to be slightly higher in
the group with abnormal HPG axis function, although
the patient numbers were not sufficient to draw statis-
tically valid conclusions (100%, for n = 7 of 7 for the
first visit and n = 2 of 2 for the second visit), than in
the group with normal function (81%, n = 13 of 16 for
the first visit; 80%, n = 16 of 20 for the second visit). A
similar pattern emerged for neurological symptoms
(abnormal HPG axis function: 100%, n = 7 of 7 for the
first visit and n = 2 of 2 for the second visit; normal
HPG axis function: 87%, n = 14 of 16 for the first visit
and 90%, n = 18 of 20 for the second visit). Although
these are subjective measures reported in a small
sample of patients, they suggest that the time course
and pathogenic mechanisms underlying the effects of
neuroinvasion, and more specifically, the interplay
www.thelancet.com Vol 96 October, 2023
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Fig. 4: SARS-CoV-2 infects GnRH neurons and leads to their death in COVID-19 patients. (a) Immunolabelling for GnRH (red) and NRP1
(white) in hypothalamic GnRH neurons in a control patient. Arrowheads show a double-labelled GnRH neuron, while white arrows show a
GnRH-immunoreactive process expressing NRP1. Scale bar: 50 μm. (b) Immunolabelling for GnRH (red), ACE2 (white), and S-protein (green) in
hypothalamic GnRH neurons in a COVID-19 patient. Arrowheads show a triple-labelled GnRH neuron, white arrows show a GnRH-
immunoreactive process that does not express ACE2, and empty arrows show an ACE2-immunoreactive neuron-like process that does not
express GnRH. Blue: DAPI. Scale bar: 50 μm. (c) Immunolabelling for GnRH (red) and cleaved caspase 3 (green) in the infundibular nucleus (Inf)–
median eminence (ME) area of the hypothalamus of a COVID-19 patient. Blue: DAPI. Scale bars: 500 μm (inset 30 μm). (d) Quantification of
proportion of GnRH neurons showing normal or abnormal morphology in control and COVID-19 patients (two-sided Fisher’s exact test,
p < 0.0001, n = 66 GnRH neurons, n = 4 patients). (e) Proportion of cleaved caspase 3-expressing or healthy GnRH neurons with normal or
abnormal morphology in COVID-19 patients (two-sided Fisher’s exact test, p = 0.0387, n = 66 GnRH neurons, n = 4 patients). (f) Quantitative
RT-PCR for GnRH and NRP1 in the infundibular nucleus-median eminence of COVID-19 and control patients showing the almost complete
disappearance of GnRH expression in patients (two-tailed unpaired t-test t (7) = 2.197, p = 0.0320 for control vs COVID-19 brains. n = 5 for
control patient and n = 4 for COVID-19 brains).
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between HPG axis dysfunction and cognition deficits,
require further large-scale retrospective or prospective
investigations.
www.thelancet.com Vol 96 October, 2023
The existence of an olfactory route combined with
the vulnerability of GnRH neurons to SARS-CoV-2 also
raises another spectre: that of an infection of these
13
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neurons, which are born in the nose, during embryonic
development or early childhood. Indeed, the migration,
maturation and correct adult function of GnRH neurons
may be important not only for the establishment or
maintenance of cognitive or metabolic function,2,35,64 but
could also play a role in normal or pathological aging.2

We therefore analysed the olfactory epithelium of 7-,
11- and 14-week-old human fetuses, and found abun-
dant expression of ACE2 and TMPRSS2 in both olfac-
tory sensory neurons and their TAG-1-immunoreactive
axons extending into the OB (Figure S3a–c), adding to
previous reports of these susceptibility factors in other
cell populations of the olfactory epithelium.65 Serendip-
itously, neurons composing the putative vomeronasal
organ,3 the birthplace of GnRH neurons (Fig. 5a–d,
Figure S3d–f), as well as the axonal tracts along which
they migrate into the brain (Fig. 5e), also abundantly
expressed ACE2 and TMPRSS2 as well as NRP1
(Fig. 5e), as we have previously shown,34 potentially
further favouring SARS-CoV-2 cell entry and infection
of this crucial neuronal population.60,61

Finally, to directly verify that human fetal GnRH
neurons can be infected by SARS-CoV-2, we tested the
ability of pseudotyped viral particles expressing the full-
length SARS-CoV-2 S-protein and the ZsGreen reporter
gene23 or the SARS-CoV-2 virus to infect a human fetal
GnRH-expressing cell line, FNC-B4.66 Interestingly,
cells differentiating into GnRH neurons not only
expressed susceptibility factors for infection (Fig. 5f and
g), but a fraction of these cells were confirmed to be
infected by the pseudovirus, using flow cytometry
(p = 0.0235, two-tailed unpaired t-test) (Fig. 5h and i), or
by SARS-CoV-2 itself, using immunocytochemistry
(Fig. 5j). These experiments raise the strong possibility
that at least some GnRH neurons in human fetuses or
new-borns could indeed be infected by SARS-CoV-2 in
case of vertical transmission from infected mothers (see
for example67,68), with potential long-term mental and
nonmental consequences later in life.
Discussion
The triad of anosmia, hypogonadism and cognitive
deficits, which occurs in a significant proportion of
“long COVID” cases, is also reminiscent of another
disease: Down syndrome or Trisomy 21. Our recent
identification of a peripubertal decline in GnRH pro-
duction as the likely causative factor underlying not only
the dysfunction of the gonadotropic axis but also the
progressive cognitive decline and AD-like neuro-
degeneration observed in Down syndrome patients2

prompted us to study whether GnRH system dysfunc-
tion due to neuroinvasion by SARS-CoV-2 could un-
derlie some of these symptoms in COVID-19 patients.
Our work demonstrates that GnRH neurons as well as
other associated hypothalamic cells could indeed be
infected by SARS-CoV-2 through at least two routes, and
that this results in a dramatic decrease in GnRH
expression in the brain. Moreover, even human fetal
GnRH neurons express susceptibility factors for SARS-
CoV-2 host-cell entry and can be infected by the virus.
Together, this vulnerability of developing and mature
GnRH neurons to SARS-CoV-2 neuroinfection creates a
potential for devastating long-term effects on cognitive
and metabolic aging, in addition to the expected
dysfunction of the reproductive axis.

That SARS-CoV-2 invades and has profound effects
on the brain is no longer in doubt, although not all parts
of the brain may be equally vulnerable to infection.69–74

Unlike some previous studies, we found ample evi-
dence of olfactory sensory neuronal infection in the
nasal epithelium of COVID-19 patients, supporting the
existence of a viable route for the virus into the brain
along the olfactory and terminal nerves.75 Blood-borne
SARS-CoV-2 viral particles might also directly enter
the brain by extravasating from fenestrated vessels of
circumventricular organs and thus bypassing the blood–
brain barrier. This hypothesis is supported by the
abundance of viral markers in the median eminence of
the hypothalamus in the three patient brains for whom
this tissue was available. Interestingly, the absence of
the traditional blood–brain barrier in the median
eminence, an adaptation essential to allow peptide
neurohormones such as GnRH to easily reach their
target cells in the pituitary and for circulating peripheral
signals necessary for the establishment of homeostasis
to enter the brain, could instead represent a breach in
the brain’s defences against pathogens. In addition, we
have previously shown that endothelial cells of the
blood–brain barrier are themselves infected by SARS-
CoV-2, potentially allowing viral passage into the
brain.63 Indeed, recent accounts of SARS-CoV-2 brain
infection put the incidence of viremia at up to 40%,72

greatly increasing the likelihood of a viable hemato-
genic route for the virus. GnRH neurons, which both
maintain contact with the nasal epithelium where they
are born, and extend neuroendocrine terminals to the
perivascular space around the fenestrated vessels of the
median eminence, and which express NRP1 as well as
ACE2, could thus potentially be infected by either route,
or through viral propagation by adjacent cells.

The infection of either GnRH neurons themselves or
of tanycytes, which interact with their terminals, would
likely be sufficient to cause hypogonadotropic hypo-
gonadism either through decreased GnRH expression,
as we observed in post mortem patient brains, or per-
turbed secretion, as reflected by gonadotropin levels in
our cohorts, although hospitalization in the ICU may
itself cause a transient impairment of the HPG axis
through a variety of intrinsic and extrinsic factors.
However, many GnRH neurons, which normally
constitute a stable population, were also bloated and
dying in our COVID-19 patient brains. The irreversible
loss of GnRH that would entail could thus develop along
www.thelancet.com Vol 96 October, 2023
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Fig. 5: Human fetal GnRH neurons are susceptible to SARS-CoV-2 viral infection. (a) Schematic representation of a horizontal section
through the nose and brain of a gestational week (GW) 14 human fetus, showing region immunolabelled in (b–d). (b–d) TMPRSS2 (b,c, red) and
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a longer time course, a phenomenon that could be
exacerbated by the recently reported persistence of active
virus in the brain, including in the hypothalamus, for
weeks or months after infection.72 In light of the mul-
tiple brain functions in which GnRH seems to be
involved, this impairment could have several putative
deleterious effects.

The most obvious repercussion of a long-term
decline in GnRH production, given the role of GnRH
as the master molecule controlling the reproductive axis,
is a delayed effect on fertility in both male and female
patients who survive infection. This can be seen in two
men from our London cohort, in whom hypogonadism
developed several months after infection, and a few case
reports76,77 (see also a meta-analysis78). Extrapolated over
the millions of infections reported worldwide, this is
especially concerning considering the current global
decline in human fertility, including in Europe (https://
www.euro.who.int/__data/assets/pdf_file/0010/73954/
EN63.pdf). Interestingly, mutations in NRP1, a mole-
cule that can potentiate SARS-CoV-2 host cell infec-
tion,60,61 cause Kallmann syndrome in humans, in which
hypogonadotropic hypogonadism is associated with
anosmia,59 by perturbing GnRH neuronal migration.34 A
significant proportion of COVID-19 patients display
anosmia or dysosmia79 and defects in GnRH neuronal
function may also be associated with alterations in ol-
factory perception.2,35,44,80 It would thus be interesting to
investigate whether some persistent olfactory deficits in
COVID-19 patients could also be linked to the loss of
GnRH.

More importantly, GnRH neurons also project to
parts of the brain involved in cognition, such as the
cortex or hippocampus,2 and GnRH is involved in
maintaining brain connectivity and cognitive function in
adulthood, a process that breaks down with the loss of
its expression.2,81 Conversely, restoring physiological
levels and patterns of GnRH improves connectivity and
cognitive performance, for instance in Down syndrome
patients and in an animal model of AD, while restoring
a microRNA involved in GnRH expression, miR200b,
also normalizes the expression of myelination genes, as
well as inter-hippocampal neuronal communication,2
ACE2 (d, red) immunolabelling in the olfactory epithelium (OE), vomero
DAPI. Scale bars: 1 mm in b and 100 μm in c-d. (e) In a GW 11 human fetu
NRP1 (green) and/or ACE2 (red), host cell proteins that mediate SARS-CoV
by some olfactory and vomeronasal nerve axons that form the scaffold fo
B4 cells in culture showing the presence of NRP1 (magenta) and ACE2 pro
top view). Non-GnRH cells (bottom view) also express NRP1, in keeping w
fetal nose and brain. Blue: DAPI. Scale bar: 10 μm. (g) RT-PCR analysis de
FNC-B4 cells. The housekeeping 18 S RNA was used as a control. n = 3 we
infected with pseudotyped lentiviral particles carrying a full-length SARS
infection of some cells by the pseudovirus. (i) ZsGreen expression, indica
infected negative control cells treated only with vehicle (two-tailed unpair
the SARS-CoV-2 S-protein in FNC-B4 cells. Scale bar: 20 μm.
providing an anatomical substrate for these changes.
Interestingly, the most debilitating short- and long-term
consequences of SARS-CoV-2 infection include cogni-
tive symptoms, such as “brain fog”, and demyelination,
altered gene expression mimicking accelerated aging
and AD-like neurodegenerative changes are among the
mechanisms proposed to explain these symptoms (see
for example,10–12,71,73). It is thus worth considering
whether the dramatic downregulation of GnRH and the
death of GnRH neurons in the brain of COVID-19 pa-
tients could contribute to an acceleration or exacerbation
of age-related cognitive decline. In the adult brain, the
loss of a substantial proportion of GnRH neurons can
occur without leading to functional impairments of the
reproductive axis.82 However, the threshold for GnRH
loss at which cognitive changes are triggered is not
known, and it is conceivable that not only reduced
GnRH expression levels but merely a dysregulation of
its pulsatile pattern may lead to cognitive deficits, as
seen in Down syndrome.2 While the small patient
numbers and heterogeneity of our study cohorts did not
allow for in-depth measurements or valid statistical
comparisons, the fact that all men in the impaired HPG
axis group displayed persistent cognitive symptoms,
regardless of disease severity, supports a role for GnRH
loss or dysregulation in the aetiology of these symptoms.
There is thus an urgent need for further studies to
confirm this correlation, long-term monitoring of hor-
mone levels as an indicator of the risk of cognitive
decline in COVID-19 survivors, and an evaluation of the
usefulness of GnRH replacement therapy to compen-
sate for the deficits.

GnRH neurons are also implicated in the regulation
of normal energy metabolism,35 as are hypothalamic
tanycytes to a very large extent, by transcytosing pe-
ripheral metabolic signals such as leptin and glucose
from the blood to hypothalamic neurons that control
food intake.83 Survivors of COVID-19 also appear to be
at higher risk of developing diabetes,15,84 suggesting a
breakdown of this tanycytic shuttle in the brain of
COVID-19 patients. Several factors could contribute to
this breakdown: the potential saturation of the endocy-
totic mechanism suggested by the extremely high signal
nasal organ (VNO) and olfactory nerve (ON) of a GW 14 fetus. Blue:
s, many GnRH neurons (white) migrating out of the VNO also express
-2 infection (white arrows), while NRP1 and ACE2 are also expressed
r GnRH neurons. Blue: DAPI. Scale bar: 40 μm (f) Differentiating FNC-
tein expression (red) in cells that have begun to express GnRH (green,
ith the more widespread expression of this guidance molecule in the
monstrating the expression of mRNAs for GnRH, NRP1, and ACE2 by
lls. (h) Fluorescence-activated cell sorting (FACS) of FNC-B4 cells (red)
-CoV-2 spike protein and a ZsGreen reporter gene (green), showing
ting pseudotyped viral particle entry, is almost undetectable in un-
ed t-test t (4) = 3.566 p = 0.0235, n = 3 wells). (j) Immunolabelling of
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for SARS-CoV-2 S-protein at the endfeet of tanycytes,
perturbed feedback or signalling from morbid GnRH
neurons to the tanycytic endfeet with which they
interact, or the inflammation of infected tanycytes by the
activation of the NFκB subunit NEMO in tanycytes by
circulating proinflammatory cytokines, many of which
persist in “long COVID” patients.85,86 Indeed NEMO
activation is involved in inflammation-mediated
anorexia in certain non-infectious diseases,87 and the
SARS-CoV-2 major protease, Mpro, cleaves NEMO,63

setting up a tug-of-war between the competing effects
of acute or persistent systemic inflammation on tany-
cytes and potential post-COVID-19 swings of energy
metabolism. The occurrence of such perturbations is
suggested by the strong inverse correlation between
change in testosterone levels and change in weight be-
tween the first and second follow-up visits in our Lon-
don cohort, and the emergence of two subpopulations:
patients in whom both HPG axis function (i.e., GnRH
secretion) and energy metabolism eventually became
normal, suggesting the recovery of tanycytes, and pa-
tients with persistent hypothalamic dysfunction
(Figure S4).

Finally, in light of the unusual vulnerability of fetal
GnRH neurons, particular attention must also be paid to
the consequences of maternal or perinatal COVID-19
infection in neonates.88 Indeed, the growing evidence
that some neonates born to infected mothers may be
COVID-19-positive89 is especially concerning since the
first postnatal activation of the HPG axis, i.e., mini-
puberty, a phenomenon that plays a key role in the later
maturation of the reproductive system45,90 and likely also
in brain development in a broader sense,49 occurs
shortly after birth. The impairment of minipuberty,91,92

for example by premature birth,93,94 may be correlated
with the incidence of a range of age-related non-
communicable diseases or metabolic dysfunction,49,93,94

and early reports already indicate that antenatal or
neonatal exposure to SARS-CoV-2 may lead to neuro-
developmental delays.95 Studies following cohorts of
babies born during the pandemic, such as the mini-
COVID study by the European miniNO consortium
(https://www.minino-project.com) are thus essential to
fully understand the repercussions of these mostly
asymptomatic infections on well-aging and to take steps
to mitigate them.

A limitation of our study comes from the safety-
related, ethical, and organizational challenges posed by
the COVID-19 pandemic with regard to the collection of
biological samples and the unavailability of human re-
sources for all non-essential clinical research tasks. For
example, we measured hormone levels in 3 different
cohorts to draw our conclusions: severely ill COVID-19
patients hospitalized in the ICU at the Lille University
Hospital, France, an uninfected control group hospital-
ized in the ICU at Lille but belonging to a different
cohort, and finally COVID-19 patients with different
www.thelancet.com Vol 96 October, 2023
degrees of severity of the disease, but not uninfected
controls, who were subjected to medium-to-long-term
follow up at the Endocrinology Department of the Im-
perial College Healthcare NHS Trust, London, UK. In
addition, by definition, our post mortem brain and ol-
factory epithelium tissues were obtained from COVID-
19 patients who had died of the disease, indicating a
degree of infection severity and possibly of neuro-
invasion that might be rarer in the surviving population.
Finally, the time-course of these changes is unknown
(we observed abnormal HPG axis function more than a
year after infection in two patients who were normal at
the first visit, even though most patients who were
abnormal at the first visit had become normal by the
second), which will make it hard to pin down causality
in a variable human population during an ongoing
pandemic. Nevertheless, our findings of abnormal and
dying GnRH neurons in all the patient brains at our
disposal, the dramatic reduction in GnRH expression,
and the incipient correlation between HPG axis func-
tion, energy metabolism and cognitive or neurological
dysfunction underline the necessity for longitudinal
studies in COVID-19 survivors, to anticipate a possible
delayed-onset wave of developmental, reproductive,
metabolic and mental disorders.
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