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Place des tests immunitaires fonctionnels dans la prise en charge du
risque infectieux et de la gestion des thérapies immunosuppressives chez
les patients immunodéprimés non-VIH

Functional immunoassays in the setting of infectious risk and immunosuppressive therapy of non-HIV
immunocompromised patients
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L'approche holistique du système immunitaire humain repose sur l'analyse de ses composants déterminant
collectivement une réponse à un stimulus immunogène. L'étude de la réponse immunitaire induite ex vivo est
basée sur la reproduction d'une condition pour mesurer une altération immunitaire fonctionnelle. Les domaines
d'application de ces tests de fonctionnalité immunitaire sont vastes et croissants, allant du diagnostic des déficits
immunitaires primaires ou secondaires, à l'immunothérapie dans le cancer, à la gestion du risque infectieux dont
l'immunoprophylaxie vaccinale. Ces tests sont des outils demonitoring immunitaire contribuant à une évolution
des pratiques vers une médecine de précision et personnalisée.
Le but de cette revue est de présenter les tests immunitaires fonctionnels disponibles dans le contexte des déficits
immunitaires secondaires non-VIH. Leurs intérêts seront d'abord expliqués dans le contexte du risque infectieux
(notamment des réactivations virales), puis dans le domaine de la vaccination et de la gestion des thérapies
immunosuppressives.
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a b s t r a c t

The holistic approach of the human immune system is based on the study of its components collectively driving a
functional response to an immunogenic stimulus. To appreciate a specific immune dysfunction, a condition is
mimicked ex vivo and the immune response induced is assessed. The application field of such assays are broad
and expanding, from the diagnosis of primary and secondary immunodeficiencies, immunotherapy for cancer
to the management of patients at-risk for infections and vaccination. These assays are immune monitoring
tools that may contribute to a personalised and precision medicine.
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The purpose of this review is to describe immune functional assays available in the setting of non-HIV acquired
immunedeficiency. First, wewill address the use of theses assays in the diagnosis of opportunistic infections such
as viral reactivation. Secondly, wewill report the usefulness of these assays to assess vaccine efficacy and toman-
age immunosuppressive therapies.

© 2020 Société Nationale Française de Médecine Interne (SNFMI). Published by Elsevier Masson SAS.
All rights reserved.

1. Introduction

Le système immunitaire est un système complexe, organisé en ré-
seaux interconnectés capable de déployer des stratégies d'adaptation,
de compensation et de redondance fonctionnelle pour maintenir un
état d'homéostasie [1]. Son rôle principal est la défense de l'organisme
contre des agressions internes ou externes. Ainsi, une ou des cascade
(s) d'événement(s) générant un déséquilibre durable du système peut
aboutir à une pathologie aiguë ou chronique déterminée par un excès
ou une insuffisance de réponse immunitaire (susceptibilité aux infec-
tions, inflammation, auto-immunité, allergie, oncogenèse) [2,3].

Le système immunitaire comprend une multitude de composants
cellulaires et moléculaires répartis dans tout l'organisme et rapidement
mobilisables. La connaissance des mécanismes régissant son
fonctionnement a considérablement progressé en peu de temps,
favorisée par des avancées majeures telles que la vaccination, les tech-
niques de transplantations, jusqu'aux immunothérapies actuelles en
plein essor [3]. Outre sa composition, la complexité de ce système
tient aussi à la succession de phénomènes dynamiques. Ainsi, les tests
disponibles en routine comme le compte cellulaire, la mesure de
marqueurs solubles ou de surface (cytokines, anticorps ou système du
complément) et l'analyse du phénotype cellulaire en cytométrie de
flux ont leurs limites et peuvent méconnaître des altérations
fonctionnelles. Contrairement à ces marqueurs traditionnels explorant
des déficits quantitatifs ou phénotypiques, les tests évaluant la réponse
immunitaire induite après stimulation ont pour but de mimer une con-
dition in vivo permettant d'appréhender une altération immunitaire
fonctionnelle [4]. Ces tests que nous appellerons IFAs, acronyme anglo-
phone de immune functional assays, sont connus depuis longtemps, en
l'occurrence lors des premiers essais antivarioliques. Depuis, ils sont ac-
cessibles en routine dans le cadre nosologique de l'infection
tuberculeuse latente (c'est à dire, intradermoréaction à la tuberculine
ou test de production d'interféron [IFN]-γ) et le diagnostic des déficits
immunitaires primitifs [5]. Actuellement, ils font partie du panel ou «
immunomonitoring » des patients atteints de déficit immunitaire,
pour des prises en charge liées à la vaccinologie, l'infectiologie, la trans-
plantation d'organes solides (TOS) et de cellules souches
hématopoïétiques (CSH), l'allergologie, la cancérologie et les immuno-
thérapies plus récentes [6].

L'enjeu actuel est le positionnement des IFAs dans le concept plus
large « d'immunologie des systèmes ». Ce concept résulte de la rapidité
des avancées technologiques à partir d'un échantillon sanguin et la
capacité à générer et à analyser une somme très importante de données
à une échelle individuelle. Cela permet de développer une approche
translationnelle, connectant la pratique médicale clinique aux avancées
fondamentales et technologiques (« frombench to bedside ») [1,7]. Dans
une optique demédecine personnalisée, son but est la stratification des
patients et la modélisation de biomarqueurs accessibles et
reproductibles [1]. La possibilité de « cartographier » un statut
immunitaire est une avancée majeure en immunologie clinique, car
l'application des connaissances développées à partir des modèles
expérimentaux mammifères (le plus souvent murins) s'est avérée
souvent limitée [4].

L'objet de cette revue est de décrire les applications des IFAs dans le
suivi immunologique des déficits immunitaires acquis, notamment au
sein de populations dont le nombre et la diversité croissent, tels que
les receveurs de TOS ou de CSH (hors infection par le VIH).

2. IFAs et risques infectieux

Le développement des IFAs est particulièrement adapté au domaine
de l'infectiologie car ils permettent de quantifier la réponse immunitaire
contre un microorganisme grâce à une stimulation ex vivo d'un agent
immunogène précis. Actuellement, les IFAs sont utilisés comme
marqueurs biologiques pour l'évaluation du risque infectieux lié à une
pathologie affectant le système immunitaire ou lié à une
immunodépression induite par des thérapies. Ils permettent également
d'évaluer l'efficacité vaccinale notamment lorsque la réponse vaccinale
est impactée en cas d'immunosénescence et d'immunodépression
secondaire.

Citons d'abord leur développement dans la prise en charge de
l'infection à Mycobacterium tuberculosis. La réponse immunitaire
cellulaire joue un rôle pivot dans le contrôle de l'infection via la produc-
tion d'interféron-gamma (IFN-γ). La détection de l'infection
tuberculeuse latente est l'élémentmajeur du dispositif préemptif visant
à diminuer le risque de tuberculosemaladie. Dans ce cas, la mise en cul-
ture d'un échantillon par les techniques classiques de microbiologie
pour l'identification du M. tuberculosis est vouée à l'échec. Outre
l'intradermoréaction classique décrite par Koch et al. en 1890 qui
mesure la réponse d'hypersensibilité retardée dépendante des lympho-
cytes T in vivo après exposition intradermique à la protéine ubiquitaire
mycobactérienne tuberculine. Les tests récents cherchent à améliorer
les performances diagnostiques ex vivo. Il s'agit de tests appelés inter-
feron-gamma release assays (IGRAs) détectant l'IFN-γ sécrété après
stimulation du sang total par des antigènes spécifiques deM. tuberculo-
sis [5]. La détection de production d'IFN-γ quantifiée en comparaison
aux contrôles simultanés négatif et positif indique la présence dans
l'échantillon de sang total de lymphocytes T réactifs à la présentation
spécifique de l'antigène deM. tuberculosis. Cette réponse indique un sig-
nal mémoriel sans discrimination temporelle de la primo-infection ni
valeur prédictive positive du développement ultérieur d'une tubercu-
losemaladie. En conséquence, les IGRAs nepermettent pas la distinction
entre une infection tuberculeuse latente et une tuberculose maladie. Ce
test à la spécificité élevée est indiqué dans les cas suivants : (1) pour
l'enquête autour d'un cas confirmé ; (2) lors de l'embauche des
professionnels à risque d'exposition, dont les professionnels de santé ;
(3) pour l'aide à l'orientation diagnostique des formes
extrapulmonaires de la tuberculose-maladie ; (4) avant la mise en
route d'un traitement par anti-TNFα (tumour necrosis factor-alpha) ;
(5) chez le patient infecté par le VIH ; (6) chez les enfants migrants de
moins de 15 ans [8]. Deux IGRA commerciaux sont disponibles en
France : leQuantiFERON-TBGold in Tube® et le T-SPOT-TB®. Le premier
quantifie la production ex vivo d'IFN-γ après stimulation de sang total
par les protéines spécifiques de M. tuberculosis (ESAT-6, CFP10 et
TB7.7) grâce à la technique elisa (enzyme-linked immunosorbent
assay). Le deuxième test repose sur l'utilisation de la technique elispot
(enzyme-linked immmunosorbent spot). Il s'agit d'une stimulation par
des protéines spécifiques de M. tuberculosis (ESAT-6 et CFP10) d'un
nombre défini de cellules mononuclées du sang périphériques
préalablement purifiées, le nombre de spots mesurés révèlent la
quantité d'IFN-γ sécrétée à l'échelle cellulaire ce qui suggère une
meilleure sensibilité de ce test. Ainsi le T-SPOT-TB® est préférablement
utilisé en routine chez les patients immunodéprimés ou avant lamise en
route d'un traitement par anti-TNFα. Même si la sensibilité des IGRA est
supérieure à celle de l'IDR dans ces contextes, le manque de données
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comparant ces deux IGRA suggère de combiner leur résultat en cas
d'incertitude [9,10].

Des travaux en cours testent le principe de l'IGRA en réponse à une
adhésine de membrane de M. tuberculosis nommée HBHA (heparin-
binding haemagglutinin adhesin), ligand immunogène puissant des lym-
phocytes T (en particulier des lymphocytes T CD4+ disposant d'une
fonction cytotoxique) associés à l'immunisation contre la maladie [11].
Les premiers résultats cliniques suggèrent que l'IGRA HBHA serait un
test immunologique diagnostique de tuberculose maladie et
possiblement pronostique dans la mesure où une forte réactivité à la
protéine HBHA serait associée à un contrôle de la maladie [12].

2.1. IFAs et réactivations virales chez le patient immunodéprimé

Le domaine d'application de l'IGRA concerne aussi les virus,
notamment dans le contexte de TOS ou de transplantation de CSH.
Dans le contexte de la TOS, la prise d'immunosuppresseurs antirejet à
vie est responsable d'une dysimmunité cellulaire, parfois aggravée par
des facteurs en lien avec la maladie sous-jacente ou des comorbidités
associées. Dans le contexte de transplantation de CSH, les traitements
immunosuppresseurs sont en théorie stoppés dans des délais variables
selon le type d'hémopathie sous-jacente et lesmodalités de transplanta-
tion. Néanmoins, après une transplantation allogénique de CSH, la prés-
ence d'une maladie du greffon contre l'hôte peut nécessiter le maintien
d'un traitement immunosuppresseur. Dans ces circonstances, la latence
de certains pathogènes endogènes opportunistes ne peut être
maintenue en l'état par une immunité cellulaire sous-optimale, avec
des conséquences sur le pronostic de la greffe et la survie des receveurs
[13,14].

Les principaux virus concernés appartiennent à la famille des
Herpesviridae, comme le cytomégalovirus (CMV), le virus d'Epstein–
Barr (EBV) et le virus de la varicelle-zona (VZV), herpes virus humain 6
(HHV-6). La plupart des réactivations virales sont accessibles à des
stratégies thérapeutiques prophylactiques et préemptives guidées par
le suivi des charges virales sanguines mesurées par polymerase chain re-
action (PCR). Comme nous l'avons déjà évoqué, la problématique est de
disposer d'outils demesure du seuil immunitaire permettant de prédire
le risque de réactivation virale et d'adapter le traitement
prophylactique.

2.1.1. IFAs et cymétomégalovirus
Les principales études concernent la détection de réactivation du

CMV dont la prévalence atteint 37 % après transplantation allogénique
de CSH et 30 % après TOS [15]. L'infection de l'hôte par le CMV est
responsable d'une augmentation de la morbi-mortalité en lien avec
des effets pathogènes direct (maladie à CMV) et indirect en affectant
le greffon via une immunomodulation [13].

Le principe de ces tests repose sur la mesure ex vivo de l'immunité
cellulaire spécifique anti-CMV après stimulation par des antigènes du
virus [16,17]. En dehors de protocoles individuels utilisés dans les
laboratoires, il existe deux principaux tests validés par le consensus In-
ternational du CMV et possédant le certificat de conformité européenne
pour le monitoring de l'immunité cellulaire anti-CMV dans les TOS [16–
18].

Le premier test appelé QuantiFERON-CMV® (QF-CMV, Cellestis,
Qiagen, Melbourne, Australie), est le plus fréquemment utilisé et le
plus simple. Il repose sur la quantification d'IFN-γ produit par les lym-
phocytes T CD8+ après stimulation de sang total ex vivo par un ensem-
ble d'épitopes de protéines immunogènes duCMV (incluant la gB, l'IE-1,
la pp65 et la pp50, qui sont spécifiques des molécules HLA de classe I)
préalablement coatés dans un tube de prélèvement standardisé puis
quantifiés par un test elisa. Ce test a été évalué dans différentes
problématiques liées à la réactivation CMV après TOS telles que : (1)
la stratification du risque de réactivation en fonction du test réalisé en
pré-greffe chez les receveurs CMV-séropositives (R+) ; (2) la

prédiction d'une occurrence tardive après arrêt de la prophylaxie en
cas de donneur CMV-séropositif et receveur CMV-séronégatif (D+/R-
); (3) la mise en évidence d'une protection immunitaire cellulaire
spécifique efficace en lien avec des virémies CMV asymptomatiques
chez les receveurs D+/R+ ; (4) la prédiction de récidive de maladie
ou virémie à CMV chez les receveurs R+ recevant un traitement
préemptif ou une prophylaxie secondaire [19–22]. Ces étudesmontrent
l'intérêt de réaliser l'immunomonitoring anti-CMV pour guider la
prophylaxie antivirale de manière personnalisée [22].

Le deuxième test nommé T-Track CMV® (Lophius Biosciences
GmbH, Regensburg, Allemagne) repose sur un test ELISpot. Il a montré
un intérêt similaire, voire supérieur à celui du QF-CMV® en termes de
prédiction du risque de réactivation CMV dans la greffe rénale [23–
25]. L'inconvénient de ce test est lié à sa technique qui entraîne un
coût et un temps de manipulation élevé ainsi que l'absence de seuil de
significativité universel.

Les deux tests cités ci-dessus appliqués à une cohorte de 94
receveurs de transplantation allogénique de CSH ont montré une asso-
ciation significative entre une faible production d'IFN-γ par les lympho-
cytes T CD8+ et le risque de réactivation et de maladie à CMV avec des
valeurs prédictives positive et négative élevées (83 et 98 %
respectivement) [26]. Les auteurs soulignent les avantages techniques
pour des résultats similaires en faveur du QF-CMV®. Le QF-CMV® a
également été évalué dans plusieurs cohortes pédiatriques d'allogreffes
de CSH montrant son intérêt dans l'immunomonitoring de la réactiva-
tion CMV et sa récurrence [27].

Face à ces tests, la mesure de la prolifération lymphocytaire T en
réponse à un antigène de rappel comme le CMV est largement utilisée
dans le contexte de protocole de laboratoire individuel [4,28]. Mais la
reproductibilité inter laboratoire de ces tests n'est pas connue du fait
d'un manque de standardisation et leur utilisation est plus complexe
que celle des IGRA. Le principe de ce test est d'évaluer ex vivo la capacité
de réponse des lymphocytes T en réponse à une stimulation non
spécifique par des mitogènes ou antigènes (viraux ou bactériens)
induisant la division cellulaire. Des marqueurs de division cellulaire
sont utilisés pour mesurer la capacité de prolifération évaluée en
cytométrie de flux. L'alternative aumarqueur radioactif de la thymidine
tritiée est l'utilisation de l'ester carboxyfluoroscéine succinimidylique
(CFSE) ou le laser violet, colorants excitables (CellTrace Violet : CTV).
Plus récemment, le 5-éthynil-2′-désoxyuridine (EdU) vient remplacer
l'utilisation du 5-bromo-2′-désoxyuridine (BrdU) car il permet d'éviter
la dénaturation de l'ADN permettent une meilleure reproductibilité et
d'améliorer la complexité des protocoles [29].

2.1.2. IFAs et autres réactivations virales de l'immunodéprimé (EBV, BK
polyomavirus, VZV)

Par analogie, les IGRA ont été étudiées pour d'autres réactivations
virales dans le contexte de TOS ou transplantation de CSH, comme la ré-
activation EBV et BK polyomavirus (BKPyV). Après la greffe, la réactiva-
tion EBV peut induire une lymphoprolifération maligne (répondant à
l'abréviation anglophone de PTLD, post-transplant lymphoproliferative
disease) dans moins de 2 % des cas et peut atteindre 20 % dans les cas
de forte immunosuppression, ce qui amène à proposer des stratégies
de thérapie préemptive via l'administration de l'anticorps monoclonal
chimérique spécifique des lymphocytes B anti-CD20+ [30]. En dépit
du fait que le site de latence à vie de l'EBV soit les lymphocytes B, il
est démontré que le contrôle de la réactivation à EBV est sous le contrôle
des lymphocytes T cytotoxiques [31]. Ainsi, des travaux ont démontré la
possibilité de mesurer la réponse immunitaire cellulaire T EBV-
spécifique mais l'application en pratique clinique reste pour l'instant
limitée [17]. Par exemple, la technique d'elispot en réponse à des pep-
tides d'EBV (EBNA) combinée à la charge virale EBV permet de guider
la prophylaxie anti-infectieuse après TOS et greffe de CSH [32,33].
Quant au BKPyV, responsable de néphropathie et rejet après greffe
rénale, les résultats des études préliminaires basées sur la technique
elispot (après stimulation par des particules antigéniques du BKPyV)
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étaient en faveur d'une élimination du virus en cas de sécrétion d'IFN-γ
plus élevée. Ces résultats soulignent l'utilité de ces tests pour guider la
gestion des immunosuppresseurs après TOS et diminuer le risque de
rejet de greffon [34].

Dans la greffe de CSH, l'intérêt d'un immumonitoring de l'immunité
cellulaire T anti-VZV a été démontrémais il n'existe pas en routine de kit
commercial standardisé. Après la greffe de CSH, le déclin immunitaire
expose à des complications de la réactivation à VZV, de la névralgie
post-zostérienne au zona viscéral disséminémettant en jeu le pronostic
vital. Ex vivo, des tests de prolifération lymphocytaire après stimulation
de cellulesmononuclées du sangpériphérique par le VZV ontmontré un
intérêt pour la détection d'une restauration de l'immunité cellulaire
anti-VZV [35]. Les IGRA (par technique elisa ou elispot) ont eux aussi
trouvé leur place dans la détection de l'immunité cellulaire anti-VZV
avec une sensibilité similaire et une meilleure faisabilité par rapport
aux tests de prolifération lymphocytaires. Ces travaux augurent d'une
application potentielle en routine pour guider la durée de la prophylaxie
anti-VZV et évaluer l'efficacité de candidats vaccins anti-VZV après
greffe de CSH [28,36].

2.2. IFAs et risques infectieux non spécifiques de l'immunodéprimé

De façon similaire, un IGRA appelé QuantiFERON Monitor® (QFM,
Qiagen) est utilisé comme biomarqueur prédictif du risque infectieux
dans des cohortes d'immunodéprimés. Il repose sur l'évaluation ex
vivo de l'immunité non spécifique par la technique elisa de l'IFN-γ sé-
crété dans le surnageant de culture cellulaire. La stimulation de
l'échantillon de sang total est obtenue par des microsphères agrégeant
un ligand anti-CD3 induisant une stimulation lymphocytaire T et le li-
gand R848 induisant une stimulation innée via le Toll-like receptor
(TLR)-7 et le TLR-8 identifiant des particules virales. Mian et al. a
appliqué ce test chez 137 patients greffés d'organe solide (greffe
d'origine rénale, hépatique et pulmonaire) alors qu'étaient colligés les
épisodes d'infections bactériennes, virales et fongiques [37]. Le résultat
principal associait de façon significative le risque de développer une in-
fection (au moins un épisode) à une faible production d'IFN-γ jusqu'à 6
mois après la greffe. Pour une mesure d'IFN-γ ≤ 10 UI/mL, le risque
infectieux était multiplié par 2 ou 3, selon le délai après la greffe. De la
mêmemanière, chez 44 patients cirrhotiques non greffés et 64 patients
greffés cardiaques, il existait un sur-risque infectieux significatif (toute
infection confondue) en cas de détection plus faible d'IFN-γ après stim-
ulation [38,39].

Un autre IFA amontré une corrélation entre le risque infectieux et la
mesure de l'immunité cellulaire. Ce test, commercialisé sous le nom
d'ImmunoKnow assay® (Cylex, Inc.), a été approuvé par la Food and
Drug Administration (FDA) dans le cadre de la transplantation
requérant l'utilisation d'immunosuppresseurs majorant le risque
infectieux et impactant le pronostic et la survie. Son principe est
d'évaluer la réponse des lymphocytes T CD4+ en réponse à un stimulant
lymphocytaire non spécifique appelé mitogène (phytohémagglutinine)
par la mesure de l'adénosine triphosphate (ATP) produit. L'ATP est la
principale source d'énergie cellulaire et est libérée dans les premières
heures suivant l'activation des lymphocytes T permettant une évalua-
tion rapide de la fonctionnalité cellulaire. Brièvement, la technique
consiste à stimuler du sang total pendant 15 à 18 heures avec de la
phytohémagglutinine puis de sélectionner les lymphocytes CD4+ et
de mesurer l'ATP intracellulaire produit après lyse cellulaire par une
technique de bioluminescence (luciférase). Dans une méta-analyse de
504 receveurs de TOS, une réponse diminuée au test ImmunKnow®
(b 25 ng/mL) était associé à un risque infectieux 12 fois plus élevé
[40]. Utilisé en pour le suivi immunologique chez 175 greffés
pulmonaires, il a permis d'identifier un sous-groupe de receveurs à
haut risque infectieux (odds radio 2,81) et un sous-groupe de
receveurs colonisés fongiques à risque de développer une infection
fongique invasive [41]. Ce test est donc positionné actuellement

comme une aide à la gestion du niveau d'immunosuppression après la
greffe.

Les IFAs sont performants dans la mesure fonctionnelle de
l'immunité cellulaire. Cependant, l'étude de l'immunité innée après
stimulation ex vivo peut également être informative et l'étude de Vallin
et al. en fait la démonstration. Cette étude a montré que chez 45 cas de
greffe rénale, une diminution de la synthèse du TNF-α par les mono-
cytes (CD14+CD16+) en réponse à un peptide de l'EBV était associée
à plus de complications infectieuses après la transplantation [42].

3. Évaluation de la réponse vaccinale chez les patients
immunodéprimés

Les IFAs représentent également le moyen d'évaluer la réponse
vaccinale chez le patient immunodéprimé ou dans le contexte
d'immunosénescence. Ces deux catégories incluent des patients de
compétence immunitaire très variable. C'est pourquoi, malgré des
recommandations vaccinales spécifiques à chaque groupe, il est
nécessaire dans les années à venir d'affiner les facteurs associés à l'échec
vaccinal, à une moindre réponse vaccinale ainsi que la durabilité de la
réponse vaccinale [43]. Historiquement, le marqueur de réponse
vaccinale est la sérologie mais elle ne permet pas d'évaluer la mémoire
à long terme et le titre d'anticorps peut être mésestimé par la supplé-
mentation en dérivés de produits sanguins comme les perfusions
d'immunoglobulines polyvalentes ou spécifiques. Le principe des IFAs
dans ce domaine repose sur l'utilisation d'antigène de rappel
appartenant à la souche vaccinale mise en contact avec tout ou partie
des effecteurs cellulaires immunitaires. L'évaluation de la réponse
immunitaire fonctionnelle en réponse à l'antigène vaccinal dépend de
la nature du vaccin. Les antigènes de type protéiques (vaccins vivants,
inactivés, toxoïdes ou des sous-unités du virus de l'hépatite B,
coqueluche et grippe) induisent une réponse cellulaire B dépendante
des lymphocytes T grâce à une coopération active des lymphocytes T-
helper (CD4+) produisant des anticorps de forte affinité et unemémoire
vaccinale prolongée. Inversement, les antigènes de type
polysaccharidiques ou glyco conjugués (pneumocoque, méningocoque
et Haemophilus influenzae) engendrent une réponse lymphocytaire B
T-indépendante avec une production d'anticorps spécifiques rapide
mais transitoire, de faible affinité et n'induisant peu ou pas de mémoire
immunitaire [44].

3.1. IFAs et réponse vaccinale T-dépendante

Pour évaluer la réponse vaccinale cellulaire T-dépendante, les
principaux IFAs utilisés sont le test de prolifération lymphocytaire T et
la détection de cytokines de type Th1 (principalement l'IFN-γ) après
stimulation par l'antigène de rappel ex vivo. L'intérêt de ces tests est
donc de mesurer l'efficacité de la réponse vaccinale non humorale en
cas d'immunosuppression. En effet, l'activité lymphocytaire T a un rôle
direct dans la clairance virale d'un virus tel. que la grippe, via la libéra-
tion de cytokines par les lymphocytes T cytotoxiques (CD8+),
l'activation Fas–FasL liée au programme de mort cellulaire et la
potentialisation de l'effet cytotoxique cellulaire et de l'immunité
humorale par les lymphocytes T-helper (CD4+) [45].

Il s'agit donc d'utiliser des tests similaires à ceux cités
précédemment : mesure de cytokines par test elisa ou elispot [4]. La
technique ELISpot est la plus utilisée en laboratoire de recherche, elle
permet de quantifier avec une grande sensibilité le nombre de cellules
sécrétrices d'IFN-γ (cellules mémoires et effectrices T) après leur stim-
ulation avec un antigène viral. Des données sont néanmoins disponibles
sur la protection vaccinale antigrippale chez des personnes âgées [46].
Dans une autre étude d'Avetisyan et al., la réponse à un antigène grippal
a été mesurée chez des patients transplantés de CSH en comparaison à
des volontaires sains par un test ELISpot effectué 4 semaines après la
vaccination. La réponse IFN-γ générées par les lymphocytes T CD8+
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était significativement augmentée dans les deux groupes, tandis que
le taux d'anticorps au seuil de protection contre le sérotype H1N1
de la grippe n'était observé que chez 29 % des receveurs de
transplantation [47].

Quant aux tests de prolifération lymphocytaire, les protocoles
utilisent demanière similaire un antigène de rappel vaccinal (diphtérie,
ténanos, etc.). Après purification, les cellules mononuclées du sang
périphérique sont stimulées in vitro par l'antigène de rappel pendant
plusieurs jours. C'est la division cellulaire qui est mesurée après
l'application d'un marqueur en cytométrie de flux. Une différentielle
de prolifération cellulaire avant et après la vaccination permet
d'appréhender la réponse vaccinale. Des protocoles sont largement uti-
lisés en routine à l'échelle locale et en recherche dans le cadre des défi-
cits immunitaires cellulaires, après greffe de CSH ou TOS.

3.2. IFAs et réponse vaccinale T-indépendante

Pour évaluer la réponse cellulaire B T-indépendante, il existe des
tests ELISpot B mais ils sont peu utilisés du fait de difficultés techniques
liées à la faible fréquence des lymphocytes B spécifiques. L'autre test
permettant d'observer l'efficacité de ce type de vaccin est l'évaluation
de la capacité d'opsonophagocytation des anticorps spécifiques de
l'antigène polysaccharidique. Il a été décrit en 1997 par Romero-Steiner
et al. pour mesurer la fonctionnalité des anticorps anti-
pneumococciques [48]. Il est utilisé comme corrélat de protection par
mesure in vitro des capacités fonctionnelles des anticorps produits
grâce à la vaccination. C'est un outil de sélection de vaccin pertinent
par la mesure des anticorps vaccinaux induits capables d'activer la
voie du complément et par conséquent la destruction du pathogène
par opsonophagocytation [49]. Par exemple pour le vaccin anti
pneumococcique, il permet d'évaluer l'immunogénicité de chaque poly-
saccharide présent dans la préparation vaccinale permettant
d'optimiser l'immunogénicité vaccinale [50]. Nived et al. ont mesuré la
réponse vaccinale anti pneumococcique au vaccin conjugué 13-valent
du pneumocoque par la technique d'opsonophagocytation chez 49 pa-
tients atteints de vascularite systémique traités par
immunosuppresseur et/ou corticoïdes [51]. La réponse vaccinale était
diminuée significativement chez les patients recevant du cyclophospha-
mide, de l'azathioprine ou du méthotrexate par comparaison aux pa-
tients recevant seulement des corticoïdes. Cela souligne l'importance
d'administrer les vaccins polysaccharidiques aux patients atteins de
maladie systémique préalablement à l'introduction des
immunosuppresseurs.

3.3. Utilisation en routine des IFAs et perspectives

En raison de leur complexité, du coût et du temps technique requis,
les IFAs ne peuvent être qu'une alternative de deuxième ligne aux tests
immunitaires conventionnels de routine. Néanmoins, en s'appuyant sur
les résultats cités ci-dessus, nous soulignons que l'IFA ne peut être
substituée par un marqueur traditionnel.

Dans la pratique clinique, certains centres élaborent des protocoles
utilisant ces tests en routine notamment pour évaluer la réponse au
calendrier vaccinal post-transplantation de CSH ou dans le cadre des
déficits immunitaires primitifs. Dans ces cas, l'enjeu est double. D'une
part, il est nécessaire d'évaluer la capacité fonctionnelle du système
immunitaire à répondre à une stimulation antigénique permettant de
valider le bon timing vaccinal; d'autre part il est nécessaire de vérifier
le niveau de protection vaccinale. C'est ce que propose le Centre de réf-
érence des déficits immunitaires héréditaires (Ceredih) chez des
enfants receveur de greffe allogénique de CSH dans la cadre d'un déficit
immunitaire primitif. De la même manière, le Haut conseil de santé
publique (HCSP) recommande de réaliser un test de prolifération
lymphocytaire en réponse à une stimulation non spécifique (mitogène)
ex vivo avant l'injection de vaccin vivant atténué dans le syndrome de

Di George (déficit immunitaire primitif) responsable d'une
lymphopénie dont la sévérité expose à des effets secondaires de ces
vaccins. Cependant, ce test ne préjuge pas de la protection vaccinale
induite [43].

Certaines limites sont importantes à mentionner : les études
récentes soulignent une variabilité inter- et intra-individuelle notable
dépendante de critères démographiques (âge, sexe, état métabolique
ou inflammation chronique) et socio économiques constituant un nou-
veau défi pour les essais de réponse vaccinale et de développement de
vaccins. Ainsi le concept d'immunologie des systèmes s'applique de la
même manière à la « vaccinologie des systèmes » qui a été développée
par Pulendran et al [52]. Cette approche utilise des « omics », c'est-à-
dire un ensemble d'outils générant une quantité massive de données
composites afférentes à la protéomique, la transcriptomique ou la
génomique dont l'analyse in silico aura pour but d'identifier des
marqueurs prédictifs de la réponse immune innée ou adaptative post-
vaccinale [52,53]. La première application de cette approche a permis
d'identifier une signature précoce permettant de prédire l'amplitude
de la réponse T CD8+ au vaccin de la fièvre jaune [54]. Une autre
approche s'intéressait à prédire la réponse vaccinale en fonction de la
voie d'injection du vaccin (sous-cutanée, intradermique ou
intramusculaire) par le biais d'une signature de gène de l'immunité
innée corrélée à la qualité de la réponse lymphocytaire cytotoxique
(CD8+) [53]. Les IFAs ont leur place dans ce type d'approche et c'est
une équipe de recherche de l'Institut Pasteur qui a récemment
développé un IFA standardisé dont les domaines d'application en
immunologie clinique sont larges incluant celui de la vaccination [6]. Il
s'agit d'une étude de la variance immunologique de l'être humain
appelé « Milieu intérieur » qui définit une gamme de réponse
immunitaire « normale » en réponse à une stimulation ex vivo par
l'évaluation d'une signature moléculaire [55].

4. IFAs : outils d'évaluation des thérapies immunosuppressives

En dehors du contexte de la vaccination, les IFAs ont leur place dans
la gestion des thérapies tels que les immunosuppresseurs à visée
antirejet dans le contexte de la TOS. Le rejet de greffe est secondaire
au développement d'une réponse cellulaire immunitaire du donneur
vis-à-vis du greffon allogénique ; les antirejets sont donc des
immunosuppresseurs diminuant cette réponse immunitaire cellulaire.
La gestion des antirejets repose sur le dosage du taux sanguin de la
molécule.

Le test ImmunoKnow assay® (Cylex, Inc.) cité précédemment dans
l'évaluation du risque infectieux en post-greffe a aussimontré un intérêt
dans l'évaluation du risque de rejet de greffe. Avant une greffe rénale,
une augmentation du taux d'ATP intracellulaire des lymphocytes T
CD4+ était associée à un risque relatif (RR) de rejet de greffe de 1,2 et
lorsque le taux augmentait entre les phases pré- et post-greffe, ce risque
était majoré (RR= 15,4) [56]. Dans une autre étude portant sur 126 cas
de greffe rénale, un taux élevé d'ATP avant la greffe était associé à des
signes histologiques de rejet de greffe cellulaire et des dysfonctions du
greffon et ceux présentant un rejet cellulaire aigu étaient associés à un
taux d'ATP augmenté après la greffe [57]. Dans la méta-analyse de
Kowalski et al. citée ci-dessus, un taux élevé d'ATP intracellulaire N

supérieur à 700 ng/mL était associé à un risque de rejet cellulaire (RR
= 30). Ainsi, ce test présente un intérêt dans l'immunomonitoring de
TOS pour l'évaluation du risque infectieux et celui du rejet afin d'aider
à la gestion des immunosuppresseurs et la prédiction des complications.

St Pierre et al. ont exposé un concept d'évaluation de l'impact des
thérapies immunosuppressives sur le système immunitaire dans le
contexte des désordres immunitaires. Ils ont développé une plateforme
de tests immunitaires fonctionnels permettant d'évaluer l'impact
qualitatif et quantitatif des modulateurs pharmacologiques au profit
de la prédiction de l'efficacité thérapeutique et risques notamment
infectieux [58]. Les IFAs utilisés en réponse à chaque
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immunomodulateur sont les tests mesurant la prolifération
lymphocytaire, la fonction des cellules naturalkiller, la capacité de
phagocytose et la réponse des TLR à des stimulants. De manière
similaire, les IFAs sont utilisés pour l'évaluation thérapeutique des im-
munothérapies du traitement des cancers par la mesure de la réponse
spécifique cellulaire T antitumorale [59,60].

5. Conclusion

Le développement de stratégies d'immunomonitoring « à la carte »
associées aux traitements des maladies de système, des déficits
immunitaires héréditaires, en oncohématologie avec l'émergence de
l'immunothérapie active ou enmédecine de transplantation est l'avenir.
Dans cette revue, nous montrons que les IFAs permettent d'obtenir une
approche fonctionnelle via l'immunomonitoring de la réponse au
traitement, de prédire un risque infectieux et d'évaluer la réponse
vaccinale dans certaines populations de patients immunodéprimés. La
limite de ces approches est la prise en compte de la variance
immunitairegénérantun certainnombredecontraintes technologiques,
méthodologiquesde standardisationet d'interprétationqu'il conviendra
de maîtriser. Pour les patients, l'accès à l'immunomonitoring est
l'ouverture vers une médecine personnalisée.
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A B S T R A C T

Recent advances in the immunotherapy field require evaluation of the immune function to adapt therapeutic
decisions. Immune functional assays (IFA) are able to reveal the immune status and would be useful to further
adapt and/or improve patient's care. However, standardized methods are needed to implement IFA in clinical
settings. We carried out an independent validation of a published method used to characterize the underlying
host response to infectious conditions using an IFA. We evaluated the reproducibility and robustness of this IFA
and the associated readout using an independent healthy volunteers (HV) cohort. Expression of a 44-gene sig-
nature and IFNγ protein secretion was assessed after stimulation. We observed a strong host-response correlation
between the two cohorts. We also highlight that standardized methods for immune function evaluation exist and
could be implemented in larger-scale studies. This IFA could be a relevant tool to reveal innate and adaptive
immune dysfunction in immune-related disorders patients.

1. Introduction

The increase in patients suffering from immune-related disorders
led to the improvement in precise knowledge concerning the compo-
nents and function of the immune system. Whether of physiological or
pathophysiological origin, i.e. immunosenescence [1] or autoimmune
diseases [2,3], the identification of immune alterations requires close
monitoring of the immune status. Their ever-increasing number and
severity make these disorders a major public health problem. Several
therapies targeting the immune system, such as anti-inflammatory
agents or immunostimulatory therapy, are currently used to re-balance
the immune system in immunocompromised patients. Nevertheless,

clinicians lack the tools to decipher immune status, and more precisely,
immune function, in order to adapt therapeutic decisions and perso-
nalize patient care.

In some clinical situations, the use of immune functional assays
(IFAs) could help improve management and reveal valuable informa-
tion compared to the use of circulating biomarkers such as cell counting
or measurement of soluble and cell surface biomarkers. Based on the
evaluation of the immune response after an in vitro stimulation with
antigen, IFAs allow assessing the immune function as well as anticipate
the ability to respond to therapy or fight a pathogen. In the last few
years, T-cell mediated immunity (blood-based) assays, such as inter-
feron gamma release assays (IGRA), have been developed and have
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revolutionized the detection of latent tuberculosis infection (LTI). This
type of test enables clinicians to be more accurate and effective in the
management of patients suffering from specific disorders. Research, as
well as clinical studies, use and adapt these IFAs to try to respond to
specific questions, such as the capacity of specific patients to respond to
vaccination [4–6]. Despite encouraging results, the main challenge
which complicates the implementation of IFAs in clinical settings is the
need for standardization in order to perform these methods in any la-
boratory, in a reliable and reproducible way [7].

Such tests should minimize the number of steps during sample
preparation and ideally use the biological matrix directly sampled from
the patient to limit technical variability and eliminate the pre-analytical
error. As already described for cytokine release assay [8,9], use of direct
measurement in whole blood sampling would be the relevant solution
to minimize the risk of contamination and avoid causing non-specific
cell activation or cell death [10]. Indeed, the use of whole blood rather
than peripheral blood mononuclear cell (PBMC) isolation preserves all
interactions between circulating immune cells and reflects the internal
environment of the subject [11]. Nevertheless, in addition to this
pressing need for standardization, the second difficulty encountered is
the inter-individual variability exhibited by the immune system.

In this context, the Milieu Intérieur team (MI) used a whole blood,
semi-closed stimulation system built into syringe-based medical

devices, with the ambition to define the boundaries of a healthy im-
mune response [12]. Using a cohort of 25 healthy volunteers (HV)
(aged between 30 and 39 years) stratified by gender (13 women, 12
men), they challenged whole blood with complex stimuli (mimicking
fungi, bacteria, and virus infection) and established a 44-gene expres-
sion signature, capturing the diversity of complex immune responses. In
this study, an independent validation of the protocol developed by
Urrutia et al. was performed step by step in order to evaluate the re-
producibility of the technical process before its potential implementa-
tion for the management of patients with immune-related disorders in
clinical settings.

2. Material and methods

2.1. Blood stimulation

According to EFS standardized procedures for blood donation and to
provisions of the articles R.1243–49 and following ones of the French
public health code, a written non-opposition to the use of donated
blood for research purposes was obtained from HV. The blood donors'
personal data were anonymized before transfer to our research la-
boratory. We obtained the favourable notice of the local ethical com-
mittee (Comité de Protection des Personnes Sud-Est II, Bâtiment Pinel,

Fig. 1. Gene expression after SEB- and LPS-whole blood stimulation.
Whole blood from 25 healthy volunteers enrolled in the Milieu Intérieur cohort (blue) and from 20 healthy volunteers included in the Lyon study cohort (red) was
stimulated in TruCulture tubes during 24 h. After mRNA extraction, gene expression was quantified using Nanostring nCounter® technology and normalized using
NSolver® software using four housekeeping genes (HPRT1, POLR2A, RPL19 and TBP). Fold changes are used to describe gene expression variation between the
stimulated condition (SEB (A) or LPS (C)) and the control condition (NULL) for the 44-gene signature studied. The Milieu Intérieur data was obtained from Gene
Expression Omnibus (GEO) DataSets (GSE85176) [12]. Comparison of both cohorts was performed using a Deming regression analysis on gene expression medians
following SEB (B) or LPS (D) stimulation. A Spearman's correlation coefficient was calculated for each condition and indicated on each graphical representation. The
orange dots represent individual gene expression, the blue beam represents the confidence interval, the blue line the Deming regression and the red dotted line the
theoretical 100% identity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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59 Boulevard Pinel, 69,500 Bron) and the acceptance of the French
ministry of research (Ministère de l'Enseignement supérieur, de la
Recherche et de l'Innovation, DC-2008-64) for handling and conserva-
tion of these samples.

Whole blood from healthy volunteers (n = 20), stratified by gender
(10 women and 10 men), and with a median age of 52 years (range:
25–65 years), was distributed (1 mL) into pre-warmed TruCulture tubes
(Myriad Rbm, Austin, TX, USA) containing either medium alone (Null),
staphylococcal enterotoxin B (SEB; 400 ng/mL), or lipopolysaccharide
(LPS; 100 ng/mL (E.coli, O55:B5)). These were then inserted into a dry
block incubator and maintained at 37 °C. After 24 h of stimulation, the
pellet was separated from the supernatant using a valve and kept in TRI
Reagent® LS (Sigma-Aldrich, Saint-Louis, MO, USA). This protocol was
adapted from Urrutia et al. [12].

2.2. Cytokine and transcriptomic assays

Interferon gamma (IFN-γ) release was quantified from TruCulture's
supernatant using an immunoassay in the VIDAS® platform
(bioMérieux, Marcy l'Etoile, France).

As previously described, RNA extraction was performed using a
modified protocol of the NucleoSpin 96 RNA tissue kit (Macherey-Nagel
Gmbh&Co. KG, Düren, Germany) and using a vacuum system [12].
Nanostring technology was used for mRNA detection of a 44 gene panel
(details in supplementary table S1), an hybridization-based multiplex
assay characterised by its amplification-free step; 300 ng of RNA were
hybridized to the probes at 67 °C for 18 h using a thermocycler (Bio-
metra, Tprofesssional TRIO, Analytik Jena AG, Jena, Germany). After
removal of excessive probes, samples were loaded into the nCounter
Prep Station (NanoString Technologies, Seattle, WA, USA) for pur-
ification and immobilization onto the internal surface of a sample
cartridge for 2–3 h. The sample cartridge was then transferred and
imaged on the nCounter Digital Analyzer (NanoString Technologies)
where colour codes were counted and tabulated for the 44 genes.

2.3. Genes expression analysis

As previously described, each sample was analyzed in a separate
multiplexed reaction that each included eight negative probes and six

serial concentrations of positive control probes. Negative control ana-
lysis was performed to determine the background for each sample. Data
was imported into nSolver® analysis software (version 4.0) for quality
checking and normalization of data. Briefly, to normalize differences in
RNA input, geometric means were calculated over four housekeeping
genes (RPL19, TBP, POLR2A, and HPRT1) according to the Milieu
Intérieur study (details in supplementary material and method S1) [12].

2.4. Statistical analysis

Data obtained from our independent healthy volunteers cohort were
compared to public Urrutia et al. dataset (Gene Expression Omnibus
(GEO) DataSets (GSE85176)). Non-parametric Deming regression and
Spearman's correlation were calculated for all parameter comparisons
using R software V3.6.1. A p-value < .05 was considered as statisti-
cally significant.

3. Results

3.1. Transcriptomic response

Immune response after stimulation with SEB (Fig. 1A) or LPS
(Fig. 1C) showed a strong correlation between the two independent
healthy cohorts for the 44-gene expression signature, after followed the
same protocol than Urrutia et al. [12]. This was confirmed by Deming
regression on medians (Spearman's correlation coefficient rho = 0.99
for SEB and 0.90 for LPS; p-values < .001; Fig. 1B and D) and on inter-
deciles (Spearman's correlation coefficient rho = 0.96 for SEB and 0.94
for LPS; p-values < .001; details in supplementary fig. S1).

3.2. Interferon gamma response

In a second time, following SEB stimulation of HV, a comparison of
ifn-γ gene expression (in the corresponding TruCulture) and IFN-γ re-
lease in the supernatant (Fig. 2) was performed. The latter is described
as a marker of T-cell mediated immunity and used as a diagnostic tool
in research and clinical settings (IGRA) [13,14]. A strong correlation
was observed between protein and gene expression for the 20 HV from
Lyon (Fig. 2A) and the 25 HV from MI (Fig. 2B) (Spearman's correlation

Fig. 2. Interferon-γ induction after whole-blood SEB stimulation.
Whole blood from 20 healthy volunteers included in the Lyon study cohort (A) and from 25 healthy volunteers enrolled in the Milieu Intérieur (MI) cohort (B) was
stimulated with SEB in TruCulture tubes for 24 h. Comparison between IFNy mRNA and protein expression was assessed separately for each healthy cohort due to the
use of a different method for cytokine secretion measurement. For protein quantification, IFNγ release was quantified in TruCulture supernatant using Luminex
xMAP® for the MI cohort and using VIDAS® platform (bioMérieux) for the Lyon cohort. Count number for mRNA ifn-γ gene expression was normalized by the
geometric mean of HPRT1, POLR2A, RPL19 and TBP housekeeping genes. Gene data from the MI study was obtained from Gene Expression Omnibus (GEO) DataSets
(GSE85176) [12] and protein data extracted from Duffy et.al supplementary information [15]. Spearman's correlation coefficient (rho) was calculated for each
condition and indicated on each graphical representation.
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coefficient rho ≥ 0.64 for both cohorts and p-value < .0005).

4. Discussion and conclusion

In this study, we carried out an independent validation of a pub-
lished method used to characterize the underlying host response to
infectious conditions using an IFA. We evaluate the reproducibility and
robustness of this IFA and associated readout using an independent HV
cohort.

The strong host response correlation between the two cohorts
highlights that standardized methods for immune function evaluation
exist and could be implemented in larger-scale studies.

Also, based on the strong correlation observed, IFN-γ mRNA mea-
surement might be a reliable and robust readout to assess T-cell func-
tionality. Besides, the 24 h stimulation of whole blood in standardized
TruCulture tubes, which limits technical manipulation bias, renders this
method a versatile tool for clinical use [11].

In conclusion, this standardized IFA could be a relevant tool to re-
veal innate and adaptive immune dysfunction in patients suffering from
immune-related disorders.
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Letter to the Editor

[DOI: 10.1002/eji.202149296]

Specific detection of
memory T-cells in
COVID-19 patients
using standardized
whole-blood
Interferon
gammarelease assay

As our understanding of the immune
response against SARS-CoV-2 improves, it
becomes clear that virus-specific T-cells
are key players in the control of infec-
tion and that suboptimal T-cells response
contribute to Covid-19 severity in many
individuals [1]. SARS-CoV-2 specific T-cell
responses often target epitopes conserved
in different virus clades, including vari-
ants of concern [2], and even in other
seasonal human coronaviruses (HCoV)
[3,4]. Thus, memory T-cells may be more
cross-protective than antibodies against
different coronavirus infections. In addi-
tion, specific SARS-CoV-2 T-cell responses
have been detected in convalescent donors
without antibody responses suggesting
that, at least in some individuals, the
measurement of T-cell responses, mainly
investigated using ELISpot assay and/or
intracellular cytokine staining (ICS) [3,4],
may complement serological measure-
ments to uncover and characterize past
infections. Thus, novel immunodiagnos-
tics, more suitable for clinical routine than

Correspondence: Sophie Trouiller-Assant
e-mail: Sophie.assant@chu-lyon.fr

the two methods mentioned above and
measuring cellular immune response to
SARS-CoV-2, are needed to assess individ-
ual immune status and evaluate emerg-
ing vaccines in a robust and standardized
manner. For this purpose, we designed
a semi-automated whole-blood Interferon
gamma release assay (WB IGRA) to
detect and quantify SARS-CoV-2-specific
T-cells immunity. WB assays are rapid and
simple assays that preserve all interac-
tions between circulating immune cells
reflecting the, in vivo, situation. IFN-
ɣ secretion measurement following stim-
ulation with SARS-CoV-2 peptides was
used to reveal SARS-CoV-2 specific T-
cell response, notably in whole blood
and Peripheral blood mononuclear cells
(PBMC) assays as previously reported [5–
8]. We monitored T-cell immunity directed
against different SARS-CoV-2 proteins
including nucleocapsid (N), membrane
glycoprotein (M) and the spike receptor-
binding domain (RBD) in a cohort of 129
Covid-19 convalescent healthcare workers
(HCWs) infected 6 months before with
SARS-CoV-2. We correlated these mea-
surements with serological levels of anti-
bodies (Abs) against SARS-CoV-2. We also
assessed the specificity of the WB IGRA for
SARS-CoV-2 by performing measurements
in 25 SARS-CoV-2 seronegative healthy
volunteers (HVs) and in three HCWs with
previously documented infection by HCoV.

We constituted a cohort of HCWs pre-
viously infected by SARS-CoV-2 (n = 129)
or HCoV (n = 3) at 6-month post-symptom
period. Among patients, 20 of 129 (16%)
SARS-CoV-2 positive HCWs were male
(sex ratio, 0.18), the median age was
41 years (21-62 years); one of three (33%)
HKU-1 (n = 1)/NL-63 (n = 2) positive
HCWs were male (sex ratio, 0.5) with a
median age of 22 years (21-23 years).

We also included HVs (n = 25) of which
13 of 25 (52%) were male (sex ratio,
1.08) with a median age of 42 years (19-
68 years). We first monitored SARS-CoV-
2 specific Abs using the Wantai total Ab
kit in the three different groups of par-
ticipants. These Abs were undetectable in
the sera from the three HCoV positive
HCWs and from the 25 HVs, confirming
the absence of previous SARS-CoV-2 infec-
tion. In contrast, they were detected in all
129 HCWs with documented SARS-CoV-
2 infection 6 months before. These sera
were further characterized, 82.9% (n =
107) had IgG against the SARS-CoV-2 RBD
domain (bioMérieux VIDAS®) [8–10] and
only 48.8% (n = 63) scored positive in a
virus neutralization test (VNT) (Table 1),
confirming previous findings regarding the
relative short half-life of neutralizing anti-
bodies (nAbs) in subjects with mild disease
[11,12].

We then monitored the T-cell response
against M, RBD, and N peptides using
the WB IGRA for the different groups. A
detectable IFN-ɣ release was observed for
89.1%, 62.4%, and 97.9% of SARS-CoV-2
positive HCWs (detailed in Table 1) after
stimulation with M (Figure 1A), RBD
(Figure 1B), and N (Figure 1C) SARS-
CoV-2 peptides, respectively. These data
suggest that a detectable T-cell response
after SARS-CoV-2 peptide stimulation
can be observed at 6 months post symp-
toms, in accordance with recent results
[8], and extending previous findings by
Murugesan et al. [7] who used a similar
approach, with different peptides pools,
in recently-SARS-CoV-2-infected patients.
No or very low IFN-ɣ release (<0.12
IU/mL) was detected for HVs and HCoV
upon stimulation with M (Figure 1A) or
RBD (Figure 1B). Interestingly, two of the
three HCoV positive HCWs (Mean 0.45

© 2021 The Authors. European Journal of Immunology published by Wiley-VCH GmbH www.eji-journal.eu
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Table 1. Association of SARS-CoV-2 humoral and cellular response

Anti-SARS-CoV-2-RBD
IgG titer Virus neutralization test

Assay type ELFA /
Positive, n (%) 107 (82.9) 63 (48.8)
Negative, n (%) 22 (17.1) 66 (51.2)
Overall, Negative and Positive Percent Agreement with WB IGRA M; T-cell responders 115/129 (89.1%) (IFN-ɣ titer: median 0.51
[0.24-1.49] IU/mL)

OPA [95%CI] 78.3 [70.4-84.5] 56.6 [48.0-64.8]
PPA [95%CI] 90.7 [83.7-94.8] 96.8 [89.1-99.1]
NPA [95%CI] 18.2 [7.3-38.5] 18.2 [10.7-29.1]
Overall, Negative and Positive Percent Agreement with WB IGRA RBD; T-cell responders 58/93 (62.4%) (IFN-ɣ titer: median 0.12
[0.17-0.34] IU/mL)

OPA [95%CI] 71.0 [61.1-79.2] 62.4 [52.2-71.5]
PPA [95%CI] 69.6 [58.8-78.7] 72.6 [59.1-82.9]
NPA [95%CI] 78.6 [52.4-92.4] 50.0 [35.5-64.5]
Overall, Negative and Positive Percent Agreement with WB IGRA N; T-cell responders 92/94 (97.9%) (IFN-ɣ titer: median 1.20

[0.60-2.48] IU/mL)
OPA [95%CI] 81.9 [72.9-88.4] 51.1 [41.1-60.9]
PPA [95%CI] 97.5 [91.2-99.3] 100 [92.3-100]
NPA [95%CI] 0 [0-20.4] 4.2 [1.2-14.0]

[0.10-0.79] IU/mL), as well as 44% (n =
11/25, Mean 0.20 [0.13-0.32] IU/mL)
of the HVs showed a low detectable
IFN-ɣ response upon stimulation with
N (Figure 1C). These data suggest that
N peptides are able to elicit not only
SARS-CoV-2 specific T-cells but also
cross-reactive HCoV-specific T-cells, which
reinforces the existence of potential pre-
existing immunity in HVs, as previously
noted [4,13,14,15].

The overall percent agreement
between the T-cell responses against

N, M, or RBD WB IGRA and positive anti-
SARS-CoV-2-RBD IgG (bioMérieux IgG
assay) was of 81.9%, 78.3%, and 71.0%,
respectively. Among the 22 COVID-19
convalescent HCWs with undetectable
anti-SARS-CoV-2-RBD IgG, only 4 did not
have M-specific T-cells, which resulted
in a low negative percent agreement
(NPA) between cellular and humoral
responses (18.2%), interestingly this NPA
was null concerning N-specific T-cells i.e.
all patients with undetectable anti-SARS-
CoV-2-RBD IgG have detectable N-specific

T-cells (detailed in Table 1). Moreover,
among the convalescent HCWs who
lacked neutralizing Abs at 6 months post-
infection, 81.8% (n = 54/66) and 95.8%
(n = 46/48) had M- and N-specific T-cells,
respectively. These results highlight that
the T-cell response persists longer than
neutralizing antibodies, suggesting that
the measurement of T-cell responses
is important to define the history of
pastinfections.

Finally, we assessed the production
of IFN-γ by CD4+ T-cells measured by

Figure 1. IFN-γ release after in vitro WB stimulation using SARS-CoV-2 peptide pools. IFN-ɣ levels measurement in WB of samples from SARS-
CoV-2 convalescent HCWs (dot), three HCoV convalescent HCWs (square) and 25 controls (HV) (triangle). IFN-ɣ secretion was measured on VIDAS
automated platform (VIDAS® IFNɣ RUO, bioMérieux) after a 22-h stimulation using (A) M peptides, (B) RBD peptides, and (C) N peptides. Themedian
and individual secretion levels are shown. (D) Percentage of IFN-ɣ positive CD4+ T-cells measured by intracellular cytokine staining (ICS) following
stimulation of PBMCs from a subset of patients (dot, n = 60) and new controls (HV) (triangle, n = 6) with a pool of peptides (PepTivator, Miltenyi
Biotec) derived from Spike, N, and M proteins as detailed in the methods. Statistical differences were inferred using non-parametric Kruskal-Wallis
test and Dunn’s multiple comparisons test (A-C) or Mann-Whitney test (D) (***p < 0.001).
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intracellular cytokine staining (ICS) fol-
lowing stimulation of PBMCs from a subset
of patients (n = 60), with a pool of pep-
tides (PepTivator, Miltenyi Biotec) derived
from Spike, N, and M proteins (Fig-
ure 1D). We observed a 5.3-fold increase
of CD4+IFNɣ+ in SARS-CoV-2 convales-
cent HCWs compared to HV (p<0.001),
suggesting that IFN-γ is mainly produced
by SARS-CoV-2 specific CD4+ T-cells and
confirming the use of IFN-γ release as a
relevant marker of T-cell immune response
as previously described [5–7].

However, we acknowledge that our
study has some limitations: (i) the WB
IGRA was not able to differentiate between
CD8+ and CD4+ T-cells responses, (ii) it
does not determine whether memory T-
cells are protective against SARS-CoV-2
re-infection, (iii) it was not evaluated in
vaccinated subjects, and (iv) it is neces-
sary to assess whole Spike protein epitopes
including other non-RBD spike epitopes
in order to improve detection of vaccine-
induced memory T-cells. Nevertheless, a
validated [semi-]automatized SARS-CoV-
2 WB IGRA would be of interest to assess
T-cell memory induced by natural infec-
tion or vaccination in the clinical routine.

Here, we present a WB IGRA that
is highly efficient in detecting SARS-
CoV-2 specific T-cell responses, confirm-
ing the reliability of such tests [5–7].
Our results highlight that peptides derived
from distinct viral proteins show a differ-
ent capacity to trigger a T-cell response
in patients having recovered from SARS-
CoV-2 infection. Stimulation with RBD-
peptides was less efficient in inducing
IFN-γ secretion than stimulation with M
and N peptides in convalescent patients,
however this assay could be helpful to
assess T-cell memory after SARS-CoV-
2 vaccination targeting the Spike RBD
domain. Indeed, the induction of protec-
tive immune responses composed of Spike-
or RBD-directed nAbs associated with Th1-
type cellular responses, is recommended
by WHO. N- and M-peptides both induced
the production of high levels of IFN-γ,
the stimulation by N could even induce
low levels of IFN-ɣ secretion by HCoV-
convalescent HCWs and HVs T-cells indi-
cating that the pool of N-peptides contains

some cross reactive epitopes able to stim-
ulate HCoV induced T-cells. Hence, stimu-
lation with M appears to be more specific
and could be used to measure T-cell mem-
ory after SARS-CoV-2 natural infection.
Alternatively, N peptides located in regions
that are conserved between HCoV and
SARS-CoV-2 could be removed from the
N pool of peptides [3,4] or a higher pos-
itivity threshold, more suitable than detec-
tion threshold defined by method protocol,
could be set using the pool described in
this study.

In summary, WB IGRA could thus be
proposed as a suitable and rapid option for
assessing the presence of a long-term spe-
cific T-cell response against SARS-CoV-2.
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Abstract: Torque teno virus (TTV) has been proposed as a surrogate biomarker of T-cell function in 
allogeneic-haematopoietic-stem-cell transplantation (allo-HSCT). Conflicting data exists regarding 
the value of TTV to assess the degree of immunosuppression. The aim of the present study was to 
investigate the correlation between TTV viral load and immune function. Using samples from a 
prospective cohort composed of healthy-volunteers (HV) and allo-HSCT recipients at 6 months 
post-transplantation, we assessed the correlation between TTV viraemia and immune cell counts or 
T-cell proliferation capacity post-phytohaemagglutinin stimulation. TTV viraemia was detected in 
68% of HV (n=80) and 100% of allo-HSCT recipients (n=41; p<0.001); it was significantly higher in 
allo-HSCT recipients (3.9 vs. 2.1 Log copies/mL, p<0.001). There was no correlation between T-cell 
function and CD3+T-cell count (rho:0.002) suggesting that T-cell count can normalise without full-
functional recovery. Furthermore, no significant correlation was observed between TTV viraemia 
and absolute total/subset lymphocyte counts (rho:<0.13). The highest correlation was observed 
between TTV viral load and T-cell proliferation capacity (rho:-0.39). We therefore report an inverse 
correlation between T-cell function and TTV viraemia that is independent of T-cell count. 
Monitoring of TTV viraemia could be a fast suitable option to objectively assess the competence of 
immune function in at-risk populations. 
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1. Introduction 

Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is a cellular therapy used for 
the cure of malignant and non-malignant haematological disorders. From the immunological point 
of view, allo-HSCT recipients represent a highly specific population experiencing a phase of 
profound immunosuppression followed by gradual immune recovery [1–3]. Both the speed and 
quality of immune reconstitution are variable; these depend on haematological and transplant 
characteristics, as well as post-transplant complications such as graft-versus-host-disease (GvHD). 
This is also of importance as prolonged immunosuppression exposes allo-HSCT recipients to 
transplant rejection, relapse of the underlying disease and infectious complications [4]. 

During the immune reconstitution period, tools to effectively measure the individual degree of 
immunosuppression are needed. Absolute lymphocyte counts, such as counts of T-cell subtype 
populations, are currently used as biomarkers of immune reconstitution, although this is not 
informative on their function [5–7]. A simple blood biomarker mirroring T-cell function would be 
useful, and measuring the blood viral load of torque teno virus (TTV) may be of interest in this 
context. TTV is a ubiquitous, non-enveloped DNA virus from the Anelloviridae family with no known 
pathogenicity and constitutes the main component of the human blood virome [8]. Previous studies 
in the transplant setting have suggested that TTV viral load and/or the composition of the 
Anelloviridae virome could be surrogate markers of immune competence and could be useful to 
monitor patients’ immunity and to guide pharmacological interventions [9–14]. However, none of 
these analysed the correlation between TTV viral load and a direct markers of immune function; only 
indirect markers of immunocompetence have been previously used, such as clinical adverse 
outcomes (type of disease, graft rejection, infections, or GvHD) or immune cell counts for which 
conflicting data exists, especially in the allo-HSCT context [9,15]. In addition to being based only on 
an indirect correlation, the link between TTV and immune function warrants furhter investigation. 
We therefore studied prospectively the correlation between TTV viraemia, immune cell counts and 
lymphocyte competency estimated by their proliferating capacity in allo-HSCT recipients at 6 months 
post-transplant. 

2. Materials and Methods  

2.1. Study population 

Were included, adult (  18 years) allo-HSCT recipients transplanted at the haematology 
department of the Lyon university hospital (France) and enrolled in the prospective, single-centre 
cohort study “VaccHemInf” between May 2018 and April 2020. The VaccHemInf cohort study has 
been previously described and aims at studying vaccine immunogenicity and immune reconstitution 
after allo-HSCT [16]. The cohort has been approved by a regional review board (Comité de Protection 
des Personnes Sud-Est V, Grenoble, France; number 69HCL17_0769) and is registered in 
ClinicalTrial.gov (NCT03659773). At inclusion, demographics (age and sex), haematological and 
transplant-related (underlying haematological disease [based on 2016 revision of the World Health 
Organization classification of myeloid and lymphoid neoplasms], conditioning regimen, stem cell 
source, and donor type) as well as post-transplant characteristics (GvHD, immunomodulatory 
medication[s]) and immunosuppressive therapies including antithymocyte globulins, cyclosporine, 
tacrolimus, methotrexate, mycophenolate mofetil, cyclophosphamide, corticosteroids  1 mg/kg > 21 
days) were retrieved from medical records through an electronic case report form (eCRF). The 
presence of viral opportunistic infection/reactivation (except TTV viral load) was also routinely 
monitored by quantitative Polymerase Chain Reaction (qPCR) in the routine virology laboratory and 
reported in the eCRF during the post-transplant period. Infections, infectious agent-related 
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reactivations and diseases was reported using classification guidelines from European Group for 
Blood and Marrow Transplantation, as reported previously [16]. Concomitantly, healthy volunteers 
(HV) were recruited among donors to the Lyon blood transfusion centre (Etablissement Français du 
Sang, EFS) and were considered as a control group. According to the EFS procedures, informed 
consent was obtained from HV and personal data were anonymous. 

2.2. Blood sampling 

Before initiation of the recommended vaccination schedule after allo-HSCT [17,18], samples of 
heparinised whole blood and EDTA plasma were collected and processed for the measurement of 
quantitative and qualitative parameters of immune reconstitution. 

2.3. TTV viral load quantification 

TTV viral DNA (elution volume 50 L) was extracted from 200 L of plasma sample using an 
easyMag extractor (bioMérieux, Marcy-l’Etoile, France) following the manufacturer's instructions. 
The presence and viral load of TTV were then determined using the TTV R-GENE® kit (available for 
research use only, not for diagnostic, Ref#69-030; bioMérieux, Marcy-l’Etoile, France) as previously 
described [19,20]. Log of TTV DNA copy number/mL (Log copies/mL) plasma are used to describe 
TTV viral load. The lowest viral load detected was 0.46 Log copies/mL.  

2.4. T-cell proliferation assay  

Peripheral blood mononuclear cells (PBMCs) were isolated from fresh heparinised blood 
samples using a Ficoll density gradient centrifugation (U-04; Eurobio, Les Ulis, France). Then, 105 
cells/well were incubated 24 hours in supplemented culture medium (RPMI 1640; Eurobio) in a 96-
well cell culture plate at 37°C under 5% CO2. PBMCs were then stimulated in duplicate with 
phytohaemagglutinin (PHA) at 4 g/mL (R30852801; Remel™, Dartford, Kent, UK) and incubated 
for 72 hours. Then, cellular pellets were analysed for T-cell proliferation using the Click-It® EdU 
AF488 flow kit (C10420; Life Technologies, Carlsbad, CA, USA) to measure incorporation of 5-
ethynyl-2’-deoxyuridine (EdU) according to the previously published protocol [21]. The proportion 
(%) of EdU+ proliferating cells (among CD3+ T-cell) was obtained by flow cytometry analyses 
performed on a BD LSR Fortessa™ flow cytometer (BD Biosciences, San Jose, CA, USA). For each 
experiment, a minimum of 2.5 x 103 CD3+ T-cells was recorded. Data were analysed using BD 
FACSDiva Software (version 8.0.3; BD Biosciences). 

2.5. Post-transplant T-cell immunophenotyping 

Extensive T-cell immunophenotyping by flow cytometry on whole blood was performed at the 
immunology laboratory of the Lyon university hospital. Counts of naive CD4+ and CD8+ T-cell 
(CD45+CCR7+), central memory CD4+ and CD8+ T-cell (CD45RA-CCR7+), effector memory CD4+ and 
CD8+ T-cell (CD45RA-CCR7+), differentiated memory CD4+ and CD8+ T-cell (CD45RA+CCR7-) were 
determined (cells/ L) as previously described [15]. The normal values for each type of cells have been 
provided by the immunology laboratory. 

2.6. Statistical analysis 

The Shapiro-Wilk normality test was used to determine the distribution of data, and accordingly 
quantitative data was expressed as mean (range) or median [interquartile range [IQR]. TTV viral load 
was log-transformed for analysis (Log copies/mL). For HV and allo-HSCT recipients’ datasets, 
analysis of variance was performed using F-test and differences were calculated using a parametric 
unpaired t test with Welch's correction. Correlations were assessed using a parametric Pearson rho 
correlation coefficient (rho [95% confidence interval, CI]). Regression analyses were conducted to 
evaluate the association between the dependent variable, TTV viral load, and independent variables 
(proportion of proliferating cells, absolute lymphocytes counts, and CD3+ T-cell counts). Differences 
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in TTV plasma viral load according to several clinical characteristics were performed using the non-
parametric Mann-Whitney test. 

A p-value of <0.05 was considered significant. Statistical analyses were conducted using 
GraphPad Prism® software (version 5; GraphPad software, La Jolla, CA, USA) and R (version 3.5.1, 
R Core Team (2020). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. URL https://www.R-project.org/). 

3. Results 

3.1. Participant characteristics 

A total of 41 allo-HSCT recipients and 80 HV were included. Age (median [IQR]: 46 [31-53] vs. 
56 [40-64] years, p=0.32) and sex ratio (1.6 vs. 1.4, p=0.85) were similar among allo-HSCT recipients 
and HV. Allo-HSCT recipients were enrolled at a median [IQR] of 6 [5-8] months post-transplant. 
Patient characteristics are summarised in Table 1; of note, 17% (n=7) had chronic GvHD and 78% 
(n=32) of allo-HSCT recipients were still under immunosuppressive medication. 

Table 1. Clinical characteristics of allogeneic haematopoietic stem cell transplant recipients. 

 Patients n= 41 

Demographics 56 [40-64]
 Age, median [IQR] 24 (59)
Time from transplantation in months, median [IQR] 6 [5-8]
Haematological and transplant-related characteristics. n (%)  
 Underlying haematological diseases  
   Myeloid neoplasm and acute leukaemia 37 (90)
   Mature lymphoid. histiocytic. and dendritic neoplasms 4 (10)
 CR before the engraftment. n (%) 39 (95)
 Donor types  
   Matched related 23 (56)
   Unrelated 18 (44)
     Fully matched 15 (37)
     HLA mismatched 3 (7)
 Stem cell source  
   Peripheral blood cells 28 (68)
   Bone marrow 13 (32)
 Conditioning regimen  
   MAC 17 (41)
   RIC 24 (59)
   TBI 11 (27)
Post-transplant complications. n (%)  
   Acute GvHD 30 (73) 
   Grade I/II 21/9 
   Chronic GvHD 7 (17) 
   Limited/Extensive 5/2 
Immunophenotyping. mean (range)  
   Absolute lymphocytes (NV. 1000-2800/ L) 1659 (410-5350) 
   CD3+ T-cells (NV. 521-1772/ L) 915 (175-3406) 
   CD3+ CD4+ T-cells (NV. 336-1126/ L) 273 (38-876) 
     Naïve CD4+ (CD45+CCR7+) (NV. 121-456/ L) 45 (0-445) 
     Central Memory CD4+ (CD45RA-CCR7+) (NV. 92-341/ L) 60 (1-168) 
     Effector Memory CD4+ (CD45RA-CCR7-) (NV. 59-321/ L) 163 (4-522) 
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     Differentiated Memory CD4+ (CD45RA+CCR7-) (NV. 11-
102/ L) 

19 (0-147) 

   CD3+ CD8+ T-cells (NV. 125-780/ L) 602 (60-2779) 
     Naïve CD8+ (CD45+CCR7+) (NV. 86-257 L) 40 (0-241) 
     Central Memory CD8+ (CD45RA-CCR7+) (NV. 19-93/ L) 17 (0-127) 
     Effector Memory CD8+ (CD45RA-CCR7-) (NV. 15-162/ L) 286 (0-1517) 
     Differentiated Memory CD8+ (CD45RA+CCR7-) (NV. 39-
212/ L) 

257 (0-1474) 

   CD4+/CD8+ ratio (NV. 0.9-6) 0.84 (0.13- 8.88) 
Post-transplant immunomodulatory therapy at inclusion, n (%)  
   IS Therapy 32 (78) 
   Corticosteroids  5 (12) 
   IVIG infusion 23 (56) 
   Time since last IVIG infusion, month (median [IQR])  4 [2-5] 
   DLI 7 (17) 
   ECP 2 (5) 

Abbreviations: Allo. allogeneic; CR. complete remission; DLI. donor lymphocyte infusion; ECP. extracorporeal 
photochemotherapy; GvHD. graft-versus-host disease; HLA. human leukocyte antigen; HSCT. haematopoietic 
stem cells transplantation; IQR. interquartile range; IS. immunosuppressive; MAC. myeloablative conditioning; 
NK. Natural Killer; NV. normal values; RIC. reduced intensity conditioning; TBI. total body irradiation. 

3.2. Plasma TTV viral load in allo-HSCT recipients and HV 

TTV was detected in 100% (41/41) of allo-HSCT recipients and 68% (54/80) of HV (p<0.001). Mean 
(range) TTV viral load was significantly higher in allo-HSCT recipients compared to HV [3.9 (0.7-7.7) 
vs 2.1 (0.5-4.3) Log copies/mL respectively, p< 0.001; Figure 1].  

 

Figure 1. TTV viral load in healthy volunteers and allo-HSCT plasma samples 

TTV viral load from 41 allo-HSCT recipients (black) and 54 healthy volunteers (white) plasma was 
quantified by real-time qPCR. Variance was compared using F-test (## p<0.01). The mean TTV viral 
load (black line) was compared using unpaired t test with Welch’s correction (*** p<0.001). 
Abbreviations: Allo. allogeneic; HSCT. haematopoietic stem cells transplantation; TTV. torque teno 
virus. 
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No correlation was found between the delay post-transplant [5-8 months] and plasma TTV viral 
load (Pearson’s rho = 0.03, 95% CI [-0.2811 to 0.3338], p=0.86; Figure S1).  

3.3. Correlation between TTV viral load and T-cell counts or proliferation capacity 

In allo-HSCT recipients, absolute lymphocytes and CD3+ T-cells counts were within normal 
value ranges. Five out of ten lymphocyte subtype counts studied were lower than the normal value 
range, such as naïve and central memory CD3+CD4+ or CD3+CD8+ T-cells (individual values available 
in Table S1). A significant lower mean (range) proliferation capacity among CD3+ T-cells was 
observed in allo-HSCT recipients compared to HV [21.3% (2.9-42.3%) vs. 40.5% (29.7-55.3%), p<0.001]. 
In addition, a significantly wider range and a more heterogeneous distribution of proliferation 
capacity were observed among allo-HSCT recipients compared to HV (2.9%-42.3% vs. 29.7%-55.3%, 
respectively, F-test p=0.004), indicating the inter-individual variability in the immune reconstitution 
after allo-HSCT (Figure S2). Correlations between TTV viral load and T-cell proliferation capacity or 
absolute cell counts were then analysed among allo-HSCT recipients (Figure 2A). The highest 
correlation was between TTV viral load and T-cell proliferation capacity (Pearson’s rho = -0.39, [-
0.62 to -0.09]; Figure 2B); there was no significant correlation between TTV viral load and absolute 
lymphocytes (Figure 2C) or CD3+ T-cell counts (Figure 2D).  

 

 

Figure 2. Overall correlation of TTV plasma viral load from 41 allo-HSCT recipients plasma versus T-
cell subtype counts and CD3+ T-cell proliferation capacity (a). Pearson’s rho and 95% confidence 
interval (95%CI) for all parameters are represented by black dots and lines, respectively. Detailed 
correlation of TTV viral load from 41 allo-HSCT recipients’ plasma versus: (b) CD3+ T-cell 
proliferation capacity, (c) Absolute lymphocyte count, and (d) CD3+ T-cell count. Extreme patients: 
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“A” (square) and “B” (triangle), as well as the linear regression (black line) are presented. Correlation 
of TTV viral load (x-axis) and cell count or CD3+ T-cell proliferation capacity (y-axis) was determined 
using Pearson’s correlation coefficient. Abbreviations: NK. Natural killer; PHA. Phytohemagglutinin; 
TTV. torque teno virus  

 3.4. Correlation between (post-)transplant characteristics and TTV viral load 

There was a significantly higher median [IQR] plasma TTV viral load in allo-HSCT recipients 
with viral opportunistic infection/reactivation (4.1 Log copies/mL [3.5-4.9], n=26, p=0.02) compared 
to other allo-HSCT recipients (3.2 Log copies/mL [2.8-4.1], n=15; Figure 3A). This was also the case 
for allo-HSCT recipients with CMV infection/reactivation (4.8 Log copies/mL [4.0-5.9], n=9, p=0.02) 
compared to other allo-HSCT recipients (3.7 Log copies/mL [2.9-4.3], n=32; Figure 3B). Other 
characteristics did not significantly impact TTV viral loads in univariate analysis (Table S2). 

 
Figure 3. TTV viral load in allo-HSCT recipients according to post transplant viral 
infection/reactivation. TTV viral load from 41 allo-HSCT with (white) or without (black) (a) viral 
opportunistic infection/reactivation and (b) CMV infection/reactivation during post-transplant 
period. Comparison between groups was performed using Mann-Whitney test (***. p< 0.001). 
Abbreviations: Allo. allogeneic; CMV. Cytomegalovirus; HSCT. haematopoietic stem cells 
transplantation; TTV. torque teno virus. 

3.5. Clinical characteristics of allo-HSCT recipients with extreme values of TTV viral load 

By analysing at an individual level the correlation between the TTV viral load and the T-cell 
proliferation capacity in response to PHA stimulation, we noticed that patient ‘A’ with the lowest 
viral load (0.65 Log copies/mL) had one of the highest T-cell proliferation capacity (41.6% EdU+ 
proliferating cells among CD3+ T-cell; square on Figure 2B). Conversely, patient ‘B’ with the highest 
viral load (7.72 Log copies/mL) had the lowest T-cell proliferation capacity (2.9% EdU+ proliferating 
cells among CD3+ T-cell; triangle on Figure 2B). Patient ‘A’ had an uncomplicated post-transplant 
course (Figure S3A); conversely, patient ‘B’ suffered from chronic GvHD (grade I requiring 
immunosuppressive therapy [topical corticosteroids], received monthly intravenous 
immunoglobulin infusions and had presented multiple episodes of post-transplant infections (Figure 
S3B). Patient characteristics are summarised in Table 2. 
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Table 2. Clinical characteristics of patients with extreme values of TTV viral load. 

 Patient A Patient B 
Demographics   
   Age 52 57 
   Sex Male Female 
Haematological and transplant-related 
characteristics 

    

   Underlying haematological diseases Mature B cells 
neoplasm 

Acute myeloid 
leukaemia 

   CR before the engraftment Yes Yes 
   Donor types Geno-identical Pheno-identical (9/10) 
   Stem cell sources Bone marrow Peripheral blood cells 
   Conditioning regimen MAC RIC 
   Total body irradiation Yes No 
Post-transplant complications     
   Acute GvHD No Yes. grade I 
   Chronic GvHD No No 
Post-transplant immunomodulatory therapy     
   IS therapy No Yes 
   IVIG infusion No Yes 
Number of infections after transplantation 0  5 
TTV viral load in Log copies/mL 0.65 7.72 
CD3+ T-cell proliferation capacity 41.6 2.9 
Abbreviations: GvHD. graft versus host disease; IS. immunosuppressive therapy; IVIG; intravenous 
immunoglobulin; MAC. myeloablative conditioning; RIC. reduced intensity conditioning; TTV. torque teno 
virus. 

4. Discussion 

In the present study we measured TTV viral load in allo-HSCT recipients at a median time of 6 
months post-transplant and in HV. The frequency and level of TTV viral load in HV was coherent 
with the findings of a recent study reported by Focosi et al. (prevalence of 65% and 2.3 ± 0.7 Log 
copies/mL of TTV viral load) [22]. In allo-HSCT recipients, while absolute lymphocytes and CD3+ T-
cells counts had normal values, TTV viral load was significantly higher than in HV, as previously 
reported [14,23]. Interestingly, despite heterogeneity in CD3+ T-cell proliferation among allo-HSCT 
recipients, the highest correlation was observed between TTV viral load and CD3+ T-cell proliferation 
in comparison with all T-cell subtype counts. Thus, as previously established, T-cell function and 
TTV viral load are inversely correlated [12,24]. In line with this observation, Focosi et al. suggested 
that TTV viral load is associated with the number of CD8+/CD57+ T-cells, a subtype of lymphocyte 
described as potential markers of immunosenescence and found in greater proportions in conditions 
such as acquired immunodeficiency states, transplants, or persistent viral infections [25]. 

In allo-HSCT recipients, the peak of TTV viral load occurs approximately at 3 to 6 months post-
transplant before returning to value observed prior transplantation [9,26]. In the present study, we 
observed that at 6 months post-transplant during the immune reconstitution period, some patients 
are still unable to regulate the TTV replication, leading to high blood viral load, despite a sufficient 
number of T-cells. This observation has been also reported for other viruses such as cytomegalovirus 
(CMV) or Epstein-Barr virus (EBV) [9,27,28] 

In addition, the lack of correlation between T-cell function, assessed by proliferative capacity in 
response to PHA stimulation, and the absolute number of T-cell subtypes (Pearson’s rho: 0.002, 95CI  
[-0.3257; 0.3223]; data not shown) suggests that evaluation of lymphocyte counts at 6 months post-
transplant cannot be used as a relevant marker of reconstitution of immune functions: T-cells can 
normalise without necessarily restoring immunity and T-cells count does not allow to reveal the inter-
individual variability of allo-HSCT recipients [7]. In addition, in the early post-transplant period, 
despite conflicting data [15]; a few studies [13,29] report a weak correlation between T-cell count and 
TTV viral load. This correlation can be explained by the absolute lymphocyte count reconstitution 
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post engraftment, which then serve as a TTV replication reservoir, thus avoiding extrapolation 
between TTV and T-cell function. Indeed, as suggested by Pradier et al., the correlation between T-
cell subtype count and TTV viral load can vary according to the interval post-transplant [5]. This 
result highlights the need for new markers to evaluate lymphocyte function. The use of an immune 
functional assay (IFA) such as the assessment of post-stimulation T-cell proliferation capacity could 
fill this need but its implementation in clinical practice remains difficult. TTV could be interesting as 
a biomarker to estimate immune function and finally to predict infectious and/or clinical events 
related to the immune system [5,9,22,26,30]. 

The present study found a correlation between T-cell function, assessed by the proliferation 
capacity in response to PHA stimulation, and TTV viral load in a well-characterised cohort of allo-
HSCT recipients. These data suggest an interplay between TTV replication and cellular immune 
reconstitution after transplantation, especially the reconstitution of T-cells which are one of the main 
replicating site of TTV [31].  

The study does, however, have limitations, notably related to the small number of patients. For 
instance, because allo-HSCT recipients were referred for vaccination by their haematologists, we 
cannot exclude a selection bias, which could explain the absence of difference between clinical 
characteristics (e.g. underlying disease, conditioning, immunosuppressive therapy, or GvHD) and 
TTV viral load (Table S2). Moreover, it would be interesting to validate these results by assessing 
kinetics of TTV viral load and lymphocyte proliferative capacities at consecutive time points in this 
specific recipient population or in other immunocompromised populations. Furthermore, assessing 
the T-cell function through the measurement of their proliferating capacity might be a reductionist 
view of immune competency, and additional tests are needed to confirm the conclusions made. 

5. Conclusions 

In summary, we found an inverse correlation between the TTV viral load and T-cell function, 
independently of the count of T-cells. The evaluation of immune competency, for at-risk populations, 
using the monitoring of TTV viraemia requires further assessment, as currently under evaluation in 
kidney transplant recipients [32]. Indeed, during the dynamic process of immune reconstitution post-
transplant, a pivotal period for allo-HSCT recipients, a rapid and individual assessment of the 
immune system's capacities could be of clinical interest to adapt anti-infectious prophylactic 
treatments, to guide the immunosuppressant treatment and in fine prevent graft rejection GvHD, 
infectious events and relapsing disease, the main causes of morbimortality in this population. 

Supplementary Materials: Figure S1: Correlation between TTV viral load and delays from HSCT; Figure S2: 
Proliferation capacity of CD3+ T-cell of allo-HSCT recipients compared to healthy volunteers; Figure S3: 
Chronological descriptive follow-up of patients with extreme values of TTV viral load; Table S1: T-cell 
immunophenotyping of allogeneic haematopoietic stem cell transplant recipients and Table S2: Comparison of 
TTV plasma viral load with clinical characteristics of 41 allogeneic haematopoietic stem cell transplant recipients.  
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ARTICLE

Early nasal type I IFN immunity against SARS-CoV-2
is compromised in patients with autoantibodies
against type I IFNs
Jonathan Lopez1*, Marine Mommert2,3*, William Mouton2,4*, Andrés Pizzorno4*, Karen Brengel-Pesce2*, Mehdi Mezidi5,
Marine Villard4, Bruno Lina4,6, Jean-Christophe Richard5, Jean-Baptiste Fassier7,8, Valérie Cheynet2, Blandine Padey4,9,
Victoria Duliere4,10, Thomas Julien4,10, Stéphane Paul4, Paul Bastard11,12,13, Alexandre Belot3,4, Antonin Bal5,6,
Jean-Laurent Casanova11,12,13,14, Manuel Rosa-Calatrava4,10, Florence Morfin5,6, Thierry Walzer4, and Sophie Trouillet-Assant4

IFN-I and IFN-III immunity in the nasal mucosa is poorly characterized during SARS-CoV-2 infection. We analyze the nasal IFN-
I/III signature, namely the expression of ISGF-3–dependent IFN-stimulated genes, in mildly symptomatic COVID-19 patients and
show its correlation with serum IFN-α2 levels, which peak at symptom onset and return to baseline from day 10 onward.
Moreover, the nasal IFN-I/III signature correlates with the nasopharyngeal viral load and is associated with the presence of
infectious viruses. By contrast, we observe low nasal IFN-I/III scores despite high nasal viral loads in a subset of critically ill
COVID-19 patients, which correlates with the presence of autoantibodies (auto-Abs) against IFN-I in both blood and
nasopharyngeal mucosa. In addition, functional assays in a reconstituted human airway epithelium model of SARS-CoV-2
infection confirm the role of such auto-Abs in abrogating the antiviral effects of IFN-I, but not those of IFN-III. Thus, IFN-I auto-
Abs may compromise not only systemic but also local antiviral IFN-I immunity at the early stages of SARS-CoV-2 infection.

Introduction
Cell-intrinsic immunity starts with microbial detection through
innate sensors. In case of infection by RNA viruses such as
SARS-CoV-2, the sensing may involve cytosolic retinoic acid–
inducible gene I, melanoma differentiation-associated protein 5
(Schultze and Aschenbrenner, 2021), and endosomal TLR3 (Gao
et al., 2021). The activation of these receptors triggers a signaling
cascade that leads to the induction of type I and III IFNs (IFN-I
and IFN-III). During the early phase of this cascade, the tran-
scription of different IFN-I and IFN-III genes and numerous IFN-
stimulated genes (ISGs) is induced. Secreted IFN-I binds to IFN

receptors that signal through JAK1 and tyrosine kinase 2 and
activate STAT1, STAT2, and IFN regulatory factor 9. The last
three then form a complex called ISGF-3 that translocates to the
nucleus and binds to IFN-stimulated response elements (ISREs),
thereby inducing the expression of hundreds of ISGs, most of
which have antiviral activity. Secreted IFN-III binds to another
receptor complex composed of IFNLR and IL10RB and activates
the same ISGF-3 complex, inducing the expression of a large
number of overlapping ISGs (Lazear et al., 2019). ISGF-3 may
also participate to the induction of ISGs downstream IFN-II

.............................................................................................................................................................................
1Molecular biology core facility, Civils Hospices of Lyon, Lyon Sud Hospital, Pierre-Bénite, France; 2Joint Research Unit Civils Hospices of Lyon-bioMérieux, Civils Hospices
of Lyon, Lyon Sud Hospital, Pierre-Bénite, France; 3Open Innovation & Partnerships, bioMérieux S.A., Marcy l’Etoile, France; 4International Center of Research in
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(Platanitis et al., 2019) but is not essential for IFN-γ–dependent
immunity (Rosain et al., 2019).

IFN-I and IFN-III participate in the first line of defense
against infection, as they promote virus clearance, induce tissue
repair, and stimulate the adaptive immune response. However,
IFN-I activity has been reported at very low or undetectable
levels in the blood (Hadjadj et al., 2020; Trouillet-Assant et al.,
2020b) and the nasal epithelium (Ziegler et al., 2021) of some
critically ill COVID-19 patients. This defect is explained in some
patients by inborn genetic defects of IFN-I induction or ampli-
fication (Zhang et al., 2020b) and in others by the presence of
neutralizing autoantibodies (auto-Abs) against type I IFNs, mainly
IFN-α and/or IFN-ω and, in rare cases, IFN-β (Bastard et al., 2020).
These auto-Abs underlie life-threatening pneumonia in at least
10% of intensive care unit (ICU)–admitted COVID-19 patients, as
reported by multiple independent cohort studies (Zhang et al.,
2020b; Bastard et al., 2020; Troya et al., 2021; Koning et al.,
2021; van der Wijst et al., 2021 Preprint). While IFN-I immunity
is essential for pulmonary immunity to SARS-CoV-2, the contri-
bution of IFN-III immunity remains unknown.

The delayed production of IFN-I is thought to result in
unbalanced immune responses unable to clear the virus
(Channappanavar et al., 2016; Carvalho et al., 2021; Blanco-
Melo et al., 2020). A two-step model of pathogenesis has pro-
posed that insufficient IFN-I levels and hence insufficient ISGs
induction during the first 10 d of infection underly viral spread,
thereby accounting for the subsequent pulmonary and systemic
inflammation that is characteristic of critical cases in which
leukocytes attempt to resolve what IFN-I did not in the first
place (Zhang et al., 2020a). However, few studies have per-
formed longitudinal measurements of immunity during the
acute phases of infection, especially in mildly symptomatic
individuals, and thus the dynamics of IFN-I activity relative to
virus infection and other immunological perturbations remains
largely elusive. Moreover, early host–pathogen interactions
occurring at the primary infection site (i.e., the nasal mucosa)
are likely to influence in a major way the clinical outcome of
infection (Robinot et al., 2021). While many studies have char-
acterized the systemic immune response against SARS-CoV-2,
little is known about the immune events occurring in the na-
sopharyngeal (NP) mucosa. Two recent RNA-sequencing studies
have reported ISGs induction in the nasal mucosa of mildly
symptomatic COVID-19 patients at diagnosis (Mick et al., 2020;
Ng et al., 2021), but whether or how this induction correlates
with viral parameters, the dynamics of the peripheral immune
response, the delay after symptom onset, and the clinical out-
come remains unclear. Moreover, epithelial cells specifically ex-
press the IFN-λ (IFN-III) receptor. This receptor signals through
a similar JAK-STAT pathway as the IFN-I receptor complex and
induces many of the same ISGs that are regulated by the binding
of ISGF-3 to ISREs (Schneider et al., 2014), and both IFN-I and
IFN-III can restrict SARS-CoV-2 infection of human airway ep-
ithelial cultures (Vanderheiden et al., 2020). However, the rel-
ative contributions of IFN-I and IFN-III in the defense against
SARS-CoV-2 infection in vivo remain unknown. Here, we set out
to fill these gaps in knowledge by studying in parallel mucosal
and systemic immunity in COVID-19 patients using different

RNA-based technologies and comparing patients with and with-
out auto-Abs neutralizing IFN-I.

Results
Blood IFN-I activity is high at diagnosis and correlates with
viral load in mildly symptomatic COVID-19 patients
We aimed to study the dynamics of nasal and blood tran-
scriptome in patients during SARS-CoV-2 infection. For this
purpose, we constituted a cohort of health care workers pre-
senting mild COVID-19 symptoms (n = 44 patients; Trouillet-
Assant et al., 2020a) and no respiratory coinfection and for
whom the delay between symptom onset and SARS-CoV-2 mo-
lecular screening was ≤7 d (Table 1). We collected blood samples
and nasal swabs weekly for 4 wk, starting at diagnosis (four
different visits [V1–V4]; see Fig. S1, which outlines the study); a
group of uninfected healthy controls (HCs) was also included
(n = 5). We first measured the transcript levels of 800 genes
associated with different immune pathways in blood cells using
the NanoString technology (“host response” panel). We com-
pared changes in gene expression between mildly symptomatic
patients at each time point of the study (V1–V4) and HCs in order
to identify differentially expressed genes (DEGs; Table S2). Most
changes in gene expression were found at V1 (i.e., at diagnosis of
COVID-19; Fig. S2 A). A principal-component analysis confirmed
this result and additionally showed that all patients at V3 and V4
and two thirds of patients at V2 grouped together with HCs,
while one third of V2 samples clustered between V1 and the
other samples (Fig. 1 A). Thus, changes in gene expression in
leukocytes mainly occurred before seroconversion, which gen-
erally occurs between V1 and V2 (Fig. S2 B). The top functional
pathways associated with DEG at V1 according to the nSolver
NanoString analysis software were ISGs, including IFN-I– and

Table 1. Demographic and clinical characteristics of health care
workers with mild COVID-19 symptoms and critically ill COVID-19
patients

Mild COVID-19
(n = 44)

Critically ill
COVID-19 (n = 26)

Demographics

Age (yr), median [IQR] 38.0 [28.8–48.0] 56.5 [54.0–68.0]

Sex

Male, n (%) 5 (11) 19 (73)

Female, n (%) 39 (89) 7 (27)

BMI (kg/m²), median [IQR] 23.9 [22.4–26.3] 30.2 [27.1–34.2]

Clinical characteristics

Delay between symptom onset and
ICU admission (days), median [IQR]

N/A 8.0 [6.0–11.8]

ICU length of stay (days), median
(minimum-maximum)

N/A 11.5 (3-69)

Mortality, n (%) N/A 8 (31)

All laboratory data were recorded at recipient inclusion. BMI, body mass
index; IQR, interquartile range; N/A, not applicable.
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IFN-III–dependent ISGs (i.e., ISGs driven by ISGF-3 binding to
ISRE) and IFN-II–dependent ISGs (i.e., ISGs mainly driven by
γ-activated factor binding to gamma IFN activation sites; Fig. 1
B). To monitor the representation of these pathways in a lon-
gitudinal manner, we computed an expression score based on
the combined expression of different ISGs (see Materials and
methods). As shown in Fig. 1, C and D, the type I/III ISGs (ISG-I/
III) and ISG-II scores were maximal at V1 and lower for other
time points, even though they were still significantly higher at
V2 compared with HC samples. Moreover, other pathways were
significantly enriched at V1, including DNA/RNA sensing, MHC-I
antigen presentation, lysosome, myeloid inflammation, and nu-
cleotide oligomerization domain–like receptor signaling; for all
these pathways, the scores were significantly higher at V1 com-
pared with HCs and similar between other time points and HCs
(Fig. S3). The ISG-I/III score at V1 was associated with the nor-
malized viral load determined at diagnosis (Fig. 1 E; Spearman ρ =
0.55, P < 0.0001), but not with age, body mass index, or delay

after symptoms (Fig. S2 C). Altogether, these data highlight the
predominance of ISGs among the genes induced in blood cells in
response to SARS-CoV-2 infection, the transient nature of this
induction, and its association with viral load.

Coordinated regulation of nasal and blood ISGs in response to
IFN-I during infection
Next, we aimed to study the regulation and the role of IFN-I/III
signaling in the nasal mucosa in response to SARS-CoV-2 infec-
tion. For this, we took advantage of the nasal swabs used for
standard molecular SARS-CoV-2 screening. However, measur-
ing the host response in such samples is technically challenging,
as the amount of cellular material is extremely limited. To
overcome this problem, we used the FilmArray technology, a
nested PCR-based technique allowing rapid and sensitive mea-
surement of ISGs transcripts that has been recently described
(Mommert et al., 2021) and that we adapted for nasal swabs. This
technique is advantageous, as it is semiautomated and also

Figure 1. SARS-CoV-2 infection leads to a transient and acute type I/III IFN signature in the blood. (A) Principal-component analysis (PCA) of NanoString
host response gene expression data from blood of 5 HC (red triangles) and 44 COVID-19 patients (spheres) followed longitudinally from diagnosis (V1, blue) for
4 wk (V2, green; V3, purple; and V4, orange). The percentage of variance captured by each principal-component (PC) axis is indicated, as well as the total
variance. The vector position for each sample was plotted and the visualization was performed using Genomics Suite 7 (Partek). (B) Pathway analysis for the
123 DEGs between V1 and V2/V3/V4 determined using nSolver NanoString analysis software. The significance scores for the top 10 pathways are indicated.
NLR, nucleotide oligomerization domain–like receptor. (C and D) Box and whisker plots (using the Tukey method) showing the expression score of the in-
dicated pathways from V1 to V4 for patients and for HCs. A Kruskal–Wallis with uncorrected Dunn’s test was used for statistical analysis of data presented in
this figure (multiple comparisons; ***, P < 0.001). (E) Correlation between the nasal SARS-CoV-2 normalized viral load and the NanoString IFN score (49 genes
differentially expressed between V1 and V2/V3/V4). The Spearman’s correlation coefficient is shown.
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designed for clinical routine, providing an IFN-I/III score based on
the quantification of four ISGs regulated through ISGF3-dependent
ISREs (i.e., IFI27, IFI44L, RSAD2, and IFIT1; Hernandez et al., 2018).
We monitored the nasal IFN-I/III score at diagnosis in 23 SARS-
CoV-2–infected health care workers and compared this score with
the blood IFN-I/III score and the serum level of IFN-α2 from the
same patients. There was a strong correlation between nasal and
blood IFN-I/III scores (Fig. 2 A) and between the nasal IFN-I/III
score and serum IFN-α2 levels (Fig. 2 B; Spearman ρ > 0.75 for
both comparisons). We also measured the serum level of IFN-λ1,
even though this cytokine is believed to act in a local manner
(Park and Iwasaki, 2020). IFN-λ1 was detectable in the serum of
many patients, and its levels were also correlated with the nasal
and blood IFN-I/III scores, but the correlation coefficient for these
relations was lower than those of IFN-α2 and IFN-I/III scores (Fig.
S4). We then compared the dynamics of the IFN-I/III score in the
blood versus nasal mucosa, taking advantage of the availability of
serial and paired blood samples and nasal swabs. Both parameters
followed very similar kinetics, peaking at the earliest time points
after symptom onset and rapidly decreasing thereafter, becoming

virtually negative 14 d after symptom onset (Fig. 2 C). This overlap
confirms the coordination of nasal and systemic IFN-I/III antiviral
defenses and shows that the nasal IFN-I/III score measured using
FilmArray directly from swab samples is a faithful proxy of the
blood IFN-I/III score in patients.

The nasal IFN-I/III score is correlatedwith the nasal SARS-CoV-
2 load and virus infectivity
Next, we examined the possibility of using the nasal IFN-I/III
score as a biomarker of SARS-CoV-2 infection when combined
with SARS-CoV-2 RT-PCR. To this aim, we first tested the as-
sociation between the nasal SARS-CoV-2 viral load and the nasal
ISG-I/III score, both determined longitudinally and paired for
each time point. There was a significant correlation between
both parameters (Spearman ρ = 0.59 [0.42; 0.73], P < 0.0001;
Fig. 3 A). Additionally, based on iterative comparisons, we found
that a nasal viral load of 4.40 log10 copies [cp]/106 cells dis-
criminated best between patients with high and low IFN-I/III
scores; accordingly, most patients with viral loads above 4.40
log10 cp/106 cells had high nasal (Fig. 3 B) and blood (Fig. 3 C)

Figure 2. Nasal and blood IFN-I/III scores are correlated during SARS-CoV-2 infection. The NP IFN-I/III (IFN) score, defined by a four-ISGs transcriptional
signature measured using FilmArray technology, was evaluated. (A) Correlation between the NP IFN-I/III score and the blood IFN-I/III score obtained from the
PAXgene whole-blood sample (PX, n = 75 longitudinal samples from 23 patients). The Spearman’s correlation coefficient is shown. (B) Correlation between the
IFN-I/III score and IFN-α2 levels (fg/ml) in plasma (n = 39 samples with a detectable value from 23 patients), measured by single-molecule array using a
commercial kit. The Spearman’s correlation coefficient is shown. (C) Kinetic measurements of the NP (green) and blood IFN-I/III scores (red) post COVID-19
diagnosis. n = 75 longitudinal samples from 23 patients. Fit Loess curves represent local polynomial regressions as determined by the Loess method. Confidence
interval at 95% is indicated (gray area).
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IFN-I/III scores. A few patients had high ISGs scores despite low
virus dose and vice versa, which suggests that other parameters
than the virus dose, such as genetic variation, could influence
ISGs induction upon infection. We then performed virus culture
assays directly from nasal swabs in Vero cells as previously
described (Bal et al., 2021) in order to evaluate the putative as-
sociation between the nasal IFN-I/III score and the isolation of
infectious virus from the swab. We found that positive virus
cultures were usually associated with high median nasal IFN-I/III
scores and, reciprocally, that negative cultures were almost
always associated with low median IFN-I/III scores (Fig. 3 D).
We then evaluated the interest of using the IFN-I/III score as a
surrogate biomarker of replicative SARS-CoV-2 infection through
a receiver-operating characteristic curve. The area (95% confi-
dence interval) under the receiver-operating characteristic

curve was 0.84 (0.7; 0.99), revealing a good performance of the
IFN-I/III score to predict the virus replication capacity with a
cut-point score at 6.75 (Fig. 3 E). Of note, one patient had a
strong nasal IFN-I/III score at V1 (33.2) despite a low viral load
<4.4 log10 cp/106 cells (in red in Fig. 3, A and B). For this patient,
V1 occurred only 1 d after symptom onset (unlike most of the
other patients from the cohort), which suggests that the patient
was probably in the ascending phase of viral replication at V1.
Accordingly, for this patient, the IFN-I/III score remained high
at V2 (43.2) and was associated with a high viral load (>4.4 log10
cp/106 cells); of note, the viral culture was positive for both V1
and V2 time points. Lastly, to further evaluate the relevance of
using the IFN-I/III score as a marker of replicative infection, we
performed comparative measurements of the IFN-I/III score and
of the viral RNA in conditions of limiting material mimicked by

Figure 3. The nasal IFN-I/III score is a surrogate marker of SARS-CoV-2 infectivity. (A) Correlation between the NP IFN-I/III (IFN) score and the nasal
SARS-CoV-2 normalized viral load (n = 75 longitudinal samples from 23 patients) measured using the SARS-CoV-2 R-gene kit. The Spearman’s correlation
coefficient is shown. Red dot corresponds to a patient with a strong nasal IFN-I/III score at V1 despite a low viral load <4.4 Log10 cp/106 cells. (B and C)
Scatterplots showing nasal (B) and blood (PX, PAXgene; C) IFN-I/III scores in patients with normalized viral load superior or inferior to 4.40 log10 cp/106 cells
(n = 75 longitudinal samples from 23 patients). Red dot corresponds to a patient with a strong nasal IFN-I/III score at V1 despite a low viral load <4.4 log10 cp/
106 cells. Statistical comparison was performed using a nonparametric Mann–Whitney test (***, P < 0.001). (D) Scatterplot of the NP IFN-I/III score in patients
with positive or negative nasal SARS-CoV-2 viral culture (n = 30 longitudinal samples from 12 patients). Filled circles represent negative virus culture samples,
empty circles represent positive virus culture sample, and triangle corresponds to a sample positive on cell culture without cytopathic effect. Statistical
comparison was performed using a nonparametric Mann–Whitney test (***, P < 0.001). (E) Receiver-operating characteristic curve discriminating between
positive and negative SARS-CoV-2 viral culture result. Area under the curve and Youden index are calculated and represent the ability of the NP IFN-I/III score
to separate positive and negative viral cultures. (F) 10-fold serial dilutions (10° to 10−2) of NP swab samples were performed and followed by measurements of
IFN-I/III scores (dark gray, FilmArray) and SARS-CoV-2 load (Ct detection, light gray, SARS-CoV-2 R-gene kit). Data are expressed as floating bars (n = 3; mean
[min-max]). The green area depicts the cutoff point IFN-I/III score associated with positive viral culture (6.75).
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10-fold serial dilutions of positive swabs. The Ct (cycle threshold)
values of the viral PCR rapidly increased upon swab dilutions, while
the IFN-I/III scores remained relatively stable and consistently
higher than the 6.75 value previously shown to discriminate be-
tween swabs containing or not replicative virus (Fig. 3 F). Alto-
gether, our data highlight the relevance of using the nasal IFN-I/III
score as a biomarker of active SARS-CoV-2 infection in combination
with SARS-CoV-2 RT-PCR and as a tool to probe the mucosal
pathogenesis of COVID-19 at the molecular and cellular levels.

The nasal IFN-I/III score is low in patients with neutralizing
anti–type I IFN auto-Abs
A fraction of critically ill COVID-19 patients have low or unde-
tectable blood IFN-I levels (Hadjadj et al., 2020; Trouillet-Assant
et al., 2020b), which can be due to either inborn errors of IFN-I
immunity (Zhang et al., 2020b), the presence of circulating
auto-Abs that neutralize IFN-α and IFN-ω, or both (Bastard et al.,
2020). These auto-Abs could also theoretically block mucosal
IFN-I, but antibodies do not diffuse as well in tissues as they do
in the blood (Iwasaki, 2017), and in some situations, they can be
sequestrated within the vascular compartment (Chen et al.,
2018). We thus tested the relationships among disease sever-
ity, the presence of IFN-I auto-Abs, viral load, and nasal IFN-I/III
score. We obtained blood and nasal swabs at ICU admission from
26 critically ill patients (Table 1). The presence of neutralizing
auto-Abs against IFN-α and IFN-ω in serum was tested using a
novel highly sensitive ELISA (Goncalves et al., 2021). We de-
tected IFN-α and/or IFN-ω auto-Abs in the sera of 8 out of 26
critically ill patients and none of the mildly symptomatic pa-
tients (Fig. 4). While most patients without IFN-I auto-Abs and a
viral load >4.4 log10 cp/106 cells had a very high ISGs score (Fig. 4
A), patients with IFN-I auto-Abs had very low nasal IFN-I/III
scores, irrespective of viral load, except for three patients who
displayed auto-Abs against IFN-α2 only and for whom we as-
sumed that IFN-ω could compensate the blockade of IFN-α2. The
other five patients had auto-Abs against both IFN-α and IFN-ω
(Fig. 4 B) These data suggest that IFN-I auto-Abs could block
IFN-I in the nasal mucosa as well, which was tested by assessing
the presence of neutralizing IFN-I auto-Abs in nasal swabs in
patients for whom serum auto-Abs levels were also determined.
Interestingly, nasal IFN-I auto-Abs were detected in half of the
patients who had serum auto-Abs (Table S3). This is consistent
with their previous detection in a bronchoalveolar lavage (de
Prost et al., 2021). The serum level of IFN-I auto-Abs was not
correlated to that of the swab, but differences in the quality of
the swab may explain this discrepancy.

Thus, our data suggest that (1) IFN-I is the main inducer of
strong ISGs responses in the nasal mucosa, while IFN-III seems
insufficient; (2) IFN-I auto-Abs compromise early antiviral de-
fenses in the nasal mucosa of critically ill patients, especially
when auto-Abs against both IFN-α2 and IFN-ω are present; and
(3) IFN-ω is involved in nasal IFN-I immunity.

IFN-I auto-Abs block the antiviral effects of IFN-I in a human
airway epithelium (HAE) model of SARS-CoV-2 infection
To assess the impact of IFN-I auto-Abs in the early defense
against SARS-CoV-2 infection in a more direct manner, we used

a previously validated (Pizzorno et al., 2020) and predictive
reconstituted HAE model of SARS-CoV-2 infection. In this
model, HAEs were treated (24 h before and 1 h after infection)
with recombinant IFN-α2 in the presence or absence of pre-
pandemic serum from HCs or patients with biallelic loss-of-
function variants of AIRE (autoimmune regulator locus). The
latter suffer from autoimmune polyendocrine syndrome type
1 (APS-1) and produce a broad range of auto-Abs, including
neutralizing IFN-I auto-Abs (Bruserud et al., 2016; Levin, 2006;
Meager et al., 2006). This range is very similar to what is found
in a subset of patients with life-threatening COVID-19 (Bastard
et al., 2020), which allows testing the impact of IFN-I auto-Abs
without the confounding effects of anti–SARS-CoV-2 neutraliz-
ing Abs. While recombinant IFN-α2 significantly inhibited viral
replication in the presence of serum from individuals without
auto-Abs, this antiviral effect was completely abrogated in the
presence of neutralizing auto-Abs from APS-1 individuals, as the
viral titers were comparable to those of the untreated control
(Fig. 5, A and B). These results were further confirmed by the
reduced transepithelial electric resistance values (Fig. 5 C), which
are used as reliable surrogate of epithelium integrity (Pizzorno
et al., 2020). By contrast, the APS-1 serum had no effect on viral
replication when applied in the absence of IFN-I. The presence
of APS-1 serum was also associated with lower IFN-α2–induced
IFN-induced protein 44–like (IFI44L) expression (Fig. 5 D). More-
over, the use of a serum from a non–APS-1 individual with IFN-I
auto-Abs not previously infected by SARS-CoV-2 showed the
same results as those obtained with the APS-1 serum (Fig. S5),
excluding the possibility that other auto-Abs not directed against
IFN-I in the APS-1 serum may also influence results in the
HAE model.

We then directly compared the antiviral effects and ISGs
induction capacity of exogenous IFN-α2, IFN-β1, IFN-λ1, IFN-λ2,
IFN-λ3, and IFN-ω and the impact of IFN-I auto-Abs on these
effects in the HAE model. A high concentration of all recombi-
nant IFNs inhibited viral replication (Fig. 6, A–C) and induced
IFI44L expression (Fig. 6 D); however, neutralizing auto-Abs
abrogated only the effect of IFN-α2 and IFN-ω and not that of
IFN-β1, IFN-λ1, IFN-λ2, or IFN-λ3 (Fig. 6, A–D). Altogether, these
results suggest that in the nasal mucosa of infected patients,
IFN-α2 and IFN-ω have a prominent role in the antiviral re-
sponse that cannot be compensated by other IFNs, probably not
expressed at sufficient levels. Moreover, our results functionally
validate the neutralizing activity of IFN-I auto-Abs, which fur-
ther suggests that those Abs could compromise the nasal IFN-I
response in a subset of critically ill patients.

Discussion
We investigated herein anti–SARS-CoV-2 IFN-I immunity in a
longitudinal way in patients withmild COVID-19manifestations.
This immunity is not well characterized, as most longitudinal
studies have focused on hospitalized patients (Lucas et al., 2020;
Liu et al., 2021; Szabo et al., 2021; Bernardes et al., 2020). IFN-I/
III ISGs and IFN-II ISGs were the main groups of genes up-
regulated in the blood during infection. This finding confirms
the impact of IFNs in the antiviral immune response, which is
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also supported by previous observations according to which
severe COVID-19 patients develop auto-Abs against IFN-I or
have inborn defects of IFN-I induction, amplification, or re-
sponse (Bastard et al., 2020). Interestingly, other patients with
these inborn defects in IFN-I induction or with auto-Abs against
IFN-I are prone to other viral infections, for which there is in-
complete penetrance (Bastard et al., 2021b; 2021c; Duncan et al.,
2015; Gothe et al., 2020; Hernandez et al., 2019), while the
penetrance of COVID-19 critical forms is probably very high. Our
data show that in most patients with mild COVID-19, the up-
regulation of ISGs was transient, maximal at diagnosis, and co-
ordinated with antigen presentation, which presumably helps
initiating the ensuing adaptive immune response. The ISGs wave
indeed preceded seroconversion, which occurred on average 14 d
after symptomonset, consistentwith previous studies (Premkumar
et al., 2020; Rydyznski Moderbacher et al., 2020).

We showed that the mucosal IFN-I/III signature was corre-
lated with the blood IFN-I signature. Two recent studies have
also reported a strong induction of ISGs in the nasal mucosa of
SARS-CoV-2–infected patients, which was even higher com-
paredwith patients infectedwith other viruses, such as influenza or
seasonal coronaviruses (Mick et al., 2020; Ng et al., 2021), con-
firming that a high ISGs expression is a hallmark of anti–SARS-
CoV-2 mucosal immunity (Pizzorno et al., 2020). Interestingly,
another study has also reported that the nasal ISGs expression was
higher in pediatric than in adult patients infected with SARS-
CoV-2 (Pierce et al., 2021), which could explain the differences in
disease severity observed between these two populations. How-
ever, the pediatric patients included in the latter study were in fact
symptomatic and presenting to the emergency department (Pierce
et al., 2021), suggesting that their immune response was not
comparable to typically asymptomatically infected children.

Using FilmArray technology, we found that the nasal IFN-I/III
score was commensurate to the viral load and to virus infectivity,

which is interesting, since SARS-CoV-2 RT-PCR results are
often difficult to interpret in clinical routine when Ct values are
high and in the absence of clinical manifestation (Han et al.,
2021). The nasal ISG-I/III score could therefore be used as a
biomarker of active SARS-CoV-2 infection in combination with
SARS-CoV-2 RT-PCR to rapidly help in the identification of
patients at risk of virus transmission and reciprocally help to
avoid quarantine measures in patients who do not or no longer
represent a possible source of contamination.

We also found that a sizeable fraction of critically ill patients
had a low nasal IFN-I/III score despite a high viral load. These
data extend previous findings that the blood IFN-I signature or
the serum IFN-I concentration was very low in a subset of
critically ill patients (Trouillet-Assant et al., 2020b; Bastard et al.,
2020). Thus, the measurement of the nasal IFN-I/III score could
be used to help stratify patients and identify patients at risk of
developing severe symptoms at early stages of infection. Many
COVID-19 therapeutic treatments are currently being tested
(for a review, see Canedo-Marroquı́n et al., 2020), and it is
likely that their efficacy will depend on their timely adminis-
tration during the infection (Park and Iwasaki, 2020), which
prompts the identification of early markers of disease severity.
We also detected IFN-I auto-Abs in both serum and nasal swabs
in a fraction of critically ill patients, in particular in patients
with a low nasal IFN-I/III score despite a high viral load. These
data suggest that IFN-I auto-Abs could explain the low nasal
IFN score in a subset of patients and thus that IFNs-I are the
main drivers responsible for inducing protective ISGs signatures
in the nasal epithelium compared with IFNs-III. The observation
that a few patients with IFN-α2 auto-Abs without IFN-ω auto-
Abs had a high nasal IFN-I/III score suggests a redundancy be-
tween IFN-α and IFN-ω in this process. The blockade of IFN-I
signaling at the site of virus infection could help virus dissemi-
nation by preventing the IFN-I system to render epithelial and

Figure 4. Critically ill COVID-19 patients with auto-Abs have a weak nasal IFN-I/III score despite high virus load. (A and B) Comparison of normalized
nasal viral load and NP IFN-I/III (IFN) scores in critically ill COVID-19 patients without anti-IFN auto-Abs (A; empty spheres) or with neutralizing auto-Abs (nAb)
against IFN-α (B; black triangles). The gray area represents the viral load obtained for 15 out of 17 mildly symptomatic COVID-19 patients (88%) with an IFN-I/III
score >6.75 (cutoff value associated with positive viral culture, in red). Dashed lines represent patient with auto-Abs against IFN-α2 only.
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other ACE2-expressing cells refractory to infection. We dem-
onstrated this experimentally using a reconstructed epithelium
that we infected with SARS-CoV-2 and in which we showed that
serum auto-Abs could block the effects of both IFN-α and IFN-ω.
A recent study has reported the presence of IFN-I auto-Abs in
tracheal aspirates as well (de Prost et al., 2021), suggesting that
auto-Abs could block IFN-I signaling at multiple sites. We ob-
served that some critically ill patients had a fairly low viral load
despite the presence of anti–IFN-I auto-Abs. This could be ex-
plained by later sampling for these patients, associated with a
spread of the infection to the lower lungs (Wang et al., 2020).

As recently discussed (Stertz and Hale, 2021), many questions
remain, such as how auto-Abs that are produced at modest titers
in the serum (Goncalves et al., 2021) block IFN-I at mucosal sites
where their diffusion is likely rather limited, even though we
detected them in the present study. Moreover, auto-Abs are
difficult to manage in clinical practice (de Prost et al., 2021;
Bastard et al., 2021a), and it is unclear which therapies should be

administered to COVID-19 patients upon detection of IFN-I auto-
Abs. Our findings suggest that early therapy with IFN-β, which is
apparently not neutralized in most patients with auto-Abs against
IFN-I and the response to which is not affected in most patients
with inborn defects of IFN-I, may prevent the development of
critical disease. An alternative is IFN-III, which displayed antiviral
activity in our in vitro system regardless of the presence of IFN-I
auto-Abs. Other studies have shown its efficacy in animal models
(Park and Iwasaki, 2020). Many clinical trials on the prophylactic
and therapeutic use of IFNs for COVID-19 care are ongoing (Sallard
et al., 2020) and might bring answers to these questions.

Material and methods
Participants and ethics statement
HC participants
HCs were recruited among donors to the Lyon blood transfusion
center (Etablissement Français du Sang) and were considered as

Figure 5. Sera containing anti–IFN-I antibodies neutralize IFN-α2 antiviral activity in a reconstituted HAE model of SARS-CoV-2 infection. The effect
of APS-1 serum was evaluated in an HAE model of SARS-CoV-2 infection. (A) Nasal HAEs were treated (24 h before and 1 h after SARS-CoV-2 infection) with
recombinant IFN-α2 in the presence or absence of APS-1 patient or control serum, as indicated. Apical washes were performed 54 hpi, and viral titers were
determined by RT-PCR. Results are representative of three biological replicates and expressed as relative to themock-treated control. (B) Apical infectious viral
titers 54 hpi determined by TCID50 (median tissue culture infectious dose). The dotted line depicts the limit of detection. (C) Relative TEER (Δ TEER) between
t = 0 and t = 54 hpi. (D) Relative expression of IFI44L assessed using FilmArray technology from total cellular RNA extracted after infection. In the figure, bars
and error bars represent mean and SD, respectively. A Kruskal–Wallis with uncorrected Dunn’s test was used for statistical analysis of data presented in this
figure (multiple comparisons; *, P < 0.05; **, P <0.01; ***, P < 0.001). In A, B, and D, the reference condition was SARS-CoV-2 alone (white bars), and in C, the
reference was the mock condition (beige bars).
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a control group. According to French procedures, a written
nonopposition to the use of donated blood for research purposes
was obtained from HCs. The donors’ personal data were ano-
nymized before transfer to our research laboratory. We obtained
approval from the local ethical committee and the French min-
istry of research (DC-2008-64) for handling and conservation of
these samples.

Mildly symptomatic COVID-19 participants
A prospective longitudinal cohort study was conducted at the
Hospices Civils de Lyon (university hospital of Lyon, France)
including health care workers aged >18 yr, having given their
written consent, accepting a 6-wk follow-up, and displaying at
least one of the following symptoms suggestive of a SARS-CoV-2
infection: fever, respiratory symptoms, headache, anosmia, and
ageusia (Trouillet-Assant et al., 2020a). Exclusion criteria were
being pregnant or lactating. The COVID-19 diagnosis was con-
firmed by quantitative RT-PCR (Cobas SARS-CoV-2 Test; Roche

Diagnostics). The NP swab used were either in Copan Universal
Transport Medium or in Cobas PCR medium tube. Clinical and
microbiological data were collected for all included health care
workers. Patients with a positive RT-PCR result at inclusion (V1)
came back weekly (V2, V3, and V4) for blood and NP sampling
until negativation (assessed by RT-PCR). Ethics approval was
obtained from the national review board for biomedical re-
search in April 2020 (Comité de Protection des Personnes Sud
Méditerranée I, Marseille, France; ID RCB 2020-A00932-37),
and the clinical study was registered at www.clinicaltrials.gov
(NCT04341142, v3).

Critically ill COVID-19 patients
All critically ill patients, admitted to the ICU, were included in
the MIR-COVID study. This study was registered to the Com-
mission nationale de l’informatique et des libertés (French na-
tional data protection commission) under the number 20–097 and
was approved by an ethical committee for biomedical research

Figure 6. Sera from APS-1 patients do not influence IFN-β1, IFN-λ1, IFN-λ2, and IFN-λ3 antiviral activity but block IFN-α and IFN-ω antiviral activity.
The effect of APS-1 serum (white bars) was evaluated in a reconstituted HAE model of SARS-CoV-2 infection in comparison with a control condition (black
bars). (A) Nasal HAEs were treated (24 h before and 1 h after SARS-CoV-2 infection) with recombinant IFN-α2, IFN-β1, IFN-λ1, IFN-λ2, IFN-λ3, or IFN-ω in the
presence or absence of APS-1 serum. Apical washes were performed at 54 hpi, and viral titers were determined by RT-PCR. Results are representative of three
biological replicates and expressed as relative to the mock-treated control. (B) Apical infectious viral titers at 54 hpi determined by TCID50. The dotted line
depicts the limit of detection. (C) Δ TEER between t = 0 and t = 54 hpi. (D) Relative expression of IFI44L assessed using FilmArray technology from total cellular
RNA extracted after infection. In the figure, bars and error bars represent mean and SD, respectively. Multiple t tests with Bonferroni–Dunnmethod were used
for the statistical analysis of data presented in this figure (comparison between control and APS-1 serum conditions in each readout; **, P < 0.01; ***, P <
0.001).
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(Comité de Protection des Personnes HCL) under the number
20-41. In agreement with the General Data Protection Regula-
tion (Regulation [EU] 2016/679 and Directive 95/46/EC) and the
French data protection law (law 78-17 on 06/01/1978 and Décret
2019-536 on 29/05/2019), we obtained consent from each pa-
tient or his/her next of kin. During the ICU stay, blood collected
on EDTA tubes were used for anti-IFN antibody investigation as
previously described. For this study, nasal swabs used for
molecular SARS-CoV-2 screening at hospital admission were
collected for additional experiments.

Whole-blood transcriptomic assessment
Total RNA was extracted from PAXgene tubes using the Max-
well 16 LEV simplyRNA Blood kit (Promega), following the
manufacturer’s guidelines. RNA quantity was determined using
a Nanodrop (Thermo Fisher Scientific). 200 ng total RNA was
hybridized with the nCounter Host Response panel (#LBL-
10805-01; NanoString) and counted on an nCounter FLEX
platform according to the manufacturer’s guidelines. Table S1
provides more information on the panel and the genes mea-
sured. Raw counts were normalized using internal positive
standards and 12 housekeeping genes. Using ROSALIND Nano-
String Gene Expression packages (https://rosalind.onramp.bio/),
we performed differential expression analysis and gene set
analysis with a cutoff at ±1.5-fold change and an adjusted P value <
0.05. Gene expression signatures were generated by summing for
each of the 60 signatures encompassed in the panel (LBL-10805-
01_nCounter_Host_Reposne_Gene_List annotation file) the nor-
malized counts of each gene divided by the median of expression
in the control group. Statistical analysis and graphics were per-
formed using Prism 9 software (https://www.graphpad.com).

FilmArray IFN panel
The first prototype of the IFN pouch encompasses four ISGs (IFN
α inducible protein 27, IFI44L, IFN-induced protein with tetra-
tricopeptide repeats 1, radical S-adenosyl methionine domain
containing 2) and three housekeeping genes (hypoxanthine
phosphoribosyltransferase 1, peptidylprolyl isomerase B, and 2,4-
dienoyl-CoA reductase 1) for signal normalization. 100 μl PAXgene
blood or nasal pharyngeal swab samples was tested using the IFN
prototype (Tawfik et al., 2020) according to the manufacturer’s
instructions. In brief, the pouches were hydrated with the hydra-
tion solution supplied with the kit. The PAXgene blood or nasal
pharyngeal swab samples were mixed with 800 μl of the sample
buffer providedwith the kit and directly injected into the pouch and
ran on FilmArray 2.0 and FilmArray Torch instruments (BioFire
Diagnostics). Results were delivered in <1 h. Using a research ver-
sion of the instrument, real-time quantification cycle values and
post-amplification melt peaks were determined for each assay. The
normalized expression values of each assay were then computed
using the internal reference genes. The nasal pharyngeal ISGs score
was calculated using the same method applied for PAXgene sample
as previously described (Pescarmona et al., 2019).

IFN-α and IFN-ω concentration determination
Serum IFN-α2 concentrations (fg/ml) from plasma were mea-
sured by single-molecule array using a commercial kit for

IFN-α2 quantification (Quanterix). The assay was based on a
three-step protocol using an HD-1 Analyzer (Quanterix) and
required 3 h of processing time from sample to result acquisition
(Wilson et al., 2016). Plasma IFN-l concentrations were deter-
mined using Meso Scale Discovery U-PLEX platform.

Viral load measurement
The SARS-CoV-2 load was determined from the nasal pharyn-
geal swabs using SARS-CoV-2 R-gene kit (bioMérieux). Briefly,
nucleic acid extraction was performed from 0.2 ml nasal pha-
ryngeal swabs on NUCLISENS easyMAG, and amplification was
performed using Bio-Rad CFX96. The viral load was quantified
using four internally developed quantification standards (QS1–
QS4 at 2.5 × 106, 2.5 × 105, 2.5 × 104, and 2.5 × 103 cp/ml, re-
spectively, of SARS-CoV-2 N gene DNA). These quantification
standards were quality checked and quantified using the
Nanodrop spectrophotometer (Thermo Fisher Scientific) and
Applied Biosystems QuantStudio 3D Digital PCR. In parallel,
nasal pharyngeal swabs were tested using the CELL Control
R-GENE kit (amplification of theHPRT1 housekeeping gene) that
contains two quantification standards (QS1 at 104 cp/μl DNA
standard that is 50,000 cells/PCR [i.e., 1.25 × 106 cells/ml in our
conditions] and QS2 at 103 cp/μl DNA standard that is 5,000
cells/PCR [i.e., 1.25 × 105 cells/ml in our conditions]) to nor-
malize the viral load according to the sampling quality (log10
[(number of SARS-CoV-2 copies per milliliter/number of cells
per milliliter) × 106 cells per milliliter]).

Viral culture
Viral culture was performed following interim biosafety guide-
lines established by theWorld Health Organization [WHO/WPE/
GIH/2020.3] from nasal pharyngeal swabs in Universal Trans-
port Medium. RT-PCR–positive nasal pharyngeal swabs were
inoculated on confluent Vero cells (ATCC CCL-81) in Eagle’s mini-
mumessentialmedia supplementedwith 2%penicillin-streptomycin,
1% L-glutamine, and 2% inactivated fetal bovine serum. Plates were
incubated at 33°C (which was determined to be the optimal tem-
perature for virus cultures) and 5% CO2 for 96 h. Cytopathic effects
were monitored daily; samples were harvested when positive,
while negative samples at 96 h underwent subculture on new
plates. Culture supernatants were sampled at 2 h after inoculation,
at 96 h, and after an additional 96 h on subculture. RNA from su-
pernatants were extracted by the automated MGISP-960 work-
station usingMGI EasyMagnetic Beads Virus DNA/RNAExtraction
Kit (MGI Tech), and SARS-CoV-2 detection was performed using
TaqPath COVID-19 CE-IVD RT-PCR kit on a QuantStudio 5 Sys-
tem (Applied Biosystems and Thermo Fisher Scientific).

Serological investigation
The presence of anti–SARS-CoV-2 antibodies was evaluated
using the Wantai Ab assay detecting total antibodies against the
receptor-binding domain of the S protein.

The presence of anti–IFN-α2 antibodies was investigated
using a commercially available kit (Thermo Fisher Scientific;
Goncalves et al., 2021). The neutralizing capacity of patient sera
against IFN-αwas then evaluated as previously described (Bastard
et al., 2021c).
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Viral infection and IFN treatment in reconstituted HAE
MucilAir nasal HAE reconstituted from human primary cells
was provided by Epithelix SARL and maintained in air–liquid
interphase at 37°C and 5% CO2 in specific culture medium in
Costar Transwell inserts (Corning) according to the manu-
facturer’s instructions. 1 d before infection (d−1), HAEs were
mock treated or treated through the basolateral pole with a 2 ng/
ml or 20 ng/ml final dilution of recombinant IFN-α2a, IFN-β1,
IFN-λ1, IFN-λ2, IFN-λ3 (PBL Assay Science), or IFN-ω (Merck) in
700 μl MucilAir culture medium. To assess the potential neu-
tralizing effect of anti–IFN-I antibodies, recombinant IFN-α2a
was preincubated (37°C, 1 h) before addition to HAEwith a 1% final
dilution of inactivated (56°C, 30 min) pre–COVID-19-pandemic
patient sera, containing or not anti–IFN-α antibodies collected
from autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy patients and HCs, respectively. A third serum, ob-
tained from a non–autoimmune polyendocrinopathy-candidia-
sis-ectodermal dystrophy patient who tested positive for auto-
Abs against type I IFNs, was also used as control. 24 h after IFN
treatment (d0) in the presence or not of sera, the apical poles of
HAE were gently washed twice with warm OptiMEM medium
(GIBCO BRL and Thermo Fisher Scientific) and then infected
with a 150 μl dilution of SARS-CoV-2 virus in OptiMEMmedium
at a multiplicity of infection of 0.1, as previously described
(Pizzorno et al., 2020). Basolateral treatment with recombinant
IFN (with or without sera) was repeated 1 hpi (hour postinfec-
tion) in the same conditions as on d−1. Variations in trans-
epithelial electrical resistance (TEER) were measured using a
dedicated volt-ohm meter (EVOM2, Epithelial Volt/Ohm Meter)
and expressed in Ohm/cm2. At 54 hpi, HAE apical poles were
washed with warm OptiMEM and collected in two tubes, one for
TCID50 viral titration and one for quantification of viral genome
by RT-PCR. HAE cells were harvested in RLT buffer (Qiagen),
and total RNA was extracted using the RNeasy Mini Kit (Qiagen)
for subsequent gene expression analyses.

Statistical analysis
Nonparametric Wilcoxon–Mann–Whitney tests and Spearman’s
correlation tests were performed for all comparisons, unless
otherwise specified. A χ2 test was performed to analyze con-
tingency tables. To calculate the virus load threshold that better
divided patients into two ISGs groups, we used the lowest P
value of nonparametric significance test (Wilcoxon rank sum)
iteratively applied to the ISGs score, split over normalized nasal
viral load thresholds ranging from minimum (0.60) to maxi-
mum detected values (9.00) with a step of 0.01. All statistical
analyses were conducted using R (the R Foundation; https://
www.r-project.org/foundation/, version 3.6.1) and GraphPad
Prism 8.3.0 software. A P value of < 0.05 was considered sta-
tistically significant. Correlations were only performed on du-
ally detected samples.

Online supplemental material
Fig. S1 is a graphical outline of the study. Fig. S2 shows a heat-
map of genes differentially expressed between COVID-19 pa-
tients at different time points after symptom onset. It also shows
seroconversion relative to time after symptom onset and the

relations between the IFN score and clinical or virological pa-
rameters. Fig. S3 shows the dynamics of blood expression of
transcripts related to different immune pathways during SARS-
CoV-2 infection. Fig. S4 shows the correlation between blood
IFN-I/III scores and serum IFN-λ1 levels. Fig. S5 shows the effect
of a serum from a non–APS-1 patient containing IFN-I auto-Abs
on the antiviral activity of IFN-I in the HAE model of SARS-
CoV-2 infection. Table S1 lists all genes whose expression is
measured in the host response NanoString panel and functional
annotation of these genes. Table S2 lists genes differentially
expressed between blood cells in mild COVID-19 patients at di-
agnosis and blood cells from HCs. Table S3 is a contingency table
relative to IFN-α auto-Ab detection from nasal and plasma paired
samples from mildly symptomatic and critically ill COVID-19
patients.
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Supplemental material

Figure S1. Graphical outline of the study. Parts of the figure were drawn by using pictures from Servier Medical Art (http://smart.servier.com/), licensed
under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). Simoa HD-1 illustration used with permission
from Quanterix and Nanostring.
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Figure S2. Whole-blood transcriptomic analysis at different time points post-diagnosis. (A) Unsupervised clustering of V1 (orange columns) and V2–V4
samples (blue columns) and DEGs, measured using the NanoString host response panel. The green vertical bar highlights the 17 genes down-regulated at V1
compared with V2/V3/V4, and the purple bar highlights the 106 genes up-regulated at V1 compared with V2/V3/V4. (B) Histogram bars showing the per-
centage of seroconverted (Wantai total SARS-CoV-2 Ig) patients within the cohort of mildly symptomatic COVID-19 health care workers at the different time
points of the longitudinal follow-up. (C) Pearson correlation table between NanoString IFN score, nasal viral load, age, body mass index (BMI), and delay after
symptoms.
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Figure S3. Dynamics of induction in the blood of different immune pathways during SARS-CoV-2 infection. (A–F) Boxplots showing the blood ex-
pression score for different pathways significantly modulated from V1 to V4. A Kruskal–Wallis with uncorrected Dunn’s test was used for statistical analysis of
data presented in this figure (multiple comparisons; ***, P < 0.001).

Figure S4. Correlation between IFN-I/III scores and serum I IFN-λ1 levels. (A and B) Correlation between the blood (A; PX) or NP (B) IFN-I/III scores and
plasmatic IFN-λ1 levels (n = 56 samples with a detectable value from 22 patients), determined by ELISA. The Spearman’s correlation coefficient is shown.
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Tables S1 and S2 are provided online as separate Excel files, and Table S3 is provided online as a separate PDF. Table S1 lists all
genes whose expression is measured in the host response NanoString panel and functional annotation of these genes. Table S2 lists
genes differentially expressed between blood cells in mild COVID-19 patients at diagnosis and blood cells from HCs. Table S3 is a 2 × 2
contingency table relative to IFN-α auto-Ab detection from nasal and plasma paired samples frommildly symptomatic and critically ill
COVID-19 patients.

Figure S5. Sera containing anti–IFN-I antibodies neutralize IFN-α2 antiviral activity in a reconstituted HAE model of SARS-CoV-2 infection. The effect
of a serum from a non–APS-1 patient containing IFN-I auto-Abs was evaluated in a reconstituted HAE model of SARS-CoV-2 infection. (A) Nasal HAEs were
treated (24 h before and 1 h after SARS-CoV-2 infection) with recombinant IFN-α2 in the presence or absence of the indicated sera. Apical washes were
performed 54 hpi, and viral titers were determined by RT-PCR. Results are representative of three biological replicates and expressed as relative to the mock-
treated control. (B) Apical infectious viral titers 54 hpi determined by TCID50. The dotted line depicts the limit of detection. (C) Δ TEER between t = 0 and t = 54 hpi.
(D) Relative expression of IFI44L assessed using FilmArray technology from total cellular RNA extracted after infection. In the figure, bars and error bars
represent mean and SD, respectively. A Kruskal–Wallis with uncorrected Dunn’s test was used for statistical analysis of data presented in this figure
(multiple comparisons; *, P < 0.05; **, P < 0.01). In all conditions, the reference condition was SARS-CoV-2 alone (white bars).
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