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plus pertinentes sont mal définies. L’objectif de cette étude est d’ide
certaines pathologies inexpliquées du patient immunodéprimé par mNGS et d’identifier des indications de 
l’analyse mNGS pour le diagnostic des infections virales.

cœur

d’arguments en faveur du lien entre l’infection 
au point de techniques de PCR, d’hybridat
nous avons analysé les résultats de trois années d’activité de mNGS réalisée dans le cadre du diagnostic. 
Cette étude nous a permis d’identifier un intérêt majeur du mNGS chez les patients immu

ous avons montré l’intérêt de l’analyse
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. L’ensemble de ce travail a 
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technique, après l’extraction des acides nucléique à partir d’échan
Pour cela l’ADN ou l’ADN complémentaire (ADNc) obtenu 

après transcription inverse de l’ARN sont fragmentés. La préparation des librairies consiste en 
la fixation d’amorces et d’index 
réaction de séquençage, tandis que les index servent à identifier le fragment, c’est 
l’associer à un échantillon clinique. Une fois la préparation des librairies terminées l’ensemble 



séquences de l’échantillon clinique
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CONTEXTE ET OBJECTIFS



de l’Assistance Publique

Les contextes d’immunodépression sont variés

d’organe solide , ou du traitement d’une maladie auto

sans qu’aucune documentation microbiologique ni une autre étiologie ne soit 

de microbiologie de l’Hôpital Universitaire Necker Enfants malades a mis au service des 



(i) d’identifier au sein de 

des jusqu’alors 
’identifi

L’objectif était d’établir un lien de causalité entre l’infection à 
d’hépatite chronique infectés en s’appuyant sur 

• Quelle est la fréquence respec琀椀ve de l’infec琀椀on à AiV au sein d’une popula琀椀on de 
pa琀椀ents immunodéprimés asymptoma琀椀ques et d’une popula琀椀on de pa琀椀ents 
immunodéprimés présentant une hépa琀椀te chronique d’origine inconnue ?

• Quelles sont les par琀椀cularités cliniques, histologiques et d’évolu琀椀on des a琀琀eintes 
d’organes chez les 6 pa琀椀ents immunodéprimés infectés par le AiV virus par rapport à 
celles d’autres pa琀椀ents immunodéprimés non infectés mais présentant aussi une 
hépa琀椀te virale d’origine inconnue ?

• Le AiV se mul琀椀plie-t-il dans les hépatocytes des 琀椀ssus infectés ? 
• Les AiV associés à ces 6 cas d’hépa琀椀tes chroniques appar琀椀ennent-ils au même 

génotype ? 
• La résolu琀椀on de la maladie s’accompagne-t-elle d’une néga琀椀va琀椀on de détec琀椀on du 

virus ?

description antérieure d’un cas d’infection à AiV très p
6 cas de notre étude suggérait qu’il pouvait s’agir d’une nouvelle entité clinique 
causée par l’infection à AiV. 

L’objectif était d’établir un lien de causalité entre l’infe
et le tableau d’hépatite chronique présenté par en s’appuyant 

• Comment le génome complet de ce circovirus se situe par analyse phylogéné琀椀que par 
rapport aux autres circovirus connus ?



• Quelle est la temporalité du niveau de détec琀椀on (charge virale) du circovirus par 
rapport aux symptômes cliniques, à leurs intensités et à leurs évolu琀椀ons ? 

• Quelle est la fréquence de détec琀椀on de ce virus dans une popula琀椀on contrôle de sujets 
immunodéprimés et immunocompétents asymptoma琀椀ques et celle dans une 
popula琀椀on de pa琀椀ents avec des hépa琀椀tes chroniques ? 

• Le circovirus se mul琀椀plie-t-il dans les hépatocytes des 琀椀ssus infectés ?

ne sont pas décrits chez l’homme, mais 
d’hépatite 

association suggérait qu’une causalité entre ce 
patiente et son hépatite clinique était une possibilité méritant d’être explorée. 

L’objectif était d’identifier les déterminants de la positivité d’une analyse par NGS sur la base 

• Quelle était la probabilité de détecter un agent causal ou probablement causal dans 
ce琀琀e popula琀椀on par mNGS ?

• Quelle était la descrip琀椀on des agents causals ou probablement causals ? 
• Pour quelle sous popula琀椀on la probabilité de détecter un agent causal ou 

probablement causal était-elle la plus importante ?
• Quels étaient les prélèvements les plus suscep琀椀bles de perme琀琀re de détecter un agent 

causal ou probablement causal ? 

Il y a peu d’étude
d’échantillons et 
matrices d’échantillons différentes s’attachaient à comparer la sensibilité de l’analyse

’analyse
conventionnelles s’étaient avérées négatives.

hypothèse était qu’avec ce positionnement de 
d’identifier une sous population de patients et/ou de types de prélèvements pour lesquels la 

pour l’ensemble des patients 
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Pour l’article 2 nous nous sommes de l’expérience acquise lors de l’expérimentation 
AiV pour faire l’expérimentation selon la même méthode. La différence principale entre les 
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RESULTATS



avec l’objectif d’une infection 

d’hépatite associée à l’AiV 

une agammaglobulinémie lié à l’X.
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Background. Metagenomic next-generation sequencing (mNGS) was used to assess patients with primary or secondary 

immune deficiencies (PIDs and SIDs) who presented with immunopathological conditions related to immunodysregulation. 

Methods. Thirty patients with PIDs or SIDs who presented with symptoms related to immunodysregulation and 59 

asymptomatic patients with similar PIDs or SIDs were enrolled. mNGS was performed on organ biopsy. Specific Aichi virus 

(AiV) reverse-transcription polymerase chain reaction (RT-PCR) was used to confirm AiV infection and screen the other 

patients. In situ hybridization (ISH) assay was done on AiV-infected organs to identify infected cells. Virus genotype was 

determined by phylogenetic analysis. 

Results. AiV sequences were detected using mNGS in tissue samples of 5 patients and by RT-PCR in peripheral samples of 

another patient, all of whom presented with PID and long-lasting multiorgan involvement, including hepatitis, splenomegaly, 

and nephritis in 4 patients. CD8+ T-cell infiltration was a hallmark of the disease. RT-PCR detected intermittent low viral loads 

in urine and plasma from infected patients but not from uninfected patients. Viral detection stopped after immune 

reconstitution obtained by hematopoietic stem cell transplantation. ISH demonstrated the presence of AiV RNA in hepatocytes 

(n = 1) and spleen tissue (n = 2). AiV belonged to genotype A (n = 2) or B (n = 3). 

Conclusions. The similarity of the clinical presentation, the detection of AiV in a subgroup of patients suffering from 

immunodysregulation, the absence of AiV in asymptomatic patients, the detection of viral genome in infected organs by ISH, 

and the reversibility of symptoms after treatment argue for AiV causality. 

Keywords. Aichi virus; chronic hepatitis; metagenomic next-generation sequencing; X-linked agammaglobulinemia; primary 

immune deficiency. 

Primary immune deficiencies (PIDs) represent a heterogeneous 

group of genetically defined conditions characterized by a qual-

itative and/or quantitative defect of immune responses [1, 2]. 

Predisposition to infections is a major feature of most PIDs, 

but autoimmune manifestations and in?ammation are also ma-

jor complications that affect all categories of PIDs [3]. These 

manifestations are diverse, from well-characterized autoimmu-

nity to ill-defined immunopathological conditions related to 

immunodysregulation. These could be chronic benign lympho-

proliferation (persistent splenomegaly, lymph node enlarge-

ment) or organ-specific in?ammation, such as in?ammatory 

bowel disease, granulomatous-lymphocytic interstitial lung 

disease, or hepatitis [4, 5]. Underlying triggering infection is 

frequently suspected but rarely documented; if present, it is of-

ten difficult to prove its causality in the onset of immunodysre-

gulation manifestations. 

Human Aichi virus (AiV) belongs to the Kobuvirus genus in 

the Picornaviridae family and is a small nonenveloped RNA 
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virus. In immunocompetent patients, AiV is associated with 

acute gastroenteritis infection [6–8]. As it relates to immuno-

compromised patients, recent observations in 4 patients with 

B-cell immunodeficiency suggested that AiV could be an un-

derdiagnosed opportunistic pathogen [9–11]. In the last dec-

ade, metagenomic next-generation sequencing (mNGS) has 

facilitated detection of microorganisms in various samples 

[12–15], particularly in immunocompromised patients [16– 

18]. Currently, mNGS is the only available pan-microbial tech-

nique that allows the detection of rare and even novel patho-

gens, and it appears to be a particularly compelling technique 

in this context. 

We implemented mNGS in our routine diagnostic work?ow 

to investigate patients with PIDs or secondary immune defi-

ciencies (SIDs) with poorly understood immunopathological 

conditions. Here, we describe a common presentation that ap-

peared in 6 PID patients who presented with severe, chronic, 

and sometimes lethal multiorgan involvement, subsequently 

related to AiV infection. Our aim in this study was to investi-

gate the causality of chronic AiV in these PID patients. 

METHODS 

Population 

Between February 2020 and October 2022, 24 patients with 

PIDs or SIDs who presented with immunopathological condi-

tions of unknown origin were prospectively evaluated at 

Hôpital Necker. In case of negative first-line microbiology test-

ing, mNGS was performed on tissues from organ biopsies. AiV 

reverse-transcription polymerase chain reaction (RT-PCR) was 

performed on stool, plasma, and urine samples when available. 

In addition, mNGS was performed retrospectively on tissues of 

6 additional patients with immunopathological conditions of 

unknown origin and available materials. 

Between June 2021 and February 2023, stool, plasma, and 

urine samples from 59 patients with similar PIDs and SIDs 

were prospectively tested with AiV RT-PCR for the absence 

of AiV carriage in asymptomatic patients. 

mNGS Sequencing on Biopsy Samples 

Nucleic acids were extracted from tissues using the geneLEAD 

VIII instrument (Diagenode). Nucleic acids from formalin- 

fixed paraffin-embedded (FFPE) tissue were extracted using 

the RNeasy FFPE kit (Qiagen). Libraries were generated with 

the SMARTer Stranded Total RNA Prep Kit (Takara Bio). 

The libraries were sequenced in 1×151 bp on a NextSeq500 

instrument (Illumina). Raw reads were processed with 

Microseek, based on the RVDB-prot viral database [19, 20]. 

In Situ Hybridization 

The ViewRNA in situ hybridization (ISH) Tissue Assay Kit 

2-plex (Invitrogen) was used to detect AiV RNA sequences. 

Forty custom bDNA probes were designed to target the 846– 

2884 region (VP0 and VP3 peptides) of the AiV genome, which 

was indicated by a red signal. A mix of control probes targeting 

human glyceraldehyde-3-phosphate dehydrogenase, beta actin, 

and pyrophosphate transcripts was indicated by a blue signal. 

Gill’s hematoxylin was used for counterstaining. Negative 

and positive controls are detailed in the Supplementary 

Material (Supplementary Figure 2). 

AiV RT-PCR 

AiV RT-PCR targeted the VP0 gene as previously described 

[21]. Negative and positive controls were used in each 

RT-PCR batch (Supplementary Material). 

Phylogeny 

A partial AiV genome was obtained by sequencing AiV in 

positive tissues or urine samples with custom Ampliseq se-

quencing (Illumina). Nonconfident nucleotides were filtered 

out with alienTrimmer [22], and primer sequences were re-

moved. A mapping approach using Geneious Prime 2022.2.2 

(Biomatters, Ltd) was applied to perform the assembly. The 

partial VP1 sequences were deposited to GenBank under acces-

sion numbers OQ134766 (patient 1 [P1]), OQ150754 (P3), 

OQ150752 (P4), OQ150753 (P5), and OQ161051 (P6). 

VP1 nucleotide regions were aligned along with other repre-

sentative sequences of AiV using MAFFT v7.490 under the 

L-INS-I parameter, and maximum-likelihood phylogenetic re-

construction was performed with PhyML (100 bootstraps). 

Ethical Consideration 

The study was approved by the Hôpital Necker Institutional 

Research Review Board. 

RESULTS 

Detection of AiV in 6 Patients 

Among 30 patients with immunopathological conditions 

(Table 1), AiV was detected in 6 patients (20%) by mNGS 

(n = 5) on tissues (liver, spleen, kidney, lymph node) or 

RT-PCR on peripheral samples (n = 1; Table 2). Detection 

was made prospectively for P1, P2, and P5 and retrospectively 

for P3, P4, and P6. AiV sequences were identified by mNGS 

performed on 8 frozen biopsies from 5 patients (P1, P3, P4, 

P5, and P6) with a number of reads comprised between 1 

and 169 (1.7 to 41.8 coverage of AB010145) and confirmed 

by specific AiV RT-PCR with a cycle threshold (CT) from 27 

to 41 (median, 35.6; Supplementary Table 1). For P2, mNGS 

and AiV RT-PCR performed on FFPE liver biopsy were nega-

tive, but RT-PCR performed in urine and plasma were positive. 

In the 3 patients who were prospectively followed, AiV 

RT-PCR was repeatedly performed in various biological ?uids 

(Supplementary Tables 2–4). Before hematopoietic stem cell 

transplantation (HSCT), low viral loads (CT range, 32.9–42.2)  
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were intermittently detected in plasma (3 of 3 patients), urine 

(2 of 3), and stool (1 of 3). The AiV RT-PCR was positive in 

55%, 50%, and 100% of plasma samples and 67%, 100%, and 

0% of urine samples for P1, P2, and P5, respectively 

(Supplementary Tables 2–4). For RT-PCR performed in cere-

brospinal ?uid of P1 and P2, the bronchoalveolar lavage and 

bone marrow aspirate of P1 were negative. 

Furthermore, AiV was not detected by RT-PCR in stool 

(n = 46), urine (n = 28), and plasma (n = 31) from 59 asymp-

tomatic PID or SID patients (Table 1; group 2). 

Genotyping of AiV 

To characterize AiV, we sequenced the VP1 gene (Figure 1) 

from tissue samples (P1, P3, P4, P5, and P6) and a urine sample 

(P2). AiV genotype could be identified in 5 of 6 patients 

(Table 1). Two AiV genotypes were identified: AiV genotype 

A (P3 and P6) and AiV genotype B (P1, P4, and P5). The 

VP1 region could not be covered in P2, possibly due to low viral 

load in the urine sample (CT, 37.7). 

Clinical Description of the 6 Patients Infected With AiV 

All patients suffered from PIDs; P1 and P2 from X-linked 

agammaglobulinemia (XLA) and P3 from type 1 immunode-

ficiency, centromeric region instability and facial anomalies 

syndrome. P4, P5, and P6 had severe combined immunodefi-

ciency and received haploidentical bone marrow transplanta-

tion (P4 and P6) or gene therapy (P5) performed without a 

myeloablative conditioning regimen (CR) [23]. As a result, 

T-cell immunity was partially restored in P6; humoral defi-

ciency remained in all, requiring immunoglobulin replace-

ment therapy (IgRT). AiV was detected 1.3–8 years after 

symptom onset in P1, P2, and P5 and retrospectively in P3, 

P4, and P6. 

Hepatic disease was present in all patients, with hepatitis pre-

vailing on aspartate aminotransferase and alanine aminotrans-

ferase (1.5-4N), anicteric cholestasis (gamma-glutamyl 

transferase (GGT) 1.5–20N), and hepatomegaly (Table 2). 

Portal hypertension was noted during the latter stages of their 

evolution, either mild (P2, P4, and P5) or severe (P1, P3, and 

P6). Liver biopsies showed marked in?ammation (Metavir 

scoring system, A1–A3), mainly CD8+ T-cell infiltration 

(Figure 2A and 2B); fibrosis was variable (F1–F3). 

Regenerative nodular hyperplasia (NRH) was observed in 5 

of 6 patients and peliosis was observed in 1. Hepatic granulo-

mas were documented in 4 of 6 patients. 

Impaired glomerular filtration rate (GFR) was noted in 3 

patients (P2, P3, and P6) and started 6–14 years after the first 

symptoms. Alteration of GFR progressively worsened, reach-

ing stage 2 to stage 3 chronic renal failure over a period of 2–5 

years. Proteinuria was noted in 3 patients (P1, P3, and P6). 

Nephromegaly was found in 4 patients, isolated or concomi-

tant with renal biochemical anomalies. A renal biopsy per-

formed in P3 revealed a major destructive CD8+ T-cell 

infiltrate with lesions of tubulitis (T3). Marked fibrosis (F3) 

was also noted, as well as arteriolar lesions evocative of throm-

botic microangiopathy. 

Table 1. Characteristics of 30 Symptomatic (Group 1) and 59 Asymptomatic (Group 2) Primary or Secondary Immune Deficiency Patients 

Characteristic 

Group 1 
Group 2 

All n = 30 AiV-Positive (+) n = 6 AiV-Negative n = 24 All n = 59  

Median age (range), y  12.4 (1–34)  10.5 (6–13)  13.2 (1–34)  11.1 (0–40) 

Gender, n (%), male  25 (83)  6 (100)  19 (79)  43 (73) 

Inclusion, prospective, n (%)  24 (80)  3 (50)  21 (88)  59 (100) 

Secondary immune deficiency, n (%)  3 (10)  0 (0)  3 (13)  4 (7) 

Primary antibody deficiency,a n (%)  7 (23)  2 (33)  5 (21)  11 (19) 

Combined immunodeficiency, severe combined immunodeficiency, n (%)  9 (30)  1 (17)  8 (33)  23 (39) 

Post hematopoietic stem cell transplantation,b n (%)  11 (37)  3 (50)  8 (33)  21 (35) 

Persistent hepatitis, n (%)  28 (93)  6 (100)  22 (92)  0 (0) 

Digestive symptoms,c n (%)  12 (40)  3 (50)  9 (38)  0 (0) 

Growth retardation, n (%)  17 (85)  5 (83)  12 (50)  0 (0) 

Kidney disease,d n (%)  4 (13)  4 (67)  0 (0)  0 (0) 

Splenomegaly, n (%)  17 (57)  6 (100)  11 (46)  0 (0) 

AiV RT-PCR stool, positive/tested (%)  1/23 (4)  1/4 (25)  0/19 (0)  0/46 (0) 

AiV RT-PCR urine, positive/tested (%)  2/22 (9)  2/3 (67)  0/19 (0)  0/28 (0) 

AiV RT-PCR plasma, positive/tested (%)  3/24 (13)  3/3 (100)  0/21 (0)  0/31 (0) 

Metagenomic next-generation sequencing biopsy, positive/tested (%)  5/24 (21)  5/6 (83)  0/18 (0)  0/0 (0) 

Abbreviations: AiV, Aichi virus; RT-PCR, reverse-transcriptase polymerase chain reaction.  

aIncluding X-linked agammaglobulinemia and other B-cell deficiency.  

bIncluding severe combined immunodeficiency with persistent B-cell deficiency and other primary immune deficiency.  

cDiarrhea, abdominal bloating.  

dNephromegaly and/or glomerular filtration rate alteration.   
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Splenomegaly was noted in all patients, significant and early 

stage in P4, P5, and P6 and modest and late in P1, P2, and P3. 

Of note, portal hypertension in the context of chronic hepatic 

disease could have contributed to splenomegaly. Centimetric 

intraabdominal lymphadenopathies were noted in 4 patients. 

Histological analysis of lymph nodes and spleen, performed in 

P1 and P2, respectively, displayed marked CD8 T-cell infiltra-

tion. All patients displayed thrombocytopenia that progres-

sively worsened over the course of the disease. Bone marrow 

biopsies performed in 3 patients displayed nodular infiltration 

with CD8+ T cells with additional medullar granulomas in 1 

case. 

Digestive symptoms manifested during the course of 

the disease in 3 patients (P3, P4, and P6), with intermittent 

diarrhea and abdominal bloating. In 2 of the patients, 

other pathogens were concomitantly detected in stool 

samples (sapovirus in P4, enterovirus and Campylobacter 

jejuni in P6), possibly contributing to these digestive 

symptoms. 

P3 and P6 ultimately died 7 and 18 years, respectively, after 

initial manifestations. In P3, death was precipitated by dissem-

inated thrombotic microangiopathy that occurred in the con-

text of chronic renal failure; P6 died from severe exudative 

enteropathy and portal hypertension. 

Table 2. Prospective (P1, P2, and P5) and Retrospective (P3, P4, and P6) Clinical and Laboratory Data for 6 Male Primary Immunodeficient Patients With 

Identification of Aichi Virus in Clinical Samples 

Characteristic P1 P2 P3 P4 P5 P6  

Gender M M M M M M 

PID/gene defect XLA/BTK XLA/BTK ICF1/ 

DNMT3B 

SCID-X1/IL2RG SCID-X1/IL2RG SCID/ 

DCLRE1C 

Treatment of PID IgRT IgRT IgRT Haplo-id HSCT, 

IgRT 

Haplo-id HSCT, IgRT Haplo-id 

HSCT, IgRT 

Age at first symptoms, y 10 10 11 5 8 6 

Age at first medical visit, y 12 12 13 6 9 6 

Age at AiV diagnostic, y 12 18 Post 

mortem 

14 9 Post 

mortem 

First symptoms Hepatitis, fatigue, 

recurrent fever, GF 

Hepatitis Hepatitis, 

GF 

Hepatitis, 

psoriasiform skin 

rash 

Splenomegaly, hepatitis Hepatitis 

Recurrent fever + – – – – – 

Growth retardation + – + + + + 

Chronic hepatitis >6 mo + + + + + + 

Renal abnormalities + + + – – + 

Altered glomerular filtration rate – + + – – + 

Proteinuria + – + – – + 

Nephromegaly + + + – – + 

Splenomegaly + + + + + + 

Adenomegaly + + – – + + 

Digestive symptoms – – –/+ –/+ – –/+ 

Thrombopenia + + + + + + 

Hemorrhagic syndrome + – – + – – 

Portal space inflammation ++/mainly CD8 +/– +/mainly 

CD8 

+/mainly CD8T 

cells 

+/mainly CD8 ++/mainly 

CD8 

Fibrosis F3 F2 F3 F1–F2 F2 F3 

Lobular inflammation +++/mainly CD8 ++/mainly CD8 ++/mainly 

CD8 

++/mainly CD8 ++/mainly CD8 +++/mainly 

CD8 

Granuloma – + – + – + 

Nodular regenerative 

hyperplasia 

+ + + + (mild) + (mild) + 

AiV detection by metagenomic 

next-generation sequencing 

Liver (+) Livera (−) Liver (+), 

kidney (+) 

Liver (+) Spleen (+), lymph node (+) Liver (+) 

AiV Reverse-transcription 

polymerase chain reaction 

Liver (+), spleena (+), 

plasma (+), urine (+), 

stools (+) 

Plasma (+), urine 

(+), stools (−) 

Liver (+), 

kidney (+) 

liver (+) Spleen (+), lymph node (+), 

plasma (+), urine (−), stools 

(−), liver (+) 

NA 

AiV by in situ hybridization liver (+), spleen (+) NA NA NA Spleen (+) NA 

AiV VP1 genotype B undetermined A B B A 

Abbreviations: AiV, Aichi virus; CD8, CD8T cells; GF, growth failure; haplo-id HSCT, haploidentical hematopoietic stem cell transplantation; ICF1, type 1 immunodeficiency, centromeric region 

instability and facial anomalies; IgRT, immunoglobulin replacement therapy; M, male; NA, samples not available; PID, primary immune deficiency; SCID, severe combined immunodeficiency; 

XLA, X-linked agammaglobulinemia.  

aFormalin-fixed paraffin-embedded.   
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Causality of AIV Infection in the Patient’s Disease 

Additional investigations were performed for P1 and P5 to 

study the causality of chronic AiV in PID patients who present-

ed with a severe and chronic multi-organ involvement. 

Clinical Recovery Associated With Viral Clearance 

Because of the severity of P1’s condition, the absence of im-

provement under high doses of polyvalent immunoglobulins, 

the lack of available potent antiviral treatment, and the only 

transient benefit from steroids and ruxolitinib, HSCT was con-

sidered. The patient received a TCRab/CD19 depleted graft from 

his haplo-identical father preceded by a myeloablative reduced- 

toxicity CR (Supplementary Material). Primary graft failure re-

quired a second transplant on day  43 from his haplo-identical 

mother preceded by a nonmyeloablative CR. Complete and sta-

ble donor engraftment was reached at day 19. T-cell immune 

Figure 1. Phylogenetic analysis of Aichi virus. Phylogenetic analysis of VP1 sequences of Aichi virus from patients (in bold) and representative Aichi virus sequences from 

GenBank. Sequences were aligned with MAFFT v7.490 under the L-INS-I parameter, and maximum-likelihood phylogenetic reconstruction was performed with PhyML 

implemented through Geneious 2.2.1 software. GenBank accession numbers of the reference strains used are detailed in the tree. Abbreviations: A, genotype A; B, genotype 

B; C, genotype C.   
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Figure 2. Lymphocytic infiltrate and Aichi virus RNA detection in patient 1 (P1) liver biopsy. Immunohistochemistry showing an infiltrate (label with brown) of CD3+ (A) and 

CD8+ (B) lymphocytes in P1 formalin-fixed paraffin-embedded liver section (G x 100). Chromogenic in situ hybridization (C, D) detection of Aichi virus RNA (label in red) in the 

hepatocytes cytoplasm (G x 400). GAPDH, ACTB, and PPI transcripts are labeled in blue.  

Figure 3. Patient 1 laboratory findings. Monitoring over time of CD4 + and CD8+ T-cell count (A), B and NK cells count (B), liver transaminases (C), Aichi virus RNA load in 

plasma, urine, stool, and other samples (D). Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BAL, bronchoalveolar lavage; BMA, bone mar-

row aspirate; CR, conditioning regimen; CSF, cerebrospinal fluid; FFPE, formalin-fixed paraffin-embedded; HSCT, hematopoietic stem cell transplantation; B, B cells; NK, 

natural killer; NPS, nasopharyngeal swab; RT-PCR, reverse-transcriptase polymerase chain reaction.   
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reconstitution progressively improved between 3 and 12 months 

post HSCT (Figure 3A). Peripheral B-cell count increased as 

soon as 1 month post second HSCT (Figure 3B). IgA and IgM 

normalized at 2 months. Interestingly, liver enzymes transiently 

improved during and after CR and durably normalized after 12 

months (Figure 3C). Following the second HSCT, AiV RT-PCR 

was performed on 26 samples (plasma and urine) collected over 

a 15-month period; only 1 urine sample was positive on D + 24, 

with a low viral load showing a rapid clearance from plasma and 

urine (Figure 3D, Supplementary Table 2). 

P4, diagnosed retrospectively, was treated with several im-

munosuppressive treatments without long-lasting improve-

ment. Gene therapy preceded by low myeloablation allowed 

definitive remission of hepatitis and complete T-cell and 

B-cell immune reconstitution in parallel with the clearance of 

AiV, as confirmed by the negative RT-PCR done on the liver 

biopsy performed 12 months after HSCT [23]. 

Twelve months after diagnosis of AiV infection, P5 received 

a geno-identical transplant preceded by myeloablative reduced- 

toxicity CR (Supplementary Material) that allowed a full donor 

engraftment. Circulating B cells started to increase from month 

2 post HSCT. As shown in Supplementary Table 4, most AiV 

RT-PCR tests were negative after HSCT. Importantly, 

RT-PCR performed on the liver, positive before HSCT, was 

negative at month 6 post HSCT. 

AiV Infect the Hepatocytes Cytoplasm in ISH 

To investigate the causality of AiV in hepatic disorder and sple-

nomegaly, the liver biopsy of P1 and the splenic biopsy of P1 

and P5 were tested using ISH (biopsies from patients P2, P3, 

P4, and P6 were no longer available). ISH showed infected 

(red signal) hepatocytes in the P1 biopsy (Figure 2C and 2D). 

Red labeling was only positive in the cytoplasm and negative 

in the nuclei as expected. Because the pretreatment digestion 

was heterogeneous across the slide, the proportion of infected 

hepatocytes could not be determined in the section. ISH also 

showed red signals in P1 (Supplementary Figure 1A) and P5 

(Supplementary Figure 1B) spleen biopsies; the red labeling 

was intense and homogeneous over the whole spleen sections 

for both. However, the infected spleen cells were not identified 

because the tissue was overdigested. Pretreatment digestion did 

not challenge the specificity of the technique but only limit the 

possibility of assessing the type (spleen) or number (spleen, liv-

er) of infected cells. No red signal was recorded in the negative 

controls (Supplementary Figure 2). 

DISCUSSION 

Here, we describe chronic and severe multiorgan infection with 

AiV in immunocompromised hosts that manifests as persistent 

immunopathological conditions previously of unknown origin. 

The similarity of the clinical presentation, the detection of AiV 

in patients suffering from immunodysregulation, the absence 

of AiV in asymptomatic matched immunodeficient patients, 

the detection of the viral genome in infected organs using 

ISH, and the reversibility of symptoms associated with AiV 

clearance after treatment argue for causality of AiV in these pa-

tients’ clinical presentation as they fulfill a number of postulates 

established by Hill [24] and reviewed by Fredricks and Relman 

[25]. 

Similarity of Clinical Presentation and Association With B-Cell Deficiency 

The 6 patients in this series (including P4, P5, and P6 previous-

ly reported [23]) all carried B-cell deficiency (associated with 

abnormalities of the T-cell compartment in 2 of 6 cases and 

low numbers of natural killer cells numbers in 3 of 6). All pa-

tients had a similar presentation characterized by long-lasting 

multiorgan in?ammation with CD8+ T-cell infiltration. The 

liver was consistently affected and resulted in an increase in liv-

er transaminases and/or cholestatic hepatitis. NRH and peliosis 

were also documented. The kidney was involved in 2 of 3 of our 

patients. The latter gives rise to nephromegaly and interstitial 

nephritis, as well as histologic features of thrombotic microan-

giopathy in 1 case. Significant lymphoproliferation character-

ized by splenomegaly and intraabdominal lymph nodes was 

also constant. Four cases of suspected AiV-disseminated infec-

tion have been previously described in children with primary or 

secondary B-cell deficiency and with very similar features in-

cluding the unusual renal disease [9–11]. The strength of the as-

sociation of AiV with these symptoms supports the causality of 

AiV. The occurrence of chronic AiV infection in B cell– 

deficient patients is reminiscent of chronic infections with 

enterovirus, another Picornaviridae that can occur in humoral- 

deficient patients [26, 27]. This emphasizes the plausibility of 

such association. AiV was documented in 32% of patients 

with PIDs and immunopathological conditions that we 

screened but in none of the asymptomatic matched immuno-

deficient patients. Among the symptomatic group, features of 

AiV-positive and AiV-negative patients largely overlapped ex-

cept for the kidney abnormalities only documented in 

AiV-positive patients. Interestingly, immunodysregulation- 

related manifestations such as liver disease and splenomegaly 

are generally less common in XLA patients compared with oth-

er conditions such as common variable or combined immuno-

deficiency [3, 28]. This may support the concept that these 

symptoms are driven by the viral infection rather than the dis-

ease itself. Based on our 6 observations and the 4 reported cases, 

B-cell immunity seems critical in immunity against AiV. 

Infections occurred despite IgRT, while serological studies sug-

gested that most adults worldwide have been exposed [29–32]. 

A neutralization assay of the commercial immunoglobulin 

preparations could not be conducted but would be informative 

to better understand the reason for this immune evasion. CD8+  
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T-cell infiltration of affected organs is also a key feature, and 

testing for anti-AiV specificity of the cells would be of interest. 

AiV infection can be easily overlooked. Indeed, based on our 

observation, diagnosis of AiV infection can be challenging. The 

RNA loads in plasma and urine were low and intermittent, and 

the shedding in stool was rare. The high sequence diversity 

between the different strains of the same species among 

Picornaviridae members due to the high error rates of 

RNA-dependent RNA polymerase [33] and the absence of a 

commercial AiV detection test are some of the pitfalls that 

highlight the value of mNGS in this context. False-negative re-

sults could be avoided by mNGS with deep sequencing and by 

repeating RT-PCR on stool, plasma, and urine over time. 

Phylogenetic analysis showed that chronic AiV infections in 

these immunocompromised patients can be caused by either geno-

type A (2 of 5) or genotype B (3 of 5), probably depending on the cir-

culation of the virus in the community at the time of contamination. 

Finally, using specific ISH, AiV RNA sequences could be doc-

umented at the cellular level in the cytoplasm of P1’s hepatocytes, 

concomitantly to an increase in liver transaminases. Given the lyt-

ic cycle of kobuviruses [34], it reinforces the suspected pathoge-

nicity of AiV. Technical issues did not allow the evaluation of 

the percentage of infected hepatocytes nor the host cells in the 

spleen of P5, which also showed a strong signal in ISH. Due to 

the documentation of peliosis in P1 and thrombotic microangi-

opathy in P3, both suggesting vascular damages one can only 

wonder about AiV tropism for endothelial cells. 

Reversibility of the disease concomitantly to viral clearance 

of AiV, the only pathogen common to all of the patients, also 

argues for its causality. Indeed, clearance of the AiV genome 

from plasma and urine in P1 and P5 was associated with clinical 

and biological improvement after successful HSCT. Clearance 

from the liver was also documented in P3 and P5 in whom liver 

biopsies were performed 6 and 12 months after cellular therapy, 

respectively. Observations from Bekassy et al and Bucciol et al 

[11, 35] are in line with this temporality. 

Our preliminary study has limitations. Even if the resolution 

of the disease coincides with viral clearance, arguing for a caus-

al relationship between AiV infection and the disease, we can-

not exclude that the conditioning regimen, the engraftment, 

and the subsequent correction of the immune deficiency may 

have cured an autoimmune process that could not be previous-

ly identified. In addition, material was not available to demon-

strate the involvement of AiV at the cellular level by ISH in 

renal or digestive biopsies. 

In conclusion, we bring pieces of evidence in favor of the 

causality of human AiV infection in patients with B-cell defi-

ciency who develop multiorgan involvement. The  symptoms 

such as hepatitis, splenomegaly, and nephromegaly with CD8 

+ T-cell infiltration should be promptly and properly investi-

gated, keeping in mind that diagnosis of AiV infection can be 

challenging. Restoration of B-cell immunity allows AiV 

clearance and cure of symptoms. Prevalence and burden of 

chronic AiV infection in such patients needs to be further eval-

uated in a larger prospective, controlled study. 
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d’origine indéterminée. L’objectif de ce travail était également d’étudier 
ce virus dont les séquences n’étaient pas 

démarche scientifique s’est appuyée sur la recherche d’arguments en fave

La participation de l’étudiant à cette étude a été la suivante

Participation à la conception de l’étude, coordination de l’étude, 

, réalisation des techniques d’hybridation in situ
l’ensemble des résultats, écriture du matériel et méthode 
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ventricular septal defect. Her maintenance immu-
nosuppressive regimen included tacrolimus, myco-
phenolate mofetil, and prednisone. She had received 
pulse steroids 16 months before the hepatitis oc-
curred to treat acute lung allograft dysfunction. The 
patient had had a localized left upper lobe pulmonary 
adenocarcinoma treated by surgery 2.5 years before 
this episode. She also had a history of chronic renal 
failure from calcineurin inhibitor (Cockcroft-Gault 
up to 23 mL/min), Aspergillus spp. and Scedosporium 
spp. bronchopulmonary infections, and parvovirus 
B19 and COVID-19 infections. In November 2021, 14 
months after receiving pulsed corticosteroid therapy, 
the patient was hospitalized for cytomegalovirus 
(CMV) colitis with ganciclovir-resistant virus requir-
ing treatment with foscavir, then maribavir, followed 
by letermovir for long-term maintenance therapy. At 

that time ultrasound examination detected cytolysis 
without symptoms or liver abnormalities (Figure 1).

Four months after that hospitalization, hepatitis 
worsened; transaminase serum levels increased to up 
to 40 times the normal upper limit (Figure 1), leading 
to hospital readmission. The patient was asymptomatic 
except for recent weight loss but without biological se-
verity because the prothrombin time level was normal. 
We ruled out common infections, including hepatitis 
A, B, C, and E, as well as HIV, CMV, herpes simplex 
virus, varicella zoster virus (VZV), human herpes virus 
6 (HHV6), adenovirus, enterovirus in blood and feces, 
parvovirus B19, toxoplasmosis, syphilis, and leptospi-
rosis. Only Epstein-Barr virus (EBV) PCR was positive 
(104.4 genome copies/mL of blood). There was no evi-
dence for a timeline relationship between levels of liver 
enzymes and use of various medications by the patient. 

Figure 1. Clinical and laboratory 

data over time for a heart-lung 

transplant patient in France who 

had cytolytic hepatitis caused 

by HCirV-1 develop. A–C) 

Monitoring of patient over time: 
A) viral loads; B) liver cytolysis 

markers; C) blood cell counts. D) 

Patient’s treatment history; red 

indicates timing of liver biopsy 

(March 21, 2022). Average 

values are depicted for HCirV-1 

and TTV viral loads in plasma 

and blood on June 8 and August 

3, 2022. *Dose 5 mg/day;  

†, solumedrol, dose 500 mg/day. 

ALT, alanine transaminase; AST, 

aspartate aminotransferase; 

CMV, cytomegalovirus; EBV, 

Epstein-Barr virus; GGT, 

gamma-glutamyl transferase; 

HCirV-1, human circovirus type 

1; IV, intravenous; TTV, Torque 

teno virus.
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She reported no use of paracetamol (acetaminophen), 
alcohol, illicit drugs, or phytotherapy (use of herbal/
plant supplements). A cardiac ultrasound did not show 
cardiac failure. We found no cardiac arrhythmia or 
vascular or biliary abnormalities from liver ultrasound 
and Doppler examinations, computerized tomography 
scan, or biliary magnetic resonance imaging results. Test 
results for autoimmune abnormalities were negative. Fi-
nally, aceruleoplasminemia test results were normal. 

Pathological examination of a liver biopsy showed 
lobular hepatitis, slightly in昀氀ammatory, without epi-
thelioid granuloma, substantial portal in昀氀ammation 
and 昀椀brosis, or lymphoproliferation (Figure 2). Results 
of Ziehl, EBV, CMV, and adenovirus stains and bacte-
riological examinations of the biopsy sample, includ-
ing mycobacterial cultures and PCR, broad-range 16S 
ribosomal RNA gene PCR, were negative. Herpes sim-
plex virus 1 and 2, CMV, adenovirus, and enterovirus 
PCR results were negative; EBV PCR was positive (135 
genome copies/μg DNA, cycle threshold = 35) but not 
ascribed to acute hepatitis. Overall, the lymphocytic 
pattern of in昀氀ammation in contrast to the lack of eo-
sinophil in昀椀ltration, vascular or biliary injuries, and 
autoimmune liver disease (no plasmocytes), strongly 
suggested viral hepatitis. We considered the extent of 
both centrilobular necrosis and resorption by macro-
phages, which suggested recent liver cytolysis. After 
these 昀椀rst-line negative results from the liver biopsy, 
we conducted metagenomic NGS (mNGS), which re-
vealed presence of the novel circovirus, HCirV-1. We 
further explored and quanti昀椀ed HCirV-1 using quan-
titative PCR (qPCR) on liver tissue, historical blood 
samples, feces, bronchoalveolar lavage, urine, and sa-
liva samples from the patient (Table).

In November 2022, the patient’s clinical condition 
was stable, and we noted complete recovery from cy-
tolysis. In the context of her recent infectious diseas-
es, we minimized the patient’s immunosuppressive 
treatment, discontinuing mycophenolate mofetil (Fig-
ure 1). When we tried to ascertain possible sources 
of her HCirV-1 infection, the patient reported contact 
with 2 cats, both of which had contact with birds and 
rodents. HCirV-1 PCR was negative in the feces of the 
cats 2 months after her diagnosis. The patient report-
ed no international travel. She did report receiving a 
blood transfusion 17 months before HCirV-1 was 昀椀rst 
detected (Figure 1).

Methods

Description of Controls

We performed retrospective HCirV-1 qPCRs on feces 
and blood samples from immunocompromised or 
immunocompetent control patients with or without 
hepatitis (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/29/2/22-1468-App1.pdf). We also 
reviewed the results of mNGS routinely performed 
since 2019 on all liver biopsies in our laboratory to 
detect pathogens (Appendix Table 2).

Nucleic Acid Extraction

We extracted nucleic acids from the patient’s liver bi-
opsy using the geneLEAD VIII instrument (Diageno-
de, https://www.diagenode.com). We extracted 
nucleic acids from 200 μL of plasma, serum, whole 
blood, bronchoalveolar lavage (BAL), and feces us-
ing the bioMérieux Emag instrument (https://www.
biomerieux.com).

mNGS

We generated complementary DNA from a bi-
opsy from the patient’s liver using the Invitrogen  
SuperScript IV First-Strand Synthesis System kit 
(ThermoFisher Scienti昀椀c, https://www.thermo-
昀椀sher.com) and used MALBAC ampli昀椀cation (Yikon  
Genomics, https://en.yikongenomics.com) as de-
scribed elsewhere (9) to use as input for Illumina 
DNAPrep (https://www.illumina.com). We se-
quenced the library in 1 × 151 bp on an Illumina Next-
Seq500 instrument generating ≈80 million raw reads. 
We processed raw reads with Microseek (10) using 
the RVDB-prot reference viral database (11).

qPCR HCirV-1

We designed PCR primers HCirV1-Fw1, 5′-ACCTG-
GATGGACCCTGGAAT-3′, and HCirV1-Rv1, 5′-AGA 
GTTCCACCAGGTTCTGC-3′ (194 bp), in the capsid  

Figure 2. Lobular hepatitis in a heart-lung transplant patient in 

France. Apoptotic bodies, hepatocyte swelling and ballooning 

were present surrounded by a slight in昀氀ammatory in昀椀ltrate made 
of lymphocytes and histiocytes. Hematoxylin and eosin stain; 

original magni昀椀cation ×40.
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gene of HCirV-1. We performed qPCRs in SYBR 
green format with 45 cycles of ampli昀椀cation at an 
annealing temperature of 58°C and puri昀椀ed positive 
amplicons after 45 cycles on gel, con昀椀rmed them by 
Sanger sequencing, and used them for serial-dilu-
tions to generate standard curves for the calculation 
of viral loads.

Acquisition of Complete Genome

After preampli昀椀cation with the QIAGEN whole tran-
scriptome analysis ϕ29 polymerase (https://www.
qiagen.com), we obtained the full genome of HCirV-1 
by sequencing plasma from the patient, sampled on 
January 12, 2022, which harbored 1010 viral copies/
mL. We applied an iterative mapping approach using 
Geneious Prime 2022.1.1 (https://www.geneious.
com) to perform the 昀椀nal assembly and deposited the 
complete genome sequence at GenBank (accession 
no. ON677309).

Phylogeny

We performed phylogenetic reconstructions on the 
capsid protein sequence (Figure 3), on the replicase 
(Rep) protein sequence (Appendix Figure 1), and on 
the complete nucleotide sequence of HCirV-1 (Ap-
pendix Figure 2). We aligned complete open read-
ing frames of the capsid and Rep genes along with 
other representative sequences of circoviruses using 
Multiple Alignment using Fast Fourier Transform 
(https://www.ebi.ac.uk/Tools/msa/mafft) under 
the L-INS-i parameter. We performed maximum-
likelihood phylogenetic reconstruction with PhyML 
implemented through the NGPhylogeny portal (12) 
and evaluated nodal support using the approximate 
Bayes branch supports. 

TTV and EBV qPCR

We performed TTV (Torque teno virus) DNA load 
using the TTV R-GENE kit (bioMérieux, https://
www.biomerieux.com) as described elsewhere (13) 
and EBV DNA load using the bioMérieux EBV R-
GENE kit. We performed real-time PCR ampli昀椀ca-
tion on an Applied Biosystems AB7500 platform 
(ThermoFisher).

In Situ Hybridization

We used a ThermoFisher 2-plex ViewRNA ISH 
Tissue Assay Kit for in situ hybridization (ISH) to 
detect RNA sequences of HCirV-1 as a marker of 
virus replication. We designed a cocktail of 12 cus-
tom-branched DNA probes to target HCirV-1 cap-
sid genes and 20 probes to target Rep genes, which 
were revealed by a red signal (probe type 1 in the 

assay kit); a blue signal (probe type 6 in the kit) re-
vealed a mix of control probes targeting human 
housekeeping transcripts. We applied 20-min heat 
pretreatment and 15-min protease digestion to tis-
sue sections after deparaf昀椀nization using xylene to 
unmask RNA targets and used Harris hematoxylin 
for counterstaining. We used negative controls for 
ISH that included a no-probe negative control from 
the patient infected with HCiV-1, as recommended 
by the manufacturer, and a negative control biopsy 
sample from a different patient that tested negative 
for HCirV-1 with mNGS.

We obtained informed consent for publication of 
our 昀椀ndings from the patient. The samples we ana-
lyzed were from control patients in a retrospective 
noninterventional study with no additional standard 
care procedures. Our study was performed in accor-
dance with ethical guidelines for medical research 
and approved by the institutional review boards of 
Necker Hospital.

 
Table. Samples tested by qPCR to detect and quantify human 
circovirus type 1 infection in a heart-lung transplant patient in 
France* 

Sample type Sampling date Ct values Virus copies†

Serum 2017 Oct 11 Negative Negative
Serum 2019 Aug 28 Negative Negative
Serum 2020 Jun 12 Negative Negative
Serum 2020 Jul 24 Negative Negative
Plasma 2020 Sep 17 17.9 3.24  107

Serum 2020 Sep 23 32.4 2.00  103

Serum 2021 Nov 05 12.4 1.25  109

Serum 2021 Nov 18 13.9 4.38  108

Feces 2021 Nov 19 23.5 3.12  105

Serum 2021 Nov 30 15.1 2.07  108

Serum 2021 Dec 10 17.4 4.49  107

Serum 2022 Jan 05 16.3 9.19  107

BAL 2022 Jan 06 24.8 3.24  105

Serum 2022 Jan 12 8.4 1.72  1010

Serum 2022 Jan 25 11.5 2.19  109

Feces 2022 Jan 27 25.5 7.98  104

Plasma 2022 Mar 10 15.3 1.77  108

Serum 2022 Mar 14 14.6 2.77  108

Plasma 2022 Mar 16 15.1 2.08  108

Serum 2022 Mar 18 14.3 3.52  108

Liver biopsy 2022 Mar 21 16.4 3.57  108

Feces 2022 Apr 01 23.7 2.68  105

Blood 2022 Apr 04 10.0 5.81  109

Serum 2022 May 05 18.1 2.73  107

Serum 2022 May 05 17.2 4.92  107

Feces 2022 May 11 28.6 1.06  104

Urine 2022 Jun 08 26.4 1.13  105

Saliva 2022 Jun 08 26.0 1.45  105

Plasma 2022 Jun 08 19.2 1.36  107

Blood 2022 Jun 08 20.3 6.36  106

Feces 2022 Jun 09 27.2 2.60  104

Blood 2022 Aug 03 18.8 1.70  107

Plasma 2022 Aug 03 17.5 4.01  107

*Virus copies are per gram for liver biopsy and feces samples, per milliliter 
for all other samples. BAL, bronchoalveolar lavage; qPCR, quantitative 
PCR; Ct, cycle threshold. 
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Figure 3. Phylogenetic analysis of capsid protein sequences of human circovirus type 1 (HCirV-1) from a heart-lung transplant 

patient in France (red) and representative circovirus strains. Sequences were aligned with Multiple Alignment using Fast Fourier 

Transform (https://www.ebi.ac.uk/Tools/msa/ma昀昀t) under the L-INS-I parameter, and maximum-likelihood phylogenetic reconstruction 
was performed with PhyML implemented through the NGPhylogeny portal (https://ngphylogeny.fr). GenBank accession numbers for 
reference sequences are indicated, along with graphic representations of the animal of origin. Scale bar indicates the number of amino 

acid substitutions per site.
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Results

Identifying Distant Circovirus Sequences  

by Liver Biopsy

Using NGS to analyze viral sequences from the liver 
biopsy specimen, we identi昀椀ed 1,011 sequences corre-
sponding to the capsid and Rep genes from the Circo-
viridae family. From a plasma sample taken at the 
peak of viremia, we derived a consensus full-genom-
ic sequence (2,021 nt) of the HCirV-1 virus (Genbank 
accession no. ON677309) and con昀椀rmed that the se-
quence was identical to partial sequences of the cap-
sid gene found in the liver. We conducted phyloge-
netic analyses on the 2 HCirV-1 viral proteins, capsid 
and Rep, and on representative animal circoviruses; 
congruent analyses showed that HCirV-1 de昀椀nes a 
new clade at a basal position relative to its closest vi-
ral species, Wolvfec circovirus (host: Gulo gulo) and 
porcine circovirus 3.

Kinetics of Infection

We designed an assay and conducted qPCR to assess 
changes in the viral load in plasma and other biologic 
samples taken from the case-patient since 2017. We 
also evaluated the viral load for TTV, a commensal 
virus whose level of viremia is well correlated with 
the immune status of graft recipients (14). TTV DNA 
load varied (0–3.99 log copies/mL), indicating a low 
level of immune suppression (15); peaks in TTV vire-
mia and cytolysis were not temporally correlated. In 
contrast, HCirV-1 was 昀椀rst detected in patient blood 
samples (103.3 genome copies/mL) in September 2020, 
2 months after steroids pulse therapy, but a July 2020 
sample tested negative. However, it is noteworthy 
that the 昀椀nding of a low level of HCirV-1 in the Sep-
tember 2020 sample was questionable because the 
tubes were opened at the same time as others harbor-
ing up to 109.1 genome copies/mL, possibly resulting 
in cross-contamination. The next available sample, 
taken in September 2021, was strongly positive (107.5 
genome copies/mL); thereafter, loads varied (108.3–
1010.2 genome copies/mL). HCirV-1 loads were high 
only during the period of pronounced cytolysis.

Assessing HCirV-1 Presence in Controls

We tested 36 blood and 20 feces samples from 56 
control patients using the same speci昀椀c qPCR 
primers for assessing HCirV-1 presence, but none 
tested positive (Appendix Table 1). Among those 
patients, 19 (34%) were primitively immunocom-
promised, 17 (30%) immunocompetent, 13 (23%) 
solid organ transplant recipients, 5 (9%) hemato-
poietic stem cell transplant recipients or receiving 

immunosuppressive treatment, and 2 (4%) HIV 
positive. Among 16 patients with hepatic cytolysis 
(Appendix Table 1), 8 cases were of unknown etiol-
ogy. Control biopsies routinely screened by mNGS 
since 2019 did not show HCirV-1 sequences among 
57 patients with hepatitis of suspected infectious 
origin, among whom 25 (44%) were primitively im-
munocompromised, 20 (35%) hematopoietic stem 
cell transplant recipients or receiving immunosup-
pressive treatment, 5 (9%) immunocompetent, 5 
(9%) solid organ transplant recipients, and 2 (4%) 
HIV positive (Appendix Table 2).

ISH

ISH of the liver biopsy specimen showed 2% infected 
hepatocytes (Figure 4); red labeling was strong in the 
nuclei and mild in the cytoplasm. Some hepatocytes 
were also poorly labeled in the nuclei, and, in this 
case, labeling was negative in the cytoplasm. Endo-
thelial cells and lymphocytes were not infected. No 
red signal was recorded in the ISH-negative controls. 

Discussion

Our 昀椀ndings show a temporal association between 
hepatitis and a high load of a novel virus, HCirV-1, 
in the liver and blood of a 61 year-old female heart-
lung transplant recipient. The patient received stan-
dard immunosuppressive therapy of tacrolimus, my-
cophenolate mofetil, and corticosteroids, but CMV 
colitis developed a year after pulsed corticosteroid 
therapy, suggesting a contemporary drug-induced 
high level of immunosuppression. Our results should 
be evaluated with Hill’s criteria for causality (16).

We demonstrated the speci昀椀city of association 
using agnostic mNGS in the liver biopsy sample, 
showing absence of any additional virus except PCR-
detected EBV. Given the low concentration of EBV in 
the liver biopsy, the concomitant higher replication in 
the blood (104.4 genome copies/mL), and the negative 
result from staining on liver biopsy, we did not con-
sider EBV to be responsible for the cytolysis. In total, 
we did not detect HCirV-1 in 113 control participants: 
40 tested by qPCR without hepatitis, 16 with hepatitis 
of known (50%) or unknown (50%) etiology (Appen-
dix Table 1), and 57 mNGS-tested case-patients with 
hepatitis of unknown etiology (unpub. data, Appen-
dix Table 2).

Circoviruses are DNA viruses. Of note, tran-
scripts were detected in the nucleus of 2% of liver 
cells by HCirV-1–speci昀椀c ISH, therefore consistent 
with viral expression and probably with virus rep-
lication. Given the lytic cycle of circoviruses, the 
results strongly support the role of HCirV-1 as the 
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Summary

Background
Metagenomic next-generation sequencing (mNGS) allows untargeted identi昀椀cation of a broad range of
pathogens, including rare or novel microorganisms. We aimed to assess the determinants of positivity and
clinical utility of mNGS.
Methods
At the Necker-Enfants malades Hospital (Paris, France), we prospectively performed short-read shotgun
metagenomics analysis as a second-line technique (in case of negativity of first-line techniques or when the
symptoms were not fully explained by initial positive results) or as a 昀椀rst-line test in life-threatening situations
requiring urgent non-targeted pathogen identi昀椀cation. We describe variables associated with the detection of
“causative” (i.e., known to cause similar clinical presentations) or “possibly causative” (i.e., known to be
associated with similar clinical presentations without formal evidence of causality) pathogens by mNGS.
Findings
Between Oct 29, 2019, and Nov 7, 2022, we analyzed 742 specimens collected from 523 patients. The initial
suspicion of infection was either high (n=470, 63%) or low (n=272, 37%). Causative/possibly causative
pathogens were detected in 117 (25%) samples from patients with high initial suspicion of infection, versus 9
(3%) samples analyzed to rule infection out (OR=9·1, p<0·0001). We showed that mNGS had higher odds of
detecting a causative/possibly causative pathogenic virus on cerebral biopsies compared to CSF (OR=4·1,
p=0·0025) and in samples from immunode昀椀cient compared to immunocompetent individuals (OR=2·4,
p=0·0013). The highest positivity rate was found in stool samples, which detected causative/possibly causative
pathogens in 46% (24/52) of cases with digestive (12/24), hepatic (7/24), hematological (3/24), or neurological
(2/24) indications.
Concordance with conventional con昀椀rmatory tests results was 97% (103/106), when mNGS detected
causative/possibly causative pathogens.
Interpretation
The clinical performance of mNGS is excellent compared to conventional microbiology and major determinants
of positivity are immune status and initial level of suspicion of infection.
Funding
This work was supported by the Necker Hospital and Institut Pasteur.
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patients can potentially be infected with a wide
range of opportunistic pathogens or atypical
organisms.1-3 Although cultures and universal PCR
allow for broad-spectrum analysis of bacterial and
fungal microorganisms, conventional tests in
virology consist of targeted pathogen-speci昀椀c
nucleic acids, antigens, or antibodies detection,
which limits the list of detectable viruses to themost
common and/or foreseen pathogens. The diagnosis
of parasitic diseases is also based on speci昀椀c
molecular or serological tests, in addition to
morphological analysis by microscopy.
Microorganisms detectable by direct high-
throughput nucleic acid sequencing of clinical
samples (clinical metagenomics or mNGS) include
viruses (DNA or RNA), bacteria, fungi and
parasites. Thus, mNGS on patient 昀氀uids and tissues
has enabled diagnosis that could not be achieved
with conventional laboratory tests.4,5 In case of
detection of novel or unexpected microorganisms,
mNGS can be combined with light or electron
microscopy, organism-speci昀椀c histological
immunostaining, and/or in situ hybridization to
provide evidence of causality. Noteworthy,
designing speci昀椀c probes based on the nucleotide
sequences of the organism detected by mNGS is of
great value.6

On Oct 29, 2019, the clinical microbiology
laboratory at Necker-Enfants malades Hospital and
the Institut Pasteur (both based in Paris, France)
established a mNGS collaborative diagnostic
platform for infection diagnosis. Although the
diagnostic value of mNGS compared
retrospectively to positive conventional tests is well
described in the literature,7,8 only a limited number
of prospective studies covered multiple clinical
sample types and clinical conditions (supplemental
table S1 in appendix p8).2,9-13 Thus, mNGS positioning
in the arsenal of diagnostic tools still warrant
clari昀椀cation. This study aimed to evaluate, following
the STROBE-metagenomics guidelines,14 the
determinants of positivity and clinical utility of
mNGS 昀椀ndings on a large panel of samples and
indications in a tertiary care center.

METHODS

Patients
The samples for mNGS analysis were received
from October 29, 2019 at the French Necker-
Enfants malades Hospital belonging to the Greater
Paris University Hospitals (AP-HP). Our inclusion

criteria for mNGS indication were either negativity
of 昀椀rst-line standard microbiology techniques
(SMT), complex medical condition (e.g.,
immunodepression) in which the symptoms may
not be fully explained by initial SMT positive results,
or life-threatening situations without speci昀椀c
symptoms which required urgent non-targeted
pathogen identi昀椀cation. First-line SMT required
before mNGS analysis are described in
supplemental table S2 (appendix p9). In severe
situations with organ biopsy collection, mNGS was
used in parallel with SMT without waiting for SMT
results. Based on the expertise gained from our
昀椀ndings, we suggested to clinicians that central
nervous system (CNS) biopsies be preferred over
cerebrospinal 昀氀uid (CSF) when available, and
recommended stool or urine analysis to investigate
hepatic, neurological, dysimmune, or nephrological
disorders (prolonged viral shedding observed in
immunocompromised patients).
Samples were accompanied by a mandatory
prescription form completed by the senior clinician
or pathologist. The clinical level of suspected
infection was indicated directly on the prescription
form by the senior clinicians. Additional information
requested included current antimicrobial and
immunosuppressive therapies, immune status,
microbiological test results and histological 昀椀ndings.
On the basis of this information, categorization as
high or low level of suspected infection was carried
out independently by two microbiologists from the
Necker laboratory.
We categorized the identi昀椀ed microorganisms into
two groups: “pathogens” and “microorganisms
without known pathogenic role”. Pathogens were
further sub-divided into causative, possibly
causative, or unlikely to be responsible for the
symptoms (Figure 1).
In case of microorganism detection, causality was
established based on the consistency of symptoms
with the literature. The terms "causative" and
"possibly causative" are described and illustrated in
supplementary materials (Figure S1 in appendix
p5). The con昀椀rmation requirements for each
pathogen are detailed in supplementary table S3
(appendix pp 10-12).
The study was a prospective observational study
with no addition to standard care procedure.
Patients and/or their legal guardians were informed
by a written letter at the time of collection, and were
given the opportunity to object to the use of the data
at any time. The study was carried out in
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Figure 1. Flowchart of samples analyzed by mNGS and overall findings.
Out of 912 received samples, 742 were selected for analysis in a routine mNGS pipeline. The detected microorganisms were 昀椀rst classi昀椀ed according to their
known pathogenicity (known pathogenic role or no known pathogenic role). The pathogenic microorganisms were then classi昀椀ed according to their causality in
the symptoms of the studied patients. mNGS, metagenomic next-generation sequencing; SMT, Standard microbiology techniques including culture of non-
fastidious bacteria, broad range PCR, routine syndromic PCR panel and speci昀椀c viral PCR depending on the symptoms.
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accordance with the ethical guidelines for medical
research and was approved by “The AP-HP.Centre
Institutional Research Review Board” (IRB
#00011928, April 9th, 2022).

Sample Processing
Samples were transported to the microbiology
laboratory of the Necker-Enfants malades Hospital
(Paris, France) on dry ice and kept frozen at -80°C
before testing. Nucleic extraction protocols, quality
controls and kit used for library preparation are
described in supplementary materials
(Supplementary 昀椀gure S2 in appendix p6,
supplementary table S4 in appendix pp 13-14).
Library sequencing was performed on a
NextSeq500 instrument (Illumina, Evry, France)
with an average of 50 million reads (1x150 bp) per
sample. Testing was done in batches, on a weekly
basis. Bioinformatic analysis pipeline is described in
the supplementary materials (Supplementary 昀椀gure
S3 in appendix p7).
We excluded samples that were redundant (as in
the case of several concomitant prescriptions for
the same patient) or inappropriate (as in the case of
a very strong suspicion of a speci昀椀c pathogen, we
suggested a speci昀椀c PCR analysis instead) (Figure
1). We also excluded samples if a cause was
identi昀椀ed between the time of prescription and
sample processing, in cases of inappropriate
storage, insufficient quantity or quality control
failure (Figure 1).

Outcomes
Our study showed that the greatest clinical bene昀椀ts
of mNGS were seen in immunocompromised
patients, in cases where the primary diagnostic
hypothesis was infection, and in subjects who had
undergone brain biopsies and/or stool sampling.

Statistical Analysis
Categorical variables are reported as numbers and
percentage. Multivariate logistic regression was
used to compute odds ratio that gender, age,
immune status, initial suspicion of infection,
indication, and sample type has on the causative
pathogen detection (for the model used see
supplementary materials and supplementary table
S5 in appendix p15); only p values <0·05 were
considered as signi昀椀cant. All analyses were
conducted using GraphPad Prism 9 software
(GraphPad Software, San Diego, California).

Role of the funding source
The funders of the study had no role in study
design, data collection, data analysis, data
interpretation, or writing of the report.

RESULTS

Between Oct 29, 2019, and Nov 7, 2022, we
received 912 samples with a prescription to perform
mNGS analysis (Figure 1). We excluded 170
samples, mainly because of redundancy: when
multiple specimens were collected from the same
patient or from the same tissue only certain samples
were analyzed according to the clinical situation
(n=98, 58%). The excluded samples were blood
(n=43, 25%), CSF (n=27, 16%), other biological
昀氀uids or stools (n=57, 34%), and tissue samples
(n=43, 25%). Eighty-seven percent (643/742) of the
analyzed samples were obtained from health
facilities located in the Paris area (breakdown of
sample provenance is given in the appendix p1).
The median time for mNGS analysis reporting was
nine days from sample extraction to data analysis
(IQR=5-12). It is worth noting that in 9 emergency
cases, we were able to reduce the turnaround time
to 3 days. The 742 analyzed samples were
collected from 523 patients for whom no
microbiological etiology of their symptomatology
had been found by conventional techniques at the
time of mNGS prescription (Table 1 and
supplementary table S2 appendix p9). For 129
patients, we analyzed several samples from
different dates and/or types (range 2 to 8). The
median age was 18 years (range, 0 to 89, IQR, 9 to
48) (Table 1). In 59% (306/523) of cases, infection
was the main suspected diagnostic andmNGS was
prescribed to identify causative pathogens,
whereas in the remaining cases, the likelihood of
infection was lower and mNGS was prescribed to
rule out a possible infection (e.g., before initiating
immunosuppressive therapy or stopping anti-
infective therapies). The number of samples
received per patient was higher in the former cases
(high probability of infection) than in the latter (1·5
[95% CI, 1·4 to 1·6] versus 1·3 samples/patient
[95% CI, 1·2 to 1·4], respectively (p=0·0401)). The
characteristics of the analyzed samples are
summarized in Figure 2. All sample types were
acceptable, with liver and CNS biopsies being the
primary sample type analyzed among tissue
samples, and urines and bone marrow aspirates
being the primary sample types analyzed among
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Table 1. Demographic and baseline characteristics of 523 patients.

Characteristic Total (n=523)

Age, median (IQR), years 18 (9-48)

Children <15 years old, n (%) 228 (44)

Adults >15 years old, n (%) 295 (56)

Female, n (%) 230 (44)

Male, n (%) 293 (56)

Disorder types, n (%)

Neurological 204 (39)

Hepatic 64 (12)

Nephrological 42 (8)

Gastro intestinal 37 (7)

Osteo-muscular 39 (7)

Respiratory 34 (7)

In昀氀ammatory 34 (7)

Cutaneous 18 (3)

Otorhinolaryngological - ocular 17 (3)

Hematologic 17 (3)

Fetal 9 (2)

Cardiac 8 (2)

Immune status, n (%)

Immunocompetent 277 (53)

Primary immune de昀椀ciency 101 (19)

Immunosuppressive or corticosteroid therapy 57 (11)

Solid organ transplant 35 (7)

Hematopoietic stem cell transplant 31 (6)

Patients living with HIV 22 (4)

Microorganism detection, n (%)

Causative or possibly causative pathogen 98 (19)

Negative or not causative 221 (42)
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Figure 2. Characteristics of samples analyzed by mNGS.
A) Distribution of sample types among the 742 samples analyzed by mNGS in the present study. The number
at the end of each bar indicates the number of samples. CSF, Cerebrospinal Fluid; FFPE, Formalin-昀椀xed
Paraffin-Embedded.
B) Distribution of the sample origins in the tissue category illustrating the predominance of brain and liver
biopsies. CNS, central nervous system.
C) Distribution of the sample origins in the 昀氀uid category illustrating the predominance of bone marrow aspiration
samples and urines. BMA, Bone marrow aspiration; URT, Upper Respiratory Tract; BALF, Bronchoalveolar
Lavage Fluid.
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body 昀氀uids (Figure 2).
Overall, at least one microorganism (i.e., viruses,
bacteria, or fungi independent of their involvement
in the symptoms) has been detected in 41%
(301/742) of mNGS samples and 63% (190/301) of
the detected microorganisms belonged to the
category of pathogens (interpreted as causative or
not). Finally, mNGS allowed etiological diagnosis by
identi昀椀cation of a causative pathogen in 19%
(98/523) of the patients.
We classi昀椀ed the detected microorganisms
according to sample types and clinical/biological
signs. The highest proportions of pathogens were
detected in stool and 昀氀uids (Figure 3A). Indeed,
46% (24/52) of stool samples allowed detection of
causative/possibly causative pathogens (see
supplementary Table S6 in appendix pp 16-17),
whereas the proportion of pathogens detected in
CSF was only 7% (13/185). The highest proportions
of samples in which pathogens were identi昀椀edwere
collected from patients with gastrointestinal,
hematologic, respiratory, or hepatic symptoms
(Figure 3B). The percentage of positivity for
different sample types and clinical indications is
indicated in supplemental table S6 (appendix pp 16-
17).
Identi昀椀ed microorganisms classified as
causative/possibly causative pathogens were
viruses (95/111, 85%), bacteria (12/111, 11%), and
fungi (4/111, 4%) (Figure 3C) in cases with only one
pathogen was detected (111/126). Viruses were
mainly single stranded RNA viruses (52/95, 55%)
and double stranded DNA viruses (31/95, 33%)
(Figure 3C). The most frequently detected
microorganisms were human herpesviruses,
noroviruses and enteroviruses, streptococci and
Staphylococcus aureus (Figure 3D), Candida
parapsilosis and Aspergillus fumigatus,
respectively. The complete list of causative/possibly
causative microorganisms identi昀椀ed is provided in
Table S7 (appendix pp 18-19). Causative/possibly
causative pathogens were detected alone or
associated with another pathogen (causative or not)
in 73% (92/126) and 27% (34/126) of the samples,
respectively. The most common microorganisms
detected in case of co-detection of pathogens were
Cytomegalovirus (n=6), noroviruses (n=4) and
adenoviruses (n=4) (Table S7 in appendix pp 18-
19).
To assess the variables (gender, age, immune
status, initial suspected diagnostic of infection,
indication of mNGS, and sample type) associated

with the detection of causative/possibly causative
pathogens by mNGS, we calculated odds ratios by
multivariate logistic regression. Compared to CSF,
biopsies of the CNS were associated to a
signi昀椀cantly higher rate of detection of
causative/possibly causative pathogens (14/63,
22% versus 13/185, 7%, OR=4·1, [95% CI, 1·7 to
11], p=0·0025) (Figure 4). For 15 patients, we
received both CNS (n=16) and CSF (n=21)
samples, of which 6 and 2 were positive,
respectively. In 2 cases, both CSF and CNS were
positive, whereas in 4 cases only CNS was positive.
Human herpes simplex virus (HSV), human
herpesvirus 6 (HHV6), cytomegalovirus,
Aggregatibacter aphrophilus and Enterococcus
faecium detected by mNGS in CSF were
concomitantly detected in CSF by mNGS and
routine standard PCR techniques. In contrast,
mNGS could identify human pegivirus (HPgV) in
two CSF samples in which standard PCR
techniques (not targeting HPgV) were negative.15

No category of clinical/biological signs underlying
mNGS prescriptions were associated with a higher
rate of detection of causative/possibly causative
pathogens (rates ranging from 0/12, 0% to 9/25,
36%) (Figure 3B; Figure 4). Conversely, the initial
high probability of infection was found to be a major
determinant of the positivity rate of mNGS:
causative/possibly causative pathogens were
detected in 25% (117/470) of samples from patients
with initial suspected diagnostic of infection, versus
3% (9/272) of samples analyzed to rule out the
presence of a pathogen (OR=9·1, [95% CI, 4·6 to
5·5], p<0·0001). Compared to immunocompetent
individuals, causative/possibly causative
pathogens were identi昀椀ed more frequently in
samples from immunode昀椀cient patients (25%
(95/386) versus 9% (31/356); OR=2·4, [95% CI, 1·4
to 4·1], p=0·0013). Of note, the nature of the
analyzed samples and the proportion of patients
with a high suspicion of infection were similar
between immunocompetent and immunode昀椀cient
subjects. Among immunode昀椀cient patients, the
highest rate of detection of causative/possibly
causative pathogens was found in those with
primary immune de昀椀ciencies (OR=2·0, [95% CI, 1·1
to 3·8], p=0·0292) (Figure 4).
Con昀椀rmatory tests include existing conventional
laboratory techniques that were not performed in
the 昀椀rst instance due to lack of initial suspicion (e.g.,
detection of Epstein-Barr virus, cytomegalovirus,
enteroviruses) or dedicated tests developed based
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Figure 3. Classification of detected microorganisms.
A) Classi昀椀cation of detected microorganisms according to sample types.
B) Classi昀椀cation of detected microorganisms according to clinical/biological signs leading to mNGS prescription.
C) Classi昀椀cation of causative/possibly causative pathogens detected in monoinfection.
D) The most prevalent families of causative/possibly causative pathogens identi昀椀ed and their distribution among
the different sample types (the total for each row adding up to 100%).
The numbers between brackets indicate the number of samples in A, B and D.



10

on mNGS 昀椀ndings or literature (Aichi virus, HPgV,
Astrovirus MLB1 or VA1). It was possible to perform
speci昀椀c confirmatory tests in 84% (106/126) of the
cases in which causative/possibly causative
pathogens were identified by mNGS. Concordance
with speci昀椀c con昀椀rmatory tests was 100% (60/60),
94% (29/31), and 91% (10/11) for RNA viruses,
DNA viruses and bacteria, respectively. The
con昀椀rmation requirements for each pathogen are
detailed in the supplementary Table S3 (appendix
pp 10-12).
Besides, in 125 instances where the possibility of
infection was deemed particularly high and the
mNGS analysis did not identify any
causative/possibly causative pathogens, additional
investigations were conducted using speci昀椀c PCR
techniques (searching for Epstein-Barr virus,
cytomegalovirus, HSV-1, HHV-6, hepatitis B virus,
polyomaviruses, HPgV, rhinovirus, HIV-1, SARS-
CoV-2, enteroviruses, Aichi virus, Tropheryma
whipplei, Mycobacterium spp., 16S, Candida spp.,
23S), serology (for cytomegalovirus, HSV-1) or
prolonged culture (for mycobacteria). Altogether,
among 231 samples investigated by both mNGS
and subsequent speci昀椀c tests, discordant results
were found in 69 samples, with 58 being mNGS
positive/speci昀椀c tests negative and 11 being mNGS
negative/speci昀椀c tests positive. The 11 cases with
lack of 昀椀ndings with mNGS and positive results of
conventional tests are described in supplementary
Table S8. Among the 58 samples with results
considered as “false positive” (speci昀椀c tests
negative), the number of reads detected with
mNGS for the suspected pathogen was below 5 in
97% (56/58) of cases, including contamination in
the same sequencing run by a high viral load of
Norovirus GII (n=3) and uncon昀椀rmed SARS-CoV-2
sequences (n=11). The two remaining cases (2/58)
included 23 reads of Epstein-Barr virus and 15
reads of BK virus detected in CSF and liver biopsy
sample, respectively.
Notable cases where direct genotyping was
provided to physicians are described below.
Metagenomic NGS performed in amniotic 昀氀uid of a
pregnant woman referred for fetal brain
abnormalities allowed us to detect three Zika virus
(ZIKV) speci昀椀c sequences (2 from the envelope
gene and 1 from the NS1 region) of the Asian
genetic lineage sharing 96.1% nucleotide sequence
identity with ZIKV French
Polynesia/HPF/2013/KJ776791, which is
consistent with the patient’s travel in Thailand.16We

also detected 40 sequences of Dengue virus type 1
in the urine sample of a 7-year-old hematopoietic
stem cell transplant recipient from French Guiana
who presented with neurological symptoms.
Vaccine Rubella strain was identi昀椀ed in a skin
granuloma in a 20 years-old patient with primary
immunode昀椀ciency, a previously reported but rare
disease.3 We also typed 29 gastroenteritis viruses
(Human Adenovirus 1, Aichi virus genotype B,
Human Astrovirus 1, Astrovirus MLB1 or VA1,
Norovirus GI.6 or GII.4, Sapovirus G.I or G.V), and
14 respiratory viruses (human respiratory syncytial
virus A, Rhinovirus A, B or C, and Enterovirus D68
or Coxsackievirus A4 or B5). Finally, our pipeline
allowed us to identify a lethal case of encephalitis
with European Bat Lyssavirus 1 in cerebral tissue4

and a novel human hepatitis virus (a circovirus) in a
liver sample (HCirV-1).6

Regarding bacterial pathogens, we were able to
genotype the S. aureus strain present in respiratory
昀氀uid from a patient with cystic 昀椀brosis who died from
acute pneumonia and showed that the strain
belonged to complex clonal 30 (CC30) and
harbored virulence-associated superantigenic toxin
genes (sea and tst-1).17 In a case of chronic
diarrhea in an immunocompromised patient, we
were able to infer the serotype of the Salmonella
strain present in the patient’s stool (i.e., serotype
Typhimurium).

DISCUSSION

In this study, we report the prospective use of
mNGS during the 昀椀rst three years of its
implementation in our center.
The addition of mNGS to our diagnostic work昀氀ow
resulted in an etiologic diagnosis in 25% (117/470)
of samples when the main diagnostic hypothesis at
the time of sampling was infection, and did not
detect any pathogen in 97% (263/272) of samples
for which mNGS was prescribed to rule out
infection. Overall, results of this study show the
potential bene昀椀t of adding mNGS to routine
diagnosis workflows both for detection and
discovery of rare or novel pathogens.4,6,16,18 We
identi昀椀ed major determinants of clinical bene昀椀ts
especially in immunocompromised patients and in
subjects with available brain biopsies and/or stool
samples. Finally, mNGS seems to have not only the
highest sensitivity in cases where the primary
diagnostic hypothesis is an infection, but also a
good negative predictive value in subjects in whom
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Figure 4. Odds Ratios for causative/possibly causative pathogen detection (95% CI)
Association among categorical variables (gender, age, initial suspicion of infection, indication, immune status,
and sample type) and causative pathogen detection was assessed by multivariate logistic-regression analysis.
Results are reported as odds ratios with 95% con昀椀dence intervals (IC95). Only p values <0·0500 were
considered as signi昀椀cant and indicated by red dots.
IC, Immunocompetent; PID, Primary immune de昀椀ciency, including agammaglobulinemia, severe combined
immunode昀椀ciency, combined immunode昀椀ciency; SID, Secondary immune de昀椀ciency, including dysimmune
condition post hematopoietic stem cell transplantation, or immunosuppressive therapy; HIV, Patients living with
HIV; CNS, Central Nervous System; CSF, Cerebrospinal Fluid; *=nephrological, osteo-muscular, cardiac, fetal,
dermatological, otorhinolaryngological and ocular disorders; $=lung, kidney, osteo muscular, skin, ear, nose,
throat, eye, spleen and placenta.
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clinicians aim to exclude the presence of a
pathogen.
Our study primarily identi昀椀ed viruses (95/111, 86%
of infections diagnosed by mNGS in our cohort,
including 57/95, 60% of RNA viruses), consistent
with the second-line diagnostic approach where
most causative bacteria, parasites and fungi have
been eliminated through microscopic examination,
prior culture and broad range PCR (16S, 16-23S,
and 18S). Several drugs with broad spectrum
antiviral activities – some of which are still in
development, such as ribavirine, favipiravir,
cidofovir, and brincidofovir may be helpful to treat
severe viral infections for whom no speci昀椀c
treatment has been validated to date.19 Finally, the
management of immunocompromised patients and
the identi昀椀cation with mNGS of new clinical entities
in this particularly infection-prone population are of
great value.18,20 In immunocompromised patient
population, we observed three situations in which
metagenomics had a bene昀椀t as an untargeted and
sensitive diagnostic tool: 昀椀rst, in case of
opportunistic infections restricted to
immunode昀椀cient patients (e.g., encephalitis due to
Astrovirus VA1 in X-linked agammaglobulinemia
patients).1 Second, in case of infection with
microorganisms known to be pathogenic in
immunocompetent patients but with atypical
symptoms in terms of chronicity, severity and/or
clinical presentation (e.g., skin granuloma triggered
by Rubella virus).21 Finally, in cases where
infectious symptoms may be confused with
in昀氀ammatory or dysimmune manifestations (e.g.,
enteric viruses causing symptoms versus
gastrointestinal graft versus host disease).22

Overall, in 263 cases, the lack of pathogen
detection by mNGS contributed to rule out infection
before clinicians started immunosuppressive
therapy.
In our setting, we observed that false-positive
mNGS results for pathogen detection were
associated with a very low number of reads (<5),
prompting us to con昀椀rm the mNGS results with
speci昀椀c techniques before reporting results to the
clinician. “False positive” mNGS results probably
included contamination in the same series by high
load of microorganism in another sample or
contamination from other series as observed for
SARS-CoV-2 sequence detection duringCOVID-19
outbreak. Alternatively, it could be true positive
because of a greater sensitivity of mNGS, as
demonstrated in a case of congenital Zika virus

infection (see also supplementary materials).16

“False negatives” correspond to low load of
pathogens. Indeed, loads of viruses detected only
by qPCR were very low and/or non-pathogenic
reactivation of herpesviruses. Two microorganisms
were detected only in culture (not detected by
PCR), in line with the detection limit by molecular
approach (Supplementary Table S8).
Most studies have evaluated the diagnostic
performance of mNGS by comparing it with
conventional microbiological tests based on
retrospective sample analysis.23 Those studies
suggest positioning mNGS as a first-line test would
increase the diagnosis rate compared to SMT.
Owing to the current cost of mNGS compared to
standard microbiology tests, we have initially
decided to use it mostly as a second-line
microbiological test. In our center, clinical
microbiologists help in the prescription of the mNGS
and can thus postpone it by performing other
conventional tests in the 昀椀rst place, or on the
contrary propose it as 昀椀rst line in case of precious
samples. Interestingly, in 9% (65/742) of cases, the
prescriptions came from pathologists who
suspected an infectious process based on
histological findings (lymphocytic in昀椀ltrate, placental
intervillositis). Samples addressed by pathologists,
allowed us to diagnose a case of European Bat
Lyssavirus 1 encephalitis in Western Europe,4 and
a series of unexplained multiorgan involvement due
to Aichi virus. 20

Our study has some limitations. We focused on the
determinants of mNGS positivity and we did not
assess the impact of mNGS on the management of
patients nor didwe include a cost analysis. Besides,
we revealed the potential contribution of mNGS
stool analysis to the diagnosis of hepatic,18

neurological disorders, or unexplained
in昀氀ammatory diseases in immunocompromised
hosts. Since pathogen excretion in the stool can be
prolonged, and many individuals have low levels of
pathogens in the stool, it is dif昀椀cult to demonstrate
causality beyond digestive symptoms. Further
studies, including patient follow-up with monitoring
of pathogen load kinetics and organ biopsies, are
therefore warranted to establish guidelines based
on how mNGS 昀椀ts into diagnostic and treatment
decision-making algorithms. Another limitation is
the calculation of turnaround time from nucleic acid
extraction. The distribution of time intervals
between sampling and mNGS prescription, which
will be highly variable (ranging from immediate to
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several weeks when prescribed by a surgeon or a
pathologist, respectively), would be interesting
information. Finally, a delay of 3 to 9 days to obtain
mNGS results may seem long compared with rapid,
targeted PCR tests available in a matter of hours.
However, non-targeted tests such as 16S PCR or
uncommon speci昀椀c PCRs or serologies performed
by distant reference centers can take at least
several days.
In the coming years, mNGS will likely allow the
discovery of under-diagnosed or emerging
infectious agents. Indeed, the increasing number of
immunocompromised patients will most likely
correlate with the emergence of new pathogen
variants. Two scenarios may then occur. The
mNGS could remain a second-line test for referral
laboratories, while the most common newly
discovered agents are progressively added to the
昀椀rst-line detection panels. For instance, following
our mNGS 昀椀ndings, we have implemented a
speci昀椀c PCR for routine detection of Aichi virus,
Astrovirus VA1, and circovirus HCirV-1 in our center
and currently perform it as a 昀椀rst-line test before
mNGS in evocative cases. The development of very
broad range 昀椀rst-line tests targeting hundreds of
pathogens, by combining speci昀椀c ampli昀椀cation or
capture systems and NGS could be useful in this
scenario. Alternatively, the democratization of
mNGS, through its implementation in an increasing
number of laboratories using high-throughput
sequencing, could allow its use as a 昀椀rst-line test
progressively supplanting the targeted approaches
in all laboratories.
In conclusion, the results of this prospective
observational studywill contribute, along with future
studies, to re昀椀ning the positioning of mNGS in
diagnostic and treatment decision-making
algorithms.
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Annexe 1 : Matériel supplémentaire Article 1
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Annexe 3 : Matériel supplémentaire Article 3
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Table S1. Summary of prospective studies detecting pathogens with mNGS across various sample types and clinical indications. 

Study Patient population No  

patients 

Location Sample types Pathogens  

detected  

by mNGS 

CT used for 

comparison 

Agreement  

with CT 

(%) 

2022†

2022‡

†mNGS agreement with CT 
species level and 84·4% at the genus level. ‡mNGS agreement with CT is not 



Table S2. List of first-line tests required by sample type collected at Necker hospital *



Table S3. Confirmatory tests used per pathogen with the required results for concordance with metagenomic NGS.

Causative pathogen detected with 

mNGS

Confirmatory tests used per detected 

pathogen

Results required for 

concordance

Limit of detection (LoD) for 

molecular detection 

according to manufacturer or 

authors Quality controls used

VIRUS - Linear ssRNA(+) genome

–

–

VIRUS - Linear ssRNA(-) genome



VIRUS - Circular ssDNA

VIRUS - Circular dsDNA

VIRUS - Linear ssDNA

VIRUS - Linear dsDNA

BACTERIA



FUNGI



Table S4. List of the kits used for metagenomic NGS in this study. 

™

™





Table S5: Goodness-of-fit of the multivariable logistic regression model: Hosmer–Lemeshow goodness-of-fit test and Akaike’s corrected 
Information Criterion (AICc) results. 

– Akaike’s 



Table S6. Results by sample type and clinical indications. 





Table S7. List of confirmed causative or possibly causative microorganisms identified. 





Table S8. Cases with mNGS negative findings and positive results of conventional tests. 

ARGENE Cytomegalovirus qPCR (Biomérieux, Marcy L’Etoile, 
Barr virus qPCR (Biomérieux, Marcy L’Etoile, 







plus pertinentes sont mal définies. L’objectif de cette étude est d’identifier des virus impliqués dans 
certaines pathologies inexpliquées du patient immunodéprimé par mNGS et d’identifier d
l’analyse mNGS pour le diagnostic des infections virales. Dans la première partie de ce travail, nous avons 

chez une patiente adulte transplantée cœur

d’arguments en faveur du lien de causalité entre l’infection virale et la pathologie hépatique, grâce à la mise 
au point de techniques de PCR, d’hybridation 
nous avons analysé les résultats de trois années d’activité de 
Cette étude nous a permis d’identifier un intérêt majeur du mNGS chez les patients immunodéprimés (i) 

cérébrospinal (LCS). Nous avons montré l’intérêt de l’analyse des tissus cérébraux par rapport au LCS en cas 
de symptômes neurologiques inexpliqués. Nos résultats suggèrent que l’analyse des selles pourrait avoir 
un intérêt en cas de symptômes hépatique, hématologique ou neurologique. L’ensemble de ce t


