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Abstract

Background: Allogenic hematopoietic stem cell transplantation (HSCT) and gene therapy (GT)
are potentially curative treatments for severe combined immunodeficiency (SCID). Late-onset
posttreatment manifestations (such as persistent hepatitis) are not uyncommon.

Objective: We sought to characterize the prevalence and pathophysiology of persistent hepatitis
in transplanted SCID patients (SCIDH+) and to evaluate risk factors and treatments.

Methods: We used various techniques (including pathology assessments, metagenomics, single-
cell transcriptomics, and cytometry by time of flight) to perform an in-depth study of different
tissues from patients in the SCIDH+ group and corresponding asymptomatic similarly transplanted
SCID patients without hepatitis (SCIDH-).

Results: Eleven patients developed persistent hepatitis (median of 6 years after HSCT or GT).
This condition was associated with the chronic detection of enteric viruses (human Aichi virus,
norovirus, and sapovirus) in liver and/or stools, which were not found in stools from the SCIDH-
group (n = 12). Multiomics analysis identified an expansion of effector memory CD8* T cells with
high type I and Il interferon signatures. Hepatitis was associated with absence of myeloablation
during conditioning, split chimerism, and defective B-cell function, representing 25% of the 44
patients with SCID having these characteristics. Partially myeloablative retransplantation or GT

of patients with this condition (which we have named as “enteric virus infection associated with
hepatitis™) led to the reconstitution of T- and B-cell immunity and remission of hepatitis in 5
patients, concomitantly with viral clearance.

Conclusions: Enteric virus infection associated with hepatitis is related to chronic enteric viral
infection and immune dysregulation and is an important risk for transplanted SCID patients with
defective B-cell function.
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Severe combined immunodeficiencies (SCIDs) are a group of genetically defined, inborn
errors of immunity characterized by an early block in T-cell differentiation and thus
profound T-cell lymphopenia. Depending on the underlying genetic defect, natural
killer(NK) cellsmay be lackingand B cellsmaybe nonfunctional or absent. SCID is
life-threatening from birth onward because of a greater risk of infections. Allogenic
hematopoietic stem cell transplantation (HSCT) is a potentially curative treatment for
SCID,}2 and gene therapy (GT) with genetically modified autologous hematopoietic stem
cells is a treatment option in some patients.3# Insome circumstances, HSCT or GT without
myeloablation is feasible because (1) the absence of recipient T cells and (in some cases)
NK cells significantly reduces the risk of rejection and (2) donor progenitor cells have a
selective advantage for engagement toward T-celldifferentiation. However, B-celldysfunction
often persists after nonmyeloablative HSCT or GT, and T-cell reconstitution can be
suboptimal or may decline over time.>6

Since the first HSCT performed in 1968, overall survival rates have improved remarkably
and now range from 70% to 90% depending primarily on donor compatibility and the
recipient’s clinical status.58:9 Therefore, the long-term function and stability of immune
reconstitution and the latter’s relationship with the patient’s quality of life have become
issues of the utmost importance. For example, follow-up studies have highlighted long-term,
disease-specific complications, such as human papilloma virus susceptibility in IL-2Ry
(X-linked SCID due to IL-2Ry deficiency), JAK3, and IL-7R deficiencies,®10-11 alkylator-
related complications in DCLREIC deficiency,12 and extrahematopoietic manifestations in
adenosine deaminase deficiency.13 Furthermore, the quality of early immune reconstitution
(which is predictive of long-term immune reconstitution) and the quality of B-cell function
were found to be important predictive factors of the long-term clinical outcome.>6:9 In this
context, we observed the onset of persistent hepatitis in 11 patients with SCID followed
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up after HSCTor GTat Necker-Children’s Hospital (Paris, France). These patients are
referred to hereafter as the SCIDH1 group. We used a number of techniques (including
pathology assessments, virologic screens, and multiomics experiments) to characterize the
pathophysiology of these patients’ condition.

We found that all the patients in the SCIDH+ group displayed a combination of liver
CD8™* T-cell infiltration, a chronic enteric viral infection, and the expansion of strongly
activated memory CD8* T cells bearing type | and Il interferon signatures. Moreover, we
found that the absence of B-cell function and transplantation without myeloablation were
strongly associated risk factors for persistent hepatitis. This condition (which we have
named “enteric virus infection associated with hepatitis” [EVAH]) was cured in 5 patients
after partially myeloablative retransplantation or GT, leading to an immune reconstitution
and viral clearance.

METHODS

Pathology assessments

Paraffin-embedded sections (3-um thick) were prepared and stained by hematoxylin-eosin
saffron or Gordon-Sweet reagent. Immunohistochemistry was performed on a Leica Bond
I11 automate (Leica Microsystems, Wetzlar, Germany) with either BOND ER1 (pH 6)

or BOND ER2 (pH 9) epitope retrieval solutions (Leica Microsystems), depending on

the primary antibodies. BOND Polymer Refine Detection kits (Leica Microsystems)

with diaminobenzidine were used for detection. The sections were probed with primary
antibodies against CD3 (CD3 polyclonal, A0452501; Agilent, Santa-Clara, Calif), CD20
(L26, M075501; Agilent), CD4 (4B12, F/MS-1528-S1; MM Brignais, France), CD8
(C8/144B, M710301; Agilent), granzyme B (11F1, GRAN-B-L-CE; Leica Microsystems),
and CK7 (Clone OV-TL 12/30, M701801; Agilent).

Detection of adenovirus and enterovirus

Total nucleic acids were extracted from 200 pL of lysis buffer with a Nuclisens Extraction
Kit for EMAG (Biomérieux, Marcy I’Etoile, France) and eluted in 100 pL of RNase-free
water. The nucleic acids were amplified with the Adenovirus R-GENE assay and the
Enterovirus R-GENE assay (Biomérieux) on an AB7500 system (Applied Biosystems,
Waltham, Mass).

Detection of human Aichi virus

Nucleic acids from stool samples were extracted after lysis in a Nuclisens lysis buffer (Biom
erieux). Total nucleic acids were extracted from 200 uL of lysis buffer with a Nuclisens
Extraction Kit for EMAG (Biomérieux) and eluted in 100 puL of RNase-free water. We
used previously described “in-house” RT-PCR assays targeting the viral 59 untranslated
transcribed region14 and the VP05 (capsid protein region) on a LightCycler 480 (Roche
Diagnostics, Meylan, France), with some technical adjustments. After reverse transcription
at 50°C for 20 minutes and initial denaturation at 95°C for 20 seconds, the RNAs were
amplified in 45 cycles with a standard TagMan 2-step protocol (60°C for 30 seconds and
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95°C for 60 seconds). As a quality check, positive controls from the French National
Reference Center for Viral Gastroenteritis (Dijon, France) were included in all experiments.

Detection of norovirus, sapovirus, astrovirus, and rotavirus

We used a qualitative, multiplex, real-time PCR assay (QIlAstat Gastrointestinal Panel,
Qiagen, Hilden, Germany) to detect norovirus Gl, norovirus GlI, rotavirus, sapovirus,
astrovirus, and adenovirus 40/41 in human stool samples. In accordance with the
manufacturer’s instructions, 200 pL of stool suspension in FecalSwab medium was loaded
into the test cartridge.

Isolation of PBMCs and plasma collection

Peripheral blood samples were collected in lithium heparin tubes and centrifuged at 2300
rpm for 10 minutes to collect supernatant (plasma). PBMCs were isolated by Ficoll density
gradient centrifugation (2200 rpm without break for 30 minutes; Eurobio Scientific, Les
Ulis, France) and washed twice in PBS (Thermo Fisher Scientific, Illkirch, France) by
centrifugation at 1500 rpm for 5 minutes. Lastly, the PBMC pellet was resuspended in FBS
(Gibco, Thermo Fisher Scientific) with 10% dimethyl sulfoxide (Sigma-Aldrich, St Quentin
Fallavier, France) and frozen.

Cytometry by time of flight

PBMCs from 4 patients in the SCIDH+ group and 7 patients in the SCIDH- group were
analyzed using cytometry by time of flight (CyTOF) (Maxpar Direct Immune Profiling
System, Fluidigm, Les Ulus, France) including a 30-marker antibody panel (Fluidigm; ref.
no. 201325). PBMCs (3 x 10%) resuspended in 300 L of Maxpar Cell Staining Buffer
were incubated for 10 minutes at room temperature after the addition of 5 pL of Human
TruStain FcX (BioLegend Europe, Amsterdam, the Netherlands). Then, the buffer was
directly added to the dry antibody cocktail containing 30 antibodies (to which we added 1
pL of anti-PD1 coupled to 165Ho0 and 1 pL of anti-Tim3 coupled to 169Tm from Fluidigm)
for 30 minutes. All samples were washed 3 times in Maxpar Cell Staining Buffer and

then fixed in 1.6% paraformaldehyde (Sigma-Aldrich) for 10 minutes. After centrifugation,
the PBMCs were incubated overnight in Fix and Perm Buffer with 1:1000 of iridium
inter-calator (pentamethylcyclopentadienyl-Ir (111)-dipyridophenazine, Fluidigm) and frozen
at —80°C before measurements.

Preparation of the single-cell RNA library

We analyzed 5 patients from the SCIDH+ group (P1-P5), 7 patients from the SCIDH-
group, and 2 controls (P2’s mother/donor and P4’s mother/donor) in 2 single-cell
experiments. The single-cell RNA (scRNA) libraries were generated using the Chromium
Single Cell 3’ Library & Gel Bead Kit v.3 (10x Genomics, Pleasanton, Calif) according to
the manufacturer’s protocol. Briefly, cells were counted and diluted to 1,000 cells/uL in PBS
+ 0.04% BSA and 20,000 cells were loaded into the 10x Genomics Chromium Controller

to generate an emulsion of singe-cell beads. After reverse transcription, the gel beads were
lysed. Barcoded cDNA was isolated and amplified in PCRs. Following fragmentation, end
repair, and A-tailing, sample indexes were added during index PCRs. The purified libraries
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were sequenced on a No-vaseq (I1lumina, Evry-Courcouronnes, France) with 28 Read 1
cycles, 8 Index 1 cycles (i7), and 91 Read 2 cycles.

Statistical analysis of the cohort as a whole

The characteristics of the patients and the HSCT procedures (molecular diagnosis, age at
transplant, sex, conditioning regimen [CR], the quality of T-cell immune reconstitution 1
year after HSCT, and the quality of B-cell function after HSCT [defined as a continued
requirement for immunoglobulin replacement therapy (IgRT)]) were included as potential
predictors. The molecular diagnoses were grouped as follows: IL-2R+y, JAK3, and IL-7R
deficiencies in group 1; RAG1, RAG2, and DCLRELC deficiencies in group 2; and

other deficiencies in group 3. CRs were grouped as myeloablative conditioning versus no
conditioning or reduced-intensity conditioning. The quality of T-cell immune reconstitution
at 1-year posttransplant was defined as good when the CD4* T-cell count was more than
750/uL and/or the naive CD4" T-cell count was more than 500/uL; these thresholds were
recently shown to be predictive of a good clinical outcome.® The characteristics of the
SCIDH+ versus SCIDH- groups were compared in a chi-square test.

A decision tree that distinguished between the SCIDH+ and SCIDH- groups was built in a
classification and regression tree analysis with the following variables: molecular diagnosis,
CR, quality of T-cell immune reconstitution 1 year after HSCT, and persistence of IgRT after
HSCT. The classification and regression tree analysis selects the most predictive variable
after the data are split into 2 child nodes; the process is repeated further until splits no longer
improve the purity of the terminal nodes.

P1 to P11 were identified by the occurrence of persistent hepatitis during their follow-up.
The patients had undergone HSCT or GT (with or without nonmyeloablative CR) for SCID
in their first years of life (from 1983 to 2013) without or after a nonmyeloablative CR. All
but 1 of the HSCT donors were haploidentical; P5 was the recipient of a matched sibling
transplant.16:17 Ten patients suffered from X-linked SCID due to IL-2Ry deficiency, and

1 patient suffered from Artemis (DCLRELC) deficiency. In all transplanted recipients, we
observed a split chimerism with donor T cells and (mainly) recipient myeloid cells and B
cells. NK-cell lymphopenia was noted in all patients (Table ). All patients failed to achieve
satisfactory B-cell function and were still on IgRT. Early T-cell development and thymic
output (as evaluated by the absolute CD4* T-cell and naive CD4* T-cell counts at 1 and 2
years after transplantation) were satisfactory (total CD4* > 750 cells/uL and naive CD4* >
500 cells/uL) in 6 patients (P1, P4, P5, P6, P8, and P9) and poor in 5 patients (P2, P3, P7,
P10, and P11) (Fig 1).°

Elevated liver enzymes were detected at a median age of 6 years (range, 3-25 years)

and persisted for a median follow-up of 4 years (range, 1.5-19 years) after onset. The
transient appearance of psoriasiform skin lesions was noted for 3 patients (P1, P4, and P8).
Splenomegaly and mild thrombocytopenia were also noted for 3 patients (P1, P6, and P7).
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Nephromegaly was recorded in P7. All but 2 patients (P8 and P9) displayed a slowing in
their height and weight gains (Fig 1; see also Fig E1 in this article’s Online Repository

at www.jacionline.org). Intermittent diarrhea and abdominal bloating were observed in 5
patients (P1, P5, P7, P10, and P11). Various immunosuppressive treatments (including
corticosteroids, sirolimus, CTLA-4 agonist, anti-TNF agents, and Janus kinase inhibitors)
and an antiviral drug (ganciclovir) were ineffective (Table I). In P5, the signs and symptoms
of hepatitis and digestive tract disorders disappeared spontaneously 2 years after onset.

Significant changes in the immune phenotype were observed concomitantly with the
hepatitis (Fig 1; see also Fig E1): a fall in both naive CD4" and CD8* T-cell counts and an
expansion of effector memory (EM) CD8* T cells and/or EM T cells reex-pressing CD45RA
(Fig 1). It is noteworthy that P5’s naive T-cell count increased following the resolution of
hepatitis. TCRVP CDR3 spectratyping of the peripheral blood T-cell repertoire (in P1-P6)
revealed a low level of diversity in all patients, with distinct TCR Vp CDR3 sequences in the
expanded clones (see Fig E2 in this article’s Online Repository at www.jacionline.org).

Liver pathology showed CD8™" T-cell infiltration

We analyzed a total of 27 liver biopsies from the 11 patients in the SCIDH1 group (see
Table E1 in this article’s Online Repository at www.jacionline.org). All the samples had
very similar features and were characterized by centrilobular mononuclear infiltrates of
variable intensity (mimicking granulomatous formations in 6 cases) mostly composed of
CD8* T cells. Granzyme B staining was partially positive on CD8* T cells (see Fig E3,
A-C, in this article’s Online Repository at www.jacionline.org). The liver architecture was
preserved initially, but 6 patients developed nodular formations reminiscent of nodular
regenerative hyperplasia (NRH). Minimal fibrosis also very slowly progressed. The bile duct
architecture was preserved in 5 cases; a mild, progressive, ductular reaction was noted in

5 patients; and concentric periductal fibrosis compatible with sclerosing cholangitis was
observed in P3 (Fig E3). Digestive tract biopsies were performed in 6 patients. Partial villous
atrophy was noticed on duodenal biopsies of P1, P2, and P10. Mild colitis was found in

P5 and P7. Spleen and lymph node biopsies were also performed in P6 and showed a
massive infiltration of CD8" T cells (Fig E3, D). Of note, findings for serum autoantibodies
associated with autoimmune hepatitis were negative.

Detection of enteric viruses using metagenomic next-generation sequencing in patients
from the SCIDH+ group

PCR-based screens for hepatotropic viruses in the plasma (hepatitis A, B, C, E, and
enterovirus) and whole-blood samples (EBV, cytomegalovirus, and adenovirus) of the
patients in the SCIDH+ group were negative. The available frozen liver biopsies (n = 13), a
spleen biopsy (P6), and a gut biopsy (P10) were analyzed retrospectively with metagenomic
next-generation sequencing (Table I). Sequences of human Aichi virus 1 (genotype B)

were identified in P1 and P7 (in the liver biopsy) and P6 (in both the spleen and lymph
nodes) and were confirmed by targeted RT-PCR. Norovirus (genogroup Gll) was identified
in a liver biopsy of P2 7 years after onset of hepatitis and in a gut biopsy of P10. In 3
patients who had protracted diarrhea, either sapovirus (P1 and P5) or norovirus (P10) was
repeatedly identified in stool samples by RT-PCR. Additional screening of stools identified
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persistent shedding of norovirus despite the absence of digestive symptoms in P2, P3, and
P4. Screening by multiplex PCR assay (norovirus, sapovirus, astrovirus, and rotavirus) and
simplex PCR assay (enterovirus, adenovirus, and human Aichi virus) was performed in stool
samples from 13 consecutive patients with SCID (IL-2Ry or JAK3 deficiency) who had
undergone HSCT. The patients had undergone HSCT between 7 and 37 years previously,
using a very similar approach: the absence of myeloablation in most cases and a mismatched
related donor that led to continuation of IgRT in the long-term after transplantation. The
patients’ liver enzyme levels were normal, and a screen for enteric viruses was negative.
Henceforth, this group of patients will be referred to as the SCIDH- group (see Table E2 in
this article’s Online Repository at www.jacionline.org).

A multiomics analysis highlighted an activated CD8* T-cell phenotype and strong type |
and Il IFN signatures in PBMCs

Mass cytometry (CyTOF) and scRNA sequencing (scRNAseq) were performed on PBMCs
from 5 patients in the SCIDH+ group (P2-P6 for CyTOF and P1-P5 for scRNAseq), 7
patients in the SCIDH- group, and 2 healthy controls (P2’s and P4’s donors, for sScRNAseq
only). The patients’ treatments at the time of PBMCs sampling are presented in Table I.

The CyTOF and scRNAseq analysis confirmed the blood immunophenotyping results with
a drop in the proportion of naive CD4* and CD8* T cells and an increase in the proportion
of total CD8* T cells (mainly composed of EM and EM T cells re-expressing CD45RA

in the SCIDH1 group) (Fig 2, A, see also Figs E4, B, and E5, A-D, in this article’s

Online Repository at www.jacionline.org). Furthermore, CyTOF enabled us to identify a
particular cluster of EM CD8* T cells. The cluster was CD38M9" HLLA-DRMN3" (hoth known
markers of activated CD8! T cells), and CD127 (IL-7R)!°" (a known marker of chronic
viral infection)18:19 and was significantly enriched in T cells from patients in the SCIDH+
group (Fig 2, B and C; see also Figs E4, A and B, and E6, B and C, in this article’s Online
Repository at www.jacionline.org). Because principal-component analysis of the SCRNAseq
data revealed clustering in the SCIDH+ group with regard to CD8* T cells and, to a lesser
extent, dendritic cells (DCs) and monocytes, we focused the analysis on CD8* T cells (Fig
3, A; see also Fig E6, A). Positively differentially expressed genes in CD8* T cells from the
SCIDH+ group compared with those from the SCIDH- group or controls mainly belonged
to IFN-stimulated genes (ISGs) such as /F/T1, IFIT3, OASL, IFI27, IFI44L, or IF/44 (Fig
3, B; see also this article’s Online Repository at www.jacionline.org). This IFN environment
was further shown by pathway enrichment analysis (Fig 3, C) and type | or Il IFN signatures
(Fig 3, D and E). Of note, CD8* T cells from the SCIDH+ group did not exhibit enrichment
in genes associated with exhaustion except for LAG3 (Fig 3, F). In contrast, CD4* T cells
from patients in the SCIDH+ group displayed higher expression of PD1 and CD57 (as
shown by CyTOF; Fig E6, D) and of exhaustion-associated genes (as shown by scRNAseq;
Fig E6, E). Genes associated with cytotoxicity or apoptosis were not differentially expressed
(Fig E6, F). Subclustering of the CD8" T cells from the scRNAseq experiment identified 10
clusters (Fig 4, A, see also Figs E5, E, and E6, F). Of these, cluster 6 was most strongly
represented in the SCIDH+ group (Fig 3, B); given that most of the cluster’s marker genes
were ISGs, we refer to the T cells as ISGN9" CD8* (Fig 3, C-F).
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Taken together, these results show that the SCIDH+ group had an expansion of highly
activated CD8* T cells with enhanced response to type | and Il IFNs concomitantly with
protracted enteric viral infection. Of note, this high level of response to IFNs was also
found in other immune subsets such as classical dendritic cells (cDCs), plasmacytoid
dendritic cells (pDCs), and monocytes (Fig 3, E and F) and was confirmed by RT-gPCR

of 6 1ISGs on whole-blood samples (see Fig E7, A, in this article’s Online Repository at
www.jacionline.org). In addition, RNA-Scope for CXCL9 and IFN-y was performed on
liver biopsies of P1, P2, and P3 and spleen biopsy of P6, showing an enrichment in IFN-y—
positive cells (Fig E3, E). Cytokine levels were measured by Legendplex (San Diego, Calif)
or SIMOA (Billerica, Mass) in sera of 5 patients (P2—-P6) and showed a trend for increased
inflammatory cytokines with interindividual variabilities (Fig E7, B and C).

Overall risk factors for hepatitis in patients with SCID recipient of cellular therapy (HSCT or

GT)

Of the 155 patients with SCID who were alive 2 years after their HSCT (n = 141 since 1972)
or GT (n = 14 since 1999) at Necker-Children’s Hospital, 114 had been regularly monitored
for liver enzyme levels (Fig 5; see also Table E3 in this article’s Online Repository at
www.jacionline.org). Overall, 11 (9.6%) of the 141 patients displayed hepatitis associated
with CD8" T-cell expansion and (in 8 of the 11) the persistent presence of enteric viruses.
The SCIDH+ and SCIDH- groups did not differ significantly with regard to the sex

ratio, maintenance of IgRT, or CR intensity (Table E3). The cumulative risk of developing
hepatitis at the age of 15 years was 25% for patients with no conditioning or low-intensity
conditioning (oral busulfan 8 mg/kg and cyclophosphamide 200 mg/kg) and who were on
IgRT versus 0% (£ =.00018) for patients in the other groups (Fig 5, B).

Outcome and curative treatments of hepatitis

Three of the 11 patients in the SCIDH+ group died: P7 died of progressive protein-losing
enteropathy and portal hypertension, P10 died of protein-losing enteropathy, and P11 died
of acute graft-versus-host disease after the administration of a hematopoietic stem cell
boost had been prompted by the patient’s poor general condition. In view of his worsening
condition, P1 underwent a lentiviral GT at the US National Institute of Health (Bethesda,
Md; ClinicalTrials.gov identifier: NCT01306019) at the age of 13 years (ie, 7 years

after the onset of hepatitis).20 GT was preceded by conditioning (upfront alemtuzumab

1 mg/kg total dose; D-21 to D-20 and busulfan 6 mg/kg total dose, with a targeted

area under the curve of 18-20 mg $ h/L). Interestingly, reductions in diarrhea and liver
enzyme levels were noted immediately on treatment with the anti-CD52 alemtuzumab. The
clinical and immunologic outcomes were remarkable. The stools and abdominal bloating
normalized within 3 months. Sapovirus in the stool samples was no longer detectable

3 months after GT. P1’s general health status improved quickly, and he started to gain
height and weight more rapidly (Fig 1). The patient’s liver enzyme levels normalized

9 months after GT, concomitantly with the disappearance of circulating initial donor
CDS8™* T cells. Autologous T-, B-, and NK-cell counts and naive CD4* and CD8* T-cell
counts increased progressively during the first year. IgRTwas discontinued 2 years after
GT because satisfactory vaccine responses were observed. P2 and P3 were subsequently
included in the same protocol and underwent GT. The GT procedures were uneventful.
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The liver enzyme level fell in both patients, and stool samples were free of norovirus

6 months after GT. P4 underwent HSCT with a matched, unrelated donor at the age of

7 years (18 months after the onset of hepatitis). He was conditioned with alemtuzumab,
busulfan (area under the curve, 56 mg $ h/L), and fludarabine, which resulted in full

donor chimerism (see this article’s Online Repository). P4’s clinical and immunologic
outcomes were excellent 2 years after HSCT, the liver enzyme levels normalized rapidly,
and norovirus was no longer detected in stool samples 18 months after HSCT. Cessation of
IgRT is planned. P6 underwent HSCT with a matched sibling donor (his brother). Despite
full engraftment, P6 developed several complications (including graft-vs-host disease, post-
HSCT EBV-related lymphoproliferation, and a disseminated mycobacterial infection) that
delayed his immune reconstitution and recovery. At the age of 25 years, P7 underwent a
second HSCT with a matched sibling donor (his brother). He achieved full donor chimerism
and experienced good clinical and biochemical outcomes including the disappearance of
hepatitis (see this article’s Online Repository). IgRT was discontinued 2 years after HSCT.
P5 recovered spontaneously from the hepatitis concomitantly with the clearance of sapovirus
and improvement of T-cell subset repartition (Fig 1).

DISCUSSION

Our long-term follow-up of patients with SCID having undergone HSCT or GT identified 11
cases of EVAH: late-onset slowly progressing, chronic hepatitis with the infiltration of CD8*
T cells, progressive failure to thrive, expansion of EM CD8* T cells, and (in 2 cases) chronic
lymphoproliferation and splenomegaly. Enteric viruses were detected in liver biopsies and/or
stool samples in all 8 patients who could be screened. Poor B-cell reconstitution (ie, a
continued requirement for IgRT) and the absence of myeloablation before HSCT were the
main risk factors for this chronic hepatitis. Although the condition was severe and led to
death in 3 cases, it could be cured by GT or second HSCT after myeloablation.

A multiomics analysis of PBMCs enabled us to identify and characterize activated EM
CDS8™ T cells with a strong type 1 or Il IFN signature. This phenomenon was further
exemplified by the identification of a prominent ISGM9" CD8* T-cell cluster in the SCIDH+
group. It is noteworthy that monocytes and DCs might have contributed to the inflammatory
process because the cell types also displayed an IFNN9" signature. Remarkably, the CD8*
T cells did not have an obvious exhausted phenotype after several years of viral persistence
as shown by analysis of pathway enrichment, gene expression (sScRNAseq), and PD1
expression (CyTOF).

In P6 (who received GT early in life), splenomegaly and the expansion of circulating
CD8™ T cells led to suspect lymphoma, but the latter was ruled out by molecular

analyses. For the other patients, we initially thought that these CD8* T cells were

causing an autoinflammatory or autoimmune condition in the context of a persistent partial
immunodeficiency, which was notably characterized by a drop in the naive T-cell count.
However, autoantibodies were not detected and the condition did not resolve on treatment
with immunosuppressants. Importantly, enteric viruses were repeatedly detected in these
patients but were absent in the SCIDH- group. One can therefore reasonably hypothesize
that (1) the persistent hepatitis in the SCIDH+ group was due to an enteric human Aichi
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virus A/sapovirus/norovirus infection that could not be controlled by the patient’s immune
system and (2) this infection led to chronic gut inflammation and leakage of the gut
barrier. As has been observed in a mouse model of chronic cytomegalovirus infection, virus-
induced type I IFN production might have accentuated the increase in gut permeability.21
There is no formal proof of a causal relationship with an enteric virus infection because
we were unable to show that the expanded CD8* T cells specifically recognized viral
epitopes. However, the SCIDH+ phenotype is reminiscent of that observed in patients
with X-linked agammaglobulinemia (XLA) and a chronic enteric virus infection?2 and in
immunocompetent patients with concomitant hepatitis and influenza.23 It is noteworthy
that 2 patients with XLA and 2 with acquired hypogammaglobulinemia after rituximab
were reported to have chronic Aichi virus infection,24-26 and that chronic hepatitis and
NRH are underrecognized but relatively common features of XLA.27 Chronic norovirus
infection is also seen in various forms of immunodeficiency, including common variable
immunodeficiency and XLA.28 Lastly, transient hepatitis is a common feature of acute
norovirus infections in immunocompetent patients.29:30

All the patients in the SCIDH+ group required IgRT because of a persistent deficiency in
antibody production by host B lymphocytes. Hence, EVAH might be triggered primarily

by defective antibody-mediated neutralization of enteric viruses at the gut barrier, leading
to chronic infection and a CD8" T-cell/monocyte-driven immunopathology. Moreover,

we cannot exclude a viral-induced inhibition of B-cell capacity to present antigens that
could facilitate the chronic infection as it was described quite recently for norovirus.31:32
Nevertheless, the importance of CD8" T cells in this immunopathologic process was
emphasized by our observation of liver enzyme normalization after GT or a second HSCT.
An improvement was even observed during the CR despite the persistence of viral shedding.
Studies in the mouse have demonstrated the importance of humoral responses for clearing
norovirus infections and the lack of redundancy between type I/11 IFN responses and

T-cell responses.33:34 We also cannot rule out a possible role of NK-cell and/or innate
lymphoid cell deficiencies—a hallmark of patients having undergone nonmyeloablative
HSCT and who display split chimerism with T cells as the only donor-derived cells.3>

One could suppose that incomplete correction of the T-cell immunodeficiency contributes
to EVAH as suggested by the drop in the naive T-cell count. In fact, the initial T-cell
reconstitution was good in most patients, and the usual features of T-cell immunodeficiency
(eg, susceptibility to certain infections) were lacking. Furthermore, the early quality of T-cell
immune reconstitution did not appear to be a risk factor in univariate and multivariate
analyses. Furthermore, the observed drop in the naive T-cell count might have been a
consequence of the chronic infection, because it is also observed in patients with XLA

with a chronic enteric virus infection.?4 Plus, enteric viruses might escape neutralization by
the 1gG provided by IgRT because of an inefficient neutralization titer and/or inadequate
recognition of epitopes on highly mutated viruses in the context of chronic shedding.3®

We observed that EVAH was cured by myeloablative HSCT or GT, indicating that the
viral infection can be controlled by effective immune effector cells, including B cells.
Importantly, the outcomes of repeat cell therapy in the patients in the SCIDH+ group
suggest that EVAH (including NRH) is reversible. Hence, given the progressive course
of EVAH (regardless of symptomatic treatments), it makes sense to offer potentially
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curative treatment to these patients. Careful, long-term post-HSCTor post-GT monitoring of
patients with SCID is recommended, including broad screens for enteric viruses in subjects
with posttransplantation B-cell dysfunction and the early detection of immunopathologic
processes. It remains to be determined whether preemptive GT or repeat HSCT (ie, before
the likely onset of EVAH) would be of value in patients without B-cell reconstitution if

an HLA-identical donor is available. Our present results also emphasize the importance of
including some degree of myeloablation in the CR for HSCT or GT in an indication of SCID
to ensure effective B-cell function thereafter.

We sincerely thank the patients and their families for their trust. We are also grateful to

the clinical staff in the Pediatric Immuno-Hematology and Rheumatology Unit at Necker-
Children’s Hospital. We thank all the staff from the genomics, bioinformatics, cytometry,
and single-cell core facilities at the Imagine Institute. Lastly, we thank the staff at the CyPS
Salpétri ere cytometry facility for technical assistance and helpful advice.
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Abbreviations used

CR Conditioning regimen

CyTOF Cytometry by time of flight

DC Dendritic cell

EM Effector memory

EVAH Enteric virus infection associated with hepatitis

GT Gene therapy

HSCT Hematopoietic stem cell transplantation

IgRT Immunoglobulin replacement therapy

ISG IFN-stimulated gene

mMNGS Metagenomic next-generation sequencing

NGS Next-generation sequencing

NK Natural killer

NRH Nodular regenerative hyperplasia

SCID Severe combined immunodeficiency

SCID-X1 X-linked SCID due to IL-2Ry deficiency

SCRNA Single-cell RNA

scRNAseq SCRNA sequencing

XLA X-linked agammaglobulinemia
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Key messages

. Hepatitis is frequently late after HSCT or GT in SCID and is related to an
inappropriate immune response to chronic enteric viral infection.

. Absence of B-cell function and absence of myeloablation are risk factors for
this condition. Second procedure with myeloablation is curative.
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FIG 1.
Late-onset hepatitis, failure to thrive, and concomitant immunophenotypic changes. Changes

over time in laboratory and clinical variables for P1 (A-C), P5 (G-I), and P6 (M-0). A,

G, and M, Serum transaminase levels (AST for aspartate aminotransferase in orange and
ALT for alanine aminotransferase in blue) over time expressed as a multiple of the normal
value. B, H, and N, Changes over time in CD4* T-cell counts (dark green), CD8* T-cell
counts (purple), and percentage of naive CD4* T cells among CD4* T cells (/ight green). C
and /, Weight (lower curve) and height (upper curve) changes over time. O, CT scan of the
abdomen (axial view) of P6, 9 months after the onset of hepatitis. Histological assessments
of liver biopsies from P1 (D-F), P5 (J-L), and P6 (P and Q). D, J, and P, Hematoxylin-
eosin-saffron staining x200. £, K; and @, CD3 staining. ~Fand L, CD8 staining.
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CyTOF analysis of PBMCs from the patients in the SCIDH+ and SCIDH- groups revealed
a skewed phenotype for CD8* T cells. A, A UMAP plot of cells after quality control,
split by group, and colored according to the immune subsets identified after FlowSOM
and ConsensusClusterPlus clustering (see this article’s Materials section in the Online
Repository at www.jacionline.org). B, Scaled expression of CD38 on PBMCs split by
group and visualized as a UMAP plot and a histogram of median CD38 expression. C,
Scaled expression of HLA-DR on PBMC:s split by group visualized as a UMAP plot and
a histogram of median HLA-DR expression. The Mann-Whitney-Wilcoxon test was used
to compare the median expression of CD38 and HLA-DR in the SCIDH+ and SCIDH-
groups. ¢DC, Classical dendritic cells; CM, central memory; GD, gamma-delta; MA/TSs,
mucosal-associated invariant T-cells, pDC, plasmacytoid dendritic cells; UMAP, uniform
manifold approximation and projection for dimensionality reduction. *P < .05.
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scRNAseq analysis of PBMCs from patients in the SCIDH+ and SCIDH- groups and
controls revealed an inflammatory CD8* T-cell phenotype and strong IFN signatures. A,

A principal-component analysis of pseudo-bulk transcriptomic expression of CD8* T cells
(green: controls; blue: SCIDH—; brown.: SCIDH+). B, A volcano plot showing differentially
expressed genes in CD8* T cells (pseudo-bulk expression). The red dots correspond to
genes above both the fold change threshold and the ~Pvalue threshold. C, A histogram

of the results of a gene ontology analysis (GO Biological Process 2021) for upregulated
genes in CD8* T cells from patients in the SCIDH+ group vs the SCIDH- group. D and

E, A heatmap showing the mean of the module score for a published IFN-a response

gene set (Fig 3, D) (MSigDB, Hallmark Interferon Alpha Response) and a published

IFN-+y response gene set (Fig 3, E) (MSigDB, Hallmark Interferon Gamma Response)

in each cluster, by group. F, A histogram showing the median expression of CD57 on
CD8™ T cells, as assessed by CyTOF (/eft panel), and a dot plot showing the mean
expression and the proportions of CD8* T cells expressing the mentioned genes (sScRNAseq,
right panel) in samples from patients in the SCIDH+ and SCIDH- groups and controls.
¢DC, Classical dendritic cells; CM, central memory; CTLA-4, cytotoxic T lymphocyte—
associated antigen 4; CXCL13, Chemokine (C-X-C motif) ligand 13; GD, gamma-delta;
MAITs, mucosal-associated invariant T-cells; pDC, plasmacytoid dendritic cells; TIGIT,
T-cell immunoreceptor with Ig and /7/M domain; UMAP, uniform manifold approximation

and projection.
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FIG 4.
Subclustering of CD8* T cells enabled the identification of an ISGN9" CD8* T-cell cluster

in the SCIDH+ group. A, A UMAP plot of CD8* T cells subclustered from PBMCs. B, A
boxplot showing the proportion of CD8* T cells in cluster 6. C, A volcano plot showing
upregulated and downregulated genes from cluster 6 (marker genes) vs all CD8* T cells, as
assessed by the Seurat FindMarkers function. D, A histogram showing the results of a gene
ontology analysis (using GO Biological Process 2021 database and £nrichR) for marker
genes in cluster 6. The top 10 enriched pathways are shown and ranked according to their
combined score. E and F, A heatmap showing the mean of the module score for a published
IFN-a response gene set (Fig 4, E) and for a published IFN-+y response gene set (Fig 4, F) in
each cluster of CD8* T cells separated by group. UMAP, Uniform manifold approximation
and projection.
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FIG 5.
Frequency and risk factors of hepatitis. A, A classification and regression tree analysis of

the variables that best predicted the development of hepatitis. B, The cumulative probability
of survival without developing hepatitis for the cohort. The vertical line indicates 2 years.
MAC, Myeloablative conditioning; //C, reduced-intensity conditioning (oral busulfan 8
mg/kg and cyclophosphamide 200 mg/kg only).
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