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LISTE DES ABREVIATIONS

AdV : adénovirus

ANSM: Agence Nationale de Sécurité du Médicament

CMV : cytomégalovirus

CSH : cellules souches hématopoiétiques

EBV : Epstein-Barr virus

GVH : maladie du greffon contre I’hote

IFN-y: interferon gamma

MAC : myeloablative conditioning regimen = conditionnement my¢éloablatif

NMA : non myeloblative conditioning regimen = conditionnement non myéloablatif
PTLD : post-transplant lymphoproliferative disorder = lymphoprolifération B ou T post transplantation
RC : réponse compléte

RIC : reduced intensity contioning regimen = conditionnement d'intensité réduite
RP : réponse partielle

TRM : toxicity related mortality

VST : virus-specific T-cells = lymphocytes T spécifiques d’un virus
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I INTRODUCTION

A. L’allogreffe de cellules souches hématopoiétiques

La greffe de cellules souches hématopoiétiques allogéniques (allogreffe de CSH) demeure le
traitement de référence de certaines hémopathies malignes de mauvais pronostic et de rares
hémopathies non malignes telles que 1’aplasie médullaire, les hémoglobinopathies et certains
déficits immunitaires primitifs ou autres maladies constitutionnelles. L’allogreffe consiste a
remplacer le systétme hématopoiétique et immunitaire du patient receveur par celui d’un
donneur sain. Ces cellules immunocompétentes permettent, dans les hémopathies non malignes
ou les déficits immunitaires, de remplacer un tissu hématopoiétique défectueux par un tissu
hématopoiétique sain. Dans I’indication des hémopathies malignes, I’allogreffe de CSH permet
surtout le développement d’une réaction immunitaire anti-tumorale cellulaire ciblant
potentiellement différents antigénes tumoraux et permettant I’instauration d’une mémoire
immunologique et un controle a long terme de la maladie sous- jacente. Malheureusement, les
antigenes reconnus par les cellules du donneur ne sont pas spécifiques des cellules tumorales et
la réaction allogénique de la greffe peut conduire a une réaction du greffon contre 1’hote (GVH),
responsable de morbidité et de mortalité. Cette procédure est lourde et la mortalité lice a la
toxicité de la greffe (foxicity related mortality, TRM) a pendant longtemps €té la premicre cause
d’échec de I’allogreffe de CSH. Toutefois, I’avancée vers la diminution de la toxicité extra-
hématologique des conditionnements, 1’avénement de différentes plateformes de prophylaxie
de la maladie du greffon contre 1’hdte (graft versus host disease, GVH) mais aussi I’avénement
de nombreuses prophylaxies anti-infectieuses ont considérablement réduit la TRM durant les

dix derniéres années.

Par ailleurs, la cinétique de la reconstitution immunitaire post-allogreffe de CSH dépend de la

chimiothérapie de conditionnement utilisée, du type de donneur, du type d’immunosuppression
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post-transplantation utilisé, de la déplétion T éventuelle (in vivo, par sérum anti-lymphocytaire,
alemtuzumab, ou cyclophosphamide ou ex-vivo par T-déplétion du greffon). Il existe en effet
un déficit de I'immunité humorale et cellulaire persistant a la sortie d’aplasie : la récupération
de I’immunité innée observe un délai de reconstitution d’environ un mois, au maximum (s’il
s’agit d’'une greffe réalisée avec du sang de cordon) mais la reconstitution de I’'immunité
adaptative est beaucoup plus lente et peut durer jusqu’a un an post-greffe, notamment pour les
lymphocytes T CD4 (1). Briévement, il existe deux contingents de lymphocytes T dans le
greffon de CSH : les lymphocytes T matures et les précurseurs T naifs. Les lymphocytes T
matures sont détruits partiellement par la chimiothérapie de conditionnement puis par les
différentes techniques de déplétion T in vivo en fonction du type de greffon. Ils circulent et
s’expandent dans le sang périphérique mais possedent un répertoire T réduit, donc une activité
anti-infectieuse faible. Les précurseurs T naifs, eux, vont migrer dans le thymus dont
I’involution avec 1’age et les chimiothérapies de conditionnement augmentent le temps du

processus d’éducation, mais permet la reconstitution d’un pool de lymphocytes T polyclonaux.

Nombre de cellules
(% normal)
140 -
120 A
—Neutrophiles, Monocytes
100 A
—Cellules NK
80 - —Lymphocytes T CD4
60 4 Lymphocytes T CD8
—Lymphocytes B
40 -
Cellules dendritiques
20 4
o . . . . . . T )
Prégreffe  Jo 1mois 3 mois 6 mois 1an 2ans 3ans

Figure 1: Reconstitution immuno-hématologique apres allogreffe de CSH. Dans la période pré-greffe,
la chimiothérapie de conditionnement est définie comme myéloablative, d’intensité réduite ou non
myéloablative et produit une pancytopénie plus ou moins réversible en l’absence d’allogreffe de CSH.
Elle permet la prise de greffe. La reconstitution de ['immunité innée survient plus rapidement que celle
de l'immunité adaptative. Schéma tiré du “Handbook de greffe”.
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B. Problématique des infections virales dans le contexte de ’allogreffe de CSH

A cause de cela, les infections opportunistes représentent toujours une cause non négligeable
de mortalité avec une incidence cumulative de 0.25% dans les 100 premiers jours post-greffe a
0.5% dans I’année post-greffe (2) et une morbidité certaine. Les principales complications
infectieuses virales sont dominées par cinq virus : [’adénovirus (AdV), le cytomégalovirus
(CMV), DI’Epstein-Barr virus (EBV), le BK virus et ’Human-Herpes-6 (HHV-6). Nous
détaillerons les trois premiers (Tableau 1).
1. L’adénovirus.

L’adénovirus est un virus a ADN double brin, dont la primo-infection se fait généralement dans
I’enfance, par voie respiratoire. Le virus peut persister ensuite dans les lymphocytes T localisés
notamment dans la région oropharyngée (amygdales et végétations adénoides) ou dans le
systetme digestif et ainsi, présenter une réactivation a la faveur d’une immunodépression
persistante. La réactivation de 1’adénovirus chez un patient ayant bénéfici¢ d’une allogreffe de
CSH est plus fréquente chez I’enfant (32 %) que 1’adulte (6 %) (3). La différence d’incidence
du virus entre les populations adultes et pédiatriques allogreffées pourrait étre expliquée par la
recirculation du virus parmi les enfants, mais également par la persistance plus importante du
virus dans I’enfance qu’a I’age adulte, offrant une source de réactivation constante (4). Du fait
de la déplétion en lymphocytes T CD4 et CDS, le risque de réactivation est majeur dans les 100
jours post-greffe (3). Les facteurs identifiés comme majorant le risque de réactivation
comprennent 1’origine du donneur (toutes autres que géno-identique), la lymphodéplétion T ex
vivo et I'utilisation d’alemtuzumab (anti-CD52), I’age du donneur (incidence moins ¢levée chez
les adolescents jeunes adultes et chez les adultes) et la GVH aigué sévere (5—7). Le seul facteur
semblant diminuer le risque de réactivation est la séropositivité du donneur a I’AdV. L’attitude
pré-emptive par administration de Cidofovir ou Brincidofovir est importante pour diminuer
I’incidence d’une maladie disséminée (4,5). Celle-ci est estimée a 1-7 % avec une mortalité
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¢levée > 50 % (8). La symptomatologie est diverse : infection respiratoire sévere, hépatite,
colite, cystite hémorragique, ou kérato-conjonctivite. Parmi les thérapeutiques anti-virales, les
effets secondaires (insuffisance rénale aigué€, toxicit¢é hématopoiétique entrainant des
cytopénies, insuffisance hépatique aigué...) sont tres fréquents et limitent I’utilisation optimale
de ces médicaments chez des patients fragiles (5). Le Brincidofovir, prodrogue du Cidofovir,
présente cependant moins d’effets secondaires néphrotoxiques (9). D’autre part, en I’absence
de reconstitution immunitaire anti-virale, le controle effectif du virus est parfois compliqué
malgré I’administration de thérapie anti-virale optimale. Dans ce contexte, 1’utilisation de
lymphocytes T cytotoxiques spécifiques d’un virus (virus-specific T-cells, VST) a été
développée depuis les années 1990.
2. Le CMV.

Le CMV est un béta herpés virus. L’infection a CMV ¢était pendant longtemps une
problématique majeure de I’allogreffe de CSH puisqu’elle affectait 30 a 50% des receveurs de
CSH (10). L’infection a CMV ¢était principalement observée au décours des 3-4 premiers mois
post-greffe. Les thérapies anti-virales préventives pendant les premiers mois de la greffe avec
notamment 1’utilisation du letermovir ont drastiquement diminué I’incidence des réactivations/
infections par le CMV. Le statut sérologique avant la greffe du couple donneur/receveur est le
facteur de risque majeur de la réactivation CMV (11). Les autres facteurs affectant la
reconstitution immunitaire post-greffe sont également importants : I’age élevé du receveur
(fonction thymique altérée), I’incompatibilité¢ HLA (les greffes haplo-identiques), I’irradiation
corporelle totale, le sérum antilymphocytaire et le type de greffon (sang de cordon placentaire).
L’attitude prophylactique consiste a débuter un traitement par Letermovir chez les receveurs
séropositifs. Il est a noter que le Letermovir a permis une diminution drastique du nombre
d’infection a CMV, administré de maniere systématique chez les receveurs séropositifs (12).

L’attitude préemptive consiste, elle, a débuter un traitement des la détection d’une virémie a
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CMV, ce qui permet de diminuer le risque d’évolution vers une maladie 8 CMV. Elle repose
sur la détection de la charge virale par méthode de PCR quantitative dont aucun seuil n’est
reconnu mais dont la cinétique guide le début du traitement. Le traitement antiviral recommandé
en premiere intention repose sur le recours au Ganciclovir ou au Foscavir (10), les deux
traitements ayant montré la méme efficacité sur la diminution de la charge virale et la survenue
de maladies a CMV. Un test de résistance aux antiviraux est souhaitable dés qu’il est envisagé
une deuxiéme ligne thérapeutique. Les principales formes de maladies a CMV chez le patient
ayant bénéfici¢ d’une allogreffe de CSH sont majoritairement pulmonaires et digestives et
parfois, cérébrales. La pneumopathie a CMV (10-30 %) présente une clinique peu spécifique,
des images radiologiques associées a une virémie ou a une détection du CMV par PCR dans le
lavage broncho-alvéolaire ou dans la biopsie pulmonaire. Les infections gastro-intestinales (2
%), souvent ulcérantes, peuvent survenir tout le long du tractus digestif (oesophagite, gastrite,
colite) et doivent étre confirmées par endoscopie digestive avec analyse histologique de la
présence d’inclusion de CMV dans les cellules infectées. L’affection du systéme nerveux
central est observée tardivement dans 1’allogreffe avec un tableau de déficit cognitif rapidement
progressif et une atteinte des paires craniennes. Le diagnostic repose sur I’imagerie et la
détection du CMV par technique PCR dans le LCR. Les autres manifestations (cystite,
pyélonéphrite, myocardite, pancréatite, rétinite 8 CMV) sont plus rares (10).
3. L’EBV.

Le virus Epstein Barr est un gamma herpes virus ubiquitaire, qui infecte les cellules épithéliales
de "oropharynx et investit les lymphocytes B. Chez I’immunocompétent, I’infection ou les
réactivations sont contrélées par les lymphocytes T CD4 et CDS8. Chez I’immunodéprimé, et
notamment chez le receveur de CSH, la multiplication des lymphocytes B peut aboutir a une
lymphoprolifération B ou T appelée « Post-Transplant Lympho-Proliferative Disorder »

(PTLD), dont la majorité survient dans I’année qui suit la greffe (13,14). La T-déplétion du
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greffon ex vivo par manipulation du greffon ou in vivo par des thérapies telles que le sérum
antilymphocytaire (SAL) ou I’alemtuzumab est le principal facteur de risque de PTLD (15).
La survenue d’une GVH aigué sévére, la disparit¢ HLA entre le donneur et le receveur, la
séropositivité du receveur avec un donneur séronégatif ainsi qu’une charge EBV initialement
¢levée sont également des facteurs de risque (16). L’incidence du PTLD augmente de 1,1 %,
3,6 % ou 8 % en présence d’1, 2 ou 3 facteurs de risque, respectivement (15). La prévention de
la survenue d’un PTLD repose sur I’administration préemptive d’une immunothérapie anti-
lymphocytaire B (anti-CD20), le Rituximab, lorsqu’une réplication EBV sanguine est

objectivée (17).

Tableau 1 : Tableau récapitulatif de lincidence et du traitement recommandé pour [’infection a AdV,
CMV ou EBYV.

Patients  Virémie Maladie Prophylaxie Traitement pré-emptif Taux de réponset

AdV
Enfants 23% 7% Non Cidofovir, Brincidofovir 60% (5,8)
Adultes 3% 1% 80% (9)

CMV
Enfants 68%* (18) 5-10% Letermovir Ganciclovir/Valganciclovir, 70-80% (19,20)
Adultes Efficacité : Foscavir

60% (12)

EBV
Enfants 0,1-63% 1,2-11% Non Rituximab 70% (14)
Adultes

Pour chaque infection, incidence dans les 6 mois post-allogreffe de CSH. 1 : défini en fonction de
chaque infection — diminution de la charge virale pour I’AdV et le CMV et réponse clinique pour I’EBV.
* Résultats datant de [’ére pré-Letermovir.

C. Les lymphocytes T cytotoxiques anti-virus ou VST

Il s’agit d’une technique développée initialement par le Pr. Steven Riddell et son équipe en
1992, de manicre prophylactique contre la réactivation du CMV chez des patients ayant
bénéficié d’une allogreffe de CSH. Dans cette publication, trois patients ont été traités par des

doses croissantes de cellules T-CD8" spécifiques du CMV expandus ex-vivo a partir de
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lymphocytes prélevés chez le donneur initial de la greffe. Aucun des patients n’a développé de
réactivation ou d’infection a CMV et aucune toxicité n’avait été rapportée (21). Plus tard, en
1994, Papadopoulos et al. produisent des VST contre ’EBV, dérivés de cellules mononuclées
périphériques provenant du donneur de la greffe, stimulées par des cellules de la lignée B
autologue irradiées, elles-mémes infectées par ’EBV chez des patients atteints d’une maladie
a EBV (PTLD). Parmi les 5 patients traités, 3 obtiennent une réponse compléte et 2 décedent
des complications pulmonaires de I’infection. Dans cette cohorte, 2 patients ont développé une
GVH aigué cutanée de grade II, résolutive apres un traitement par corticoides (22). En 2006,
Tobias Feuchtinger et son équipe, réussissent la réinjection de VST spécifiques de I’AdV, isolés
de maniére immunomagnétique, provenant du donneur de la greffe, sans expansion préalable,
chez 9 patients présentant une réactivation/infection par I’AdV. Sur les 5 patients évaluables, 4
¢liminent le virus, 1 patient décede de I’infection a AdV et 1 patient présente une recrudescence
d’une GVH aigué cutanée (23). Malgré les différentes techniques et leur évolution au fil des
ans et depuis environ 25 ans, dans la littérature, le contréle du virus est rapporté dans 70-75%
des patients traités par VST. La survenue de GVH aigué de novo concerne moins de 10% des
patients et reste limitée a un grade I-II et on observe parfois la recrudescence d’'une GVH aigué
antérieure répondant la plupart du temps a un traitement par corticoides, témoignant d’une

grande spécificité des VST.

Désormais, la nécessit¢ d’une mise a disposition rapide et efficace d’un traitement pour les
infections précoces post-allogreffe de CSH a mené au développement de VST issues d’un
donneur différent du donneur de la greffe. En effet, grace a leur faible alloréactivité, le recours
aux VST issues d’un donneur dit en « tierce partie » €¢largit les possibilités de traitement. Dans
ce cas, les VST sont générées, soit par culture, afin de constituer une banque de VST ou par
isolement immunomagnétique. Afin de s’affranchir du délai de production des VST et de

garantir leur disponibilité quasi-immédiate (« off-the-shelf »), le regroupement en banque de
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VST est développé depuis 2007. La figure 2 présente un récapitulatif des différentes techniques

de production.

Les doses de VST injectées ne dépassent pas les recommandations émises par la SFGM-TC
concernant les doses autorisées pour 1’injection de DLI (donor leucocyte infusion) qui sont de
1 x 10° CD3/kg dans le cadre d’une greffe géno-identique, 5 x 10* CD3/kg pour une greffe
phénoidentique 10/10 et 1 x 10* CD3/kg pour une greffe phénoidentique avec une compatibilité
HLA <10/10 et une greffe haplo-identique (24). Dans la littérature, les doses recommandées
pour les VST ont été obtenues a partir d’étude d’escalade de doses et sont comprises entre 1 x
10* cellules/kg et 1x10° cellules/kg ou encore 1x107 cellules/m? (25). Le tableau 2 présente les

principales études réalisées a ce jour.
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Figure 2 : Schéma récapitulatif des différentes méthodes de production des VST et de leur utilisation.

(26).
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Tableau 2 :

Vue d'ensemble des publications concernant les études des VST depuis 1992.

Auteurs Journal Année de Indicatio  Critére de jugement Population Origine du Dose injectée Effets Résultats
publication n principal donneur indésirables
AdV-VST
Feuchtinger  British Journal 2006 Curative Efficacité n=9 Donneur de la 1,2-50 - 10°/kg T 1 aggravation RC : 4/5 patients.
et al (23) of Population greffe cells d’une GVHD Déces : 1/5 patients.
Haematology pédiatrique. préexistante
(cutanée)
Leen et Blood 2009 Curative Sécurité et toxicité n=13 Donneur de la 5x10°to 1.35x 10°  Pas de GVHD RC : 5/13 patients.
al.(27) Population greffe T-cells/m2
pédiatrique.
Qasimetal.  British Journal 2013 Curative Identifier et sélectionner n=1 Tierce-partie 1 x 10* T-cells/kg aGVHD (stade Il RC : 100%. Déces secondaire a une
(28) of les VST a partir d’un Population cutané et IV pneumonie a CMV.
Haematology donneur de tierce partie. pédiatrique. hépatique)
Feucht et Blood 2015 Curative Sécurité et efficacité n=30 Donneur de la 4.1x 10° CD3+T- 2 aGHVD RC 21/30 patients.
al.(29) greffe cells/kg (de 0,3 to modérées Décés de I’infection a AdV : 9/30.
24) (cutanées) de novo
Qian et Journal of 2015 NA Identifier les différents n=10 NA NA NA Mise en évidence de la présence de
al.(30) Immunotherap sous-types de toutes les sous-populations de
y lymphocytes T parmi les lymphocytes T dans les VST
donneurs sains avant et produites, in vivo.
apres sélection
immunomagnétique par
IFN-y pour production
d’AdV-VST.
Qian et Journal of 2017 Curatif Sécurité et efficacité. n=11 Donneur de la 5,83+/- 8,23 x10° Réactivation RC : 9/10 patients
al.(31) Hematology greffe (n=5), CD3+ IFN-y+ T- d’une aGVHD
and Oncology tierce-partie cells’kg chez 3/10 patients.
(n=6) donc
UCB
Rubinstein Blood 2021 Curatif Efficacité n=30 Donneur de la 5 x 107 VST per m2 1 aGVHD de novo 15 RC, 6 RP parmi 26 patients
et al.(32) advances greffe (n=7), (grade II cutané) évaluables.
tierce-partie
(n=21), les
deux (n=2)
EBV-VST
Papadopoul ~ New England 1994 Curatif Sécurité et efficacité. n=5 Donneur de la 1x10°CD3+T- 2 aGVHD (skin, RC : 3/5 patients.
os etal.(22)  Journal of EBV PTLD greffe cells/kg grade II) 2 morts de complications
Medicine pulmonaires de ’EBV.
Rooney et Lancet 1995 Curatifet  Efficacy n=10 Donneur de la 1x10” CD3+T Aucune de novo RC 3/3. Pas de réplication pour les
al.(33) prophyla 3 réplications greffe cells/m? 4 injections ~ GVHD patients ayant regu une injection
ctique EBV chez patients prophylactique.

24



Rooney et
al.(34)

Gustafsson
et al.(35)

Haque et
al.(36)

Haque et
al.(37)

Doubrovina
et al.(38)

Blood 1998 Curatif et
prophyla
ctique.

Blood 2000 Curatif

Lancet 2002 Curatif

Blood 2007 Curatif

Blood 2012 Curative

Efficacy

Examiner les rapports
entre les charges virales
EBYV chez les patients
allogreffés tot apres la
greffe, le type de greffe
regu, la présence d’une
immunodépression sous-
jacente, et les résultats
apres les EBV-VST.
Efficacité

Sécurité et efficacité

Comparaison des
injections de
lymphocytes du donneur
(DLI) et d’injection
d’EBV-VST.

7 injections
prophylactiques
Population
pédiatrique

n=39

6 réplications
EBYV sans
PTLD.

33 injections
prophylactiques

Population
pédiatrique
n=9

n=8

PTLD en
progression
malgré
traitement
standard.

7 post-
transplantation
d'organes
solides (SOT).
1 post-
allogreffe de
CSH (HSCT)
n=33 31 SOT, 2
HSCT

n=49
30 DLI
19 EBV-VST

Donneur de la
greffe

Donneur de la
greffe

Tierce partie

Tierce-partie
(banque)

Donneur de la
greffe (n=14),
tierce-partie
(n=5)

présentant une
réplication EBV.
0,4 to 1,2 x10®
CD3+T cells/m? for
others

6 patients : 4 doses
d’1x 107 T-cells /m?
6 patients : 2 doses
d’1x 107 T cells/m?
+ 2 doses de 5x 107
cells/m?.

27 patients : 2 doses
de

2 x 107 cells/m?.

4 doses
hebdomadaires
(1x107 cells/m?)

10°® T-cells/kg toutes
les 2 semaines,
jusqu’a régression
compléte de la
tumeur (RC) ou
progression.

1 a 6 injections.

2 x 10° VST/kg
hebdomadaire
pendant 4 semaines.
1x10° CD3+ EBV-
VST/kg IV
hebdomadaire
pendant 3 semaines
ou une injection de
0.2-1 x10° CD3+ T
cells non
spécifiques.

Aucune de novo
GVHD

Aucune de novo
GVHD

Aucune de novo
GVHD

Aucun effet
indésirable

Aucune de novo
GVHD

RC : 6/6.
Pas de réactivation EBV pour les
autres.

RP:4/9
5 sans réponses.

RC:3/8
3 décés de progression.
2 déces d’autres causes.

21/33 a 5 semaines post-injection
79% OS a 6 mois.

DLIs :

- RC : 17 patients

- RP: 1 patient

- 12 non répondeurs
EBV-VST :

- RC : 12 patients

- 4 patients non répondeurs

- 1 non évaluable



Prockop et J Clin Invest 2020 Curative Sécurité et efficacité n=46 Tierce-partie EBV-VST 1 aGVHD HSCT : RC/RP : 22/33 patients
al.(39) HSCT (n=33) 3 injections (cutanée, grade I) SOT : RC/RP : 7/13 patients
ou SOT (n= hebdomadaires
13)
CMV-VST
Riddell et Science 1992 Prophyla  Sécurité et efficacité n=3 Donneur de la Hebdomadaire Pas d’effet Aucun patient n’a développé de
al. (21) ctique greffe pendant 4 semaines indésirable réplication ou d’infection.
consecutives avec
escalade de dose :
3.3x 107 cells/m?, 1
x 10% cells/ m?, 3.3 x
108 cells/ m?, and 1 x
10° cells/ m?
Walter et NEJM 1995 Prophyla  Sécurité et efficacité n=14 Donneur de la 1x10" T-cells/m? 3 de novo RC: 14/14
al.(40) ctique greffe aGVHD
Einsele etal ~ Blood 2002 Curatif Efficacité =8 Donneur de la 1x107 VST/m? une Pas d’effet RC:6/8
(41) greffe fois — une dose indésirable Déces : 2/8
supplémentaire pour
un patient
Peggs et al. Lancet 2003 Curatif Sécurité et efficacité n=16 Donneur de la 1x10° VST/kg aGVHD grade 1 RC: 14/16
(42) greffe Réactivation chez 2 patients.
Cobbold et Journal of 2005 Curatif Efficacité n=9 Donneur de la 8.6 x 10°/kg 2 aGVHD de RC: 8/8
al (43) Experimental greffe (moyenne) grade II
Medicine
Peggs et al Clinical 2009 Prophyla  Sécurité et évaluation de n=30 Donneur de la 1x10°VST/kg 8 aGVHD grade I- RC : 23/30 avec traitement antiviral
(44) Infectious ctique et la restauration de greffe II curative associé.
Disease curatif I’immunité antivirale 3 aGVHD grade
I
10 cGVHD
limitées
2cGVHD
extensives
Feuchtinger ~ Blood 2010 Curatif Sécurité et efficacité n=18 Donneur de la 21 x 10° VST/kg c¢GVHD (n=1) RC: 15/18
et al (45) greffe (n=16) (moyenne)
Tierce-partie
(n=2)
Blyth et al Blood 2013 Prophyla  Efficacité n=50 Donneur de la 2 x 107 VST/m? 8 aGVHD grade I-  Pas de réactivation : 24/50
(46) ctique et greffe I En prophylaxie : 26 patients ont
curatif 4 aGVHD grade développé une infection CMV
1I-1v 9 traités par antiviraux
1 déces rapport au CMV
Koehne et al  Bio. Blood 2015 Curatif Sécurité et efficacité n=17 Donneur de la Groupe 1 (n=3) : Aucune do novo RC: 12/17
47) Marrow Trans. greffe (n=16), 5%10° T-cells/Kg; aGVHD RP:1/17

tierce-partie
(n=1=

Groupe 2 (n=4),

1x10° T-cells/Kgx1;
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Groupe 3 (n=3),
2x10° T-cells/Kgx1;
Groupe 4 (n=6),
1x10° T-cells/Kgx3
doses

hebdomadaires
Neuenhahn Leukemia 2017 Curatif Sécurité et efficacité n=16 Donneur de la 6.34-14.2x10 1 aGVHD RC:17/28
et al (48) greffe et tierce-  VST/kg 1 cGVHD RP : 15/28
partie 1 épisode de
fievre a 24h de
I’injection
Pei et al American 2022 Curatif Sécurité et efficacité n=190 Donneur de la De 10°/kg a 10° 28 aGVHD grade RC (incidence cumulée) : 90%
(48) Journal of greffe VST/m2 I-IT 8/190 ont développé une infection a
Hematology CMV
Wang et al Bone Marrow 2022 Curatif Efficacité n=10 Donneur de la 1¢° dose : 0.5 x 108 Pas d’aggravation ~ RC:9/10
(49) Transplantatio Population greffe VST/kg des aGVHD
n pédiatrique 2éme dose : 1x108 existantes.
VST/kg
ADV-VST, EBV-VST, CMV-VST
Uhlin et al. Clinical 2012 Curative Survie globale n=8 Donneur et 0,8-24,6 x 10* T- Non mentionné Survie globale : 87% a J+90
Infectious 6 CMV, 1AdV,  Tierce partie cells/kg RC: 6/8
Diseases 1 EBV
Gerdemann  Molecular 2013 Curative Sécurité, toxicité, n=10 Donneur 0.5-2x 107 T- 1 patient : de novo  RC : 8/10
et al. Therapy efficacité 3 CMV 1AdV cells/m? aGVHD (skin,
2EBV grade I)
2 CMV+ADV
2 EBV+ADV
Leen et al. Blood 2013 Curative Sécurité n=50 Tierce partie 2 x 107 T-cells/m? 2 de novo RC :37/50
23 CMV, 18 aGVHD, 6
AdV, 9 EBV réactivations
Withers et Blood 2017 Curatif Sécurité et efficacite. n=30 Tierce partie 2 x 107 T-cells/m? 2 de novo aGVHD  Incidence cumulative a 12 mois :
al. Advances 28 CMV, 1 93%
AdV, 1 EBV 9 déces
Tzannou et Journal of 2017 Curatif — Sécurité et efficacité 17CMV, 7 Tierce partie 2 x 107 T-cells/m? 2 de novo aGVHD CMV : 6 RC, 10 RP
al. Clinical Infection AdV, 2 EBV EBV:2RC
Oncology aCMV, AdV :4RC, 1RP
AdV,
EBV,
HHV6 et
BK virus.
Kallay etal.  Journal of 2018 Curatif Sécurité n=9 Tierce partie 7.5-16.2 x 10*T- Aucun effet CR:8/9
Immunotherap Pediatric cells/kg indésirable
y patients
3CMV,2EBV,
1 AdV
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Abraham et  Blood 2019 Prophyla  Sécurité et efficacité n=14 UCB 2.5 x 107 T-cells/m? Aucune de novo RC : 3/4 chez les patients présentant

al. Advances ctique or Population aGVHD une virémie 8 CMV, RC : 6/7 chez
curatif pédiatrique les patients traités de maniére
pour une 4 CMV 2 EBV prophylactique.
infection 1 AdV
aCMV et 7 injections
EBV prophylactiques
Jiang et al. Blood 2022 Curatif - Sécurité et efficacité n=30 Tierce partie 2 x 107 T-cells/m? 4 de novo aGVHD  RC : 28/30
Advances Infection 27CMV, 3 1 to 4 infusions 7 cGVHD Survie globale : 88% at 1 an
aCMV EBV
and EBV
Pfeiffer et Clinical 2023 Curative Sécurité et efficacité n=58 Tierce partie 2 x 107 T-cells/m? 3 de novoaGVHD CMV :12RP, 11 RC
al. Cancer - 24 CMV, 12 EBV :2RP
Research Infection AdV, 2 EBV AdV : 4 RP, 6 RC
aCMV,
AdV,
EBV, JC
virus, BK
virus,
HHV6

Liste non exhaustive des études publiées depuis 1992. Abréviations : GVHD : maladie du greffon contre [’héte, aGVHD : GVHD aigué, cGVHD : GVHD
chronique, VST : Virus-specific T-cells, AdV : adénovirus, EBV : Epstein-Barr virus, CMV : cytomégalovirus, RC : réponse compléte, RP : réponse partielle,
HSCT : hematopoietic stem cell transplant = greffon de cellules souches hématopoiétiques, SOT : solid organ transplant.
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I1. PRESENTATION DE L’ARTICLE

Depuis 2016, 1’Unité de Thérapie Cellulaire et de Tissus (UTCT) du Centre Hospitalier
Régional et Universitaire (CHRU) de Nancy, dirigée par le Professeur Bensoussan, a obtenu
’autorisation pour la France de produire des lymphocytes T cytotoxiques spécifiques appelés
VST de I’AdV dans le cadre d’'un médicament de thérapie innovante (MTI-PP 009) et la
production en acces compassionnel VST spécifiques du CMV ou de ’EBV. Chaque demande
de traitement par VST a été soumise a un comité d’experts sous 1’égide de la Société
Francophone de Greffe de Moelle et Thérapie Cellulaire (SFGM-TC). La validation de
I’indication par ce comité d’experts permettait de soumettre la demande a I’ ANSM (autorisation
MTI-PP pour les VST-AdV et pour les VST-CMV ou EBV, demande de « non-opposition »
avec nécessité de recueil prospectif des informations sur la tolérance et I'efficacité du traitement

qui a été réalisé par le Docteur Petitpain, cheffe du service de pharmacovigilance).

Dans cette étude de vraie vie, nous avons repris les patients traités entre 2016 et 2022 dans ce
cadre. Vingt-neuf patients ayant bénéficié d’une allogreffe de cellules souches
hématopoiétiques (17 enfants et 12 adultes) ont été traités par VST. La production des VST a
¢été réalisée a partir du méme donneur que la greffe pour 13 patients, ou a partir d’un donneur
haplo-identique en tierce partie pour 16 patients. Cette production était basée sur la technique
de sécrétion de cytokine IFN-y par les lymphocytes T spécifiques du virus. Briévement, les
cellules mononuclées périphériques issues de la leucaphérése ont été stimulées pendant 6
heures, avec un pool de peptides correspondant a la protéine immunodominante enticre de
I’AdV (Peptivator-ADV5 Hewon, Miltenyi Biotec, Bergish Gladbach, Germany) ou du CMV
(PepTivator- CMV pp65) ou différentes parties des protéines les plus immunodominantes de
I’EBV (EBV-select). Ces cellules sont ensuite sélectionnées en utilisant le Cytokine Capture

System (CCS, Miltenyi Biotec), par la technologie de sélection immunomagnétique par I’I[FN-
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v. Les cellules éluées, constituent la fraction positive composée de cellules T CD4" et CD8"
sécrétant de I’IFN-y qui constituent les VST. Les contrdles qualité, par cytométrie en flux et

par ensemencement microbiologique ont été réalisés sur cette fraction positive.

Le suivi médian de notre cohorte est de 74 jours (de 8 a 555 jours). La majorité des patients ont
recu des VST pour une réplication virale (n=17 soit 58,6%, versus n=12 pour une maladie
virale). Le temps médian entre 1'allogreffe et la réplication (ou I’infection) virale était de 46
jours (de 0 a 1372 jours). Le délai médian entre la réplication (ou infection) et la premiére
injection de VST ¢était 50 jours (de 21 a 300 jours) de traitement antiviral avant la perfusion
initiale de VST. On note que 15 patients (51,72%) avaient été¢ greffés pour un déficit
immunitaire primaire ou hémopathie non maligne et 14 patients (48,28%) avaient été
transplantés pour une hémopathie maligne, ce qui reflete un large recours aux VST dans la
population pédiatrique, notamment avec déficit immunitaire primitif. De plus, presque tous les
patients (28/29) avaient recu, au moment du conditionnement de greffe, une déplétion in vivo
de lymphocytes T, soit par sérum anti-lymphocytaire (n= 17 patients, 59 %) soit par

cyclophosphamide post-transplantation (n=7, 24 %) soit par alemtuzumab (n=7, 24 %).

Cette étude nous montre que la tolérance immédiate (dans les 24 premieres heures) est
excellente, avec seulement un patient ayant nécessité un bolus de corticoides pour un possible
syndrome de relargage cytokinique. Les événements indésirables graves dans le premier mois
sont marqués par les évenements infectieux en lien avec I’immunodépression profonde de notre
population avec 9 infections opportunistes non liées au virus (dont 2 déces) et 4 déces en lien
avec I’infection virale traitée. Dans les deux premiers mois suivant 1’injection, on note 2
récurrences de GVH aigué sévere (qui décederont) et 1 possible GVH chronique pulmonaire a

J45 post-VST.

Le taux de réponse globale ou ORR (réponse complete et partielle) est de 56% a un mois et

62% a 3 mois. L'ORR était statistiquement meilleur dans le groupe AdV avec 62,5 % versus 25
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% dans le groupe CMV versus 12,5 % dans le groupe EBV (p =0,01). L'ORR a un mois n'était
pas statistiquement différent selon les parametres du virus : le statut viral "réplication" versus
"infection" (p=0,353), la charge virale moyenne a la perfusion de VST (p=0,511), le taux moyen
de VST injectés/kg (p=0,677), le temps médian entre la réplication/ou l'infection virale et la
premicre perfusion de VST (p=0,234). L'ORR n'était pas statistiquement différent selon les
parametres immunologiques : le donneur de VST (donneur de cellules souches d'origine versus
tierce-partie, p = 0,415), le type de déplétion T in vivo (p = 1.000), la corticothérapie continue
au moment du transfert de VST (n=12) (p=0,626) et la décroissance rapide de
I’immunosuppression avant VST (p=0,626). A noter, 4 patients ont été traités par ruxolitinib
pour une précédente GVHD et étaient toujours traités par ruxolitinib a I'injection. Les 4 patients

ont tous obtenu une RC a J90.

Finalement, la survie globale a 3 mois et un an pour I'ensemble de la cohorte était de 55,17%
(IC 95% [39,65-78,43]) et 28,97% (IC 95% [13,21- 63,51]), respectivement. Il convient de
noter que la survie globale était significativement plus ¢élevée lorsque la charge virale a la
perfusion était <5 log (p<0,001), ce qui suggere qu'une perfusion VST précoce devrait étre

proposée.

31



II1. ARTICLE

ON BEHALF OF THE SFGM-TC: REAL-LIFE USE OF THIRD-PARTY VIRUS
SPECIFIC T-CELL TRANSFER IN IMMUNOCOMPROMISED TRANSPLANTED

PATIENTS.

Esther Hazane Leroyer!, Nadine Petitpain?, Stéphane Morisset’, Bénédicte Neven?, Martin
Castelle*, Sarah Winter*, Laetitia Souchet’, Véronique Morel®, Marie Le Cann’, Mony Fahd®,
Karima Yacouben®, Francoise Mechinaud®, Marie Ouachée-Chardin’, Cécile Renard’, Héléne
Labussiére Wallet’, Marie Angoso®, Charlotte Jubert®, Patrice Chevallier’, Alexandra Léger'’,
Fanny Rialland'®, Nathalie Dhedin'!, Christine Robin'?, Sébastien Maury'?, Florence

Beckerich'?, David Beauvais!'?, Thomas Cluzeau'*, Michaél Loschi'4, Alina Fernster'>, Marcelo

tlS

De Carvalho Bittencourt'®?>, Maxime Cravat'¢, Karin Bilger'’, Laurence Clément'®, Véronique

20

Decot!”, Mélanie Gauthier'®, Anne Legendre?®, Jérome Larghero®', Guillaume Martin-

Blondel??, Cécile Pochon?°, Loic Reppel'®?°, Héléne Rouard?*, Stéphanie Nguyen-Quoc>,

Jean-Hugues Dalle®, Maud D’ Aveni?>* and Daniéle Bensoussan'®?°*,

"'Nancy University Hospital, Department of Hematology, Vandoeuvre-les-Nancy, France.

2Nancy University Hospital, Regional Centre of Pharmacovigilance, Vandoeuvre-les-Nancy, France.

3 Statistical Unit, Pérouges, France.

4 Assistance Publique des Hopitaux de Paris, Department of Pediatric Immuno-hematology, Necker
Children Hospital, Paris, France.

> Assistance Publique des Hopitaux de Paris, Department of Hematology, La Pitié-Salpétriére Hospital,
Paris, France.

¢ Department of Pediatric Hematology and Immunology, Robert Debré Academic Hospital, GHU APHP
Nord Université Paris Cité, Paris, France.

7 Hospices Civils de Lyon and Claude Bernard University, Institute of Pediatric Hematology and
Oncology (IHOPe), Hematology Unit, Lyon, France.

8 University Hospital of Bordeaux, Department of Pediatric Hematology Oncology, Bordeaux, France.
? Nantes University Hospital, Department of Hematology, Nantes, France.

10 Nantes University Hospital, Department of Pediatric Hematology, Hopital Mére-Enfant, Nantes,
France

! Assistance Publique des Hopitaux de Paris, Saint-Louis Hospital, Paris, France.

12 Assistance Publique des Hopitaux de Paris, Department of Hematology, Henri Mondor Hospital and
Université Paris-Est Créteil, Créteil, France.

13 Lille University Hospital, Department of Hematology, Allogeneic Stem Cell Transplantation Unit,
Lille, France.

32



4Nice University Hospital, Department of Hematology, Université Cote d'Azur, Nice, France.

15 Brussels University Hospital, Hopital Universitaire des Enfants de la Reine Fabiola, Department of
Pediatric Hematology, Brussels, Belgium.

6 Nancy University Hospital, Cytometry Platform, Vandoeuvre-les-Nancy, France.

I7INCANS, Department of Hematology, Strasbourg, France

¥ Bordeaux University Hospital, Department of Hematology, Bordeaux, France

"“Nancy University Hospital, Cell Therapy Unit, MTInov, Bioproduction and biotherapy integrator,
Vandoeuvre-les-Nancy, France.

20EFS La Plaine St-Denis, France

2! Assistance Publique des Hopitaux de Paris, Saint-Louis Hospital, Cell Therapy Unit, Paris, France

22 Toulouse University Hospital, Department of Infectious and Tropical Diseases, and Toulouse Institute
for Infectious and Inflammatory Diseases, INSERM UMRI1291 — CNRS UMRS5051 - Université
Toulouse 111, Toulouse, France

23 Nancy University Hospital, Department of Pediatric Hematology, Vandoeuvre-les-Nancy, France

24 Etablissement Frangais du Sang and Paris-Est Creteil University, Créteil, France

2 Lorraine University, CNRS Unit UMR 7365 IMoPA, Vandoeuvre-les-Nancy, France

*: These two authors contributed equally to the work

Corresponding author: d.bensoussan(@chru-nancy.fr

33


mailto:d.bensoussan@chru-nancy.fr

Abstract
Background: Allogeneic hematopoietic stem cell transplantation (allo-SCT) offers a curative

option for various haematopoietic disorders. Both ex vivo and in vivo T-cell-depletions
designed to reduce graftversus-host disease (GVHD) are often complicated by severe viral
infections. Since 2016, virus-specific T-cell (VST) therapy has been authorised in France as a
targeted therapy to treat severe or drugrefractory viral infections. We prospectively investigated
29 consecutive recipients of allo-SCT treated with VST, because of a persistent or recurrent
infection with adenovirus (AdV) (n=13), Epstein-Barr virus (n=8), cytomegalovirus (CMV)
(n=7), or AdV and CMV (n=1) despite standard therapy.

Methods: VST were produced from leukapheresis collected from the same HLA-matched graft
donor (n=13) or from a new haplo-identical third-party donor (n=16). Safety, viral dynamics,

and immune recovery were monitored for 12 months.

Results: The median time between allo-SCT and the viral replication was 46 days (range 0-
1372 days). VST were infused at a median of 50 days after virus replication (range 21-300
days). Thirty-four infusions were injected with a mean dose of 1.43 x (£ 3.06) 10* CD3+ T-
cells/kg. Infusions were safe and well tolerated. Recurrent acute GVHD (aGVHD) occurred in
two patients and one case of de novo chronic GVHD (cGVHD) was observed within the 2
months after VST infusion. At 3 months, the cumulative overall response rate was 62%
(n=18/29) and no viral recurrence was observed during the first year post-VST infusion. No
predictive factors related to the viral infection (replication versus infection and viral load at
infusion) or related to the immunological status (HLA-matched versus thirdparty donor, in-
vivo T cell depletion, immunosuppressive treatment and tapering at infusion) were identified
correlated with the overall response. Overall survival (OS) at 3 months and 1 year for the entire
cohort was 55.2% (95% confidence interval [39.7-78.4]) and 29% (95% CI [13.2- 63.5]),
respectively. Interestingly, OS was significantly higher when the viral load at infusion was <5

log (p<0.001).

Conclusions: This is real-life study reporting 34 VST infusions in post-allo SCT patients
infected with AdV, EBV and CMV resisting standard anti-viral therapy, highlighting the

importance of early VST infusion in the therapeutic process.

Keywords: Virus-specific T-cells, allo-SCT, AdV, CMV, EBV, third-party haploidentical

donor.
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Background
Allogeneic haematopoietic stem cell transplantation (allo-SCT) offers a curative option for

various hematopoietic disorders. In 2020, 18 796 allo-SCT were performed in European
countries (1). Although the toxicity related mortality (TRM) has decreased with new
conditioning regimens, improved graftversus-host disease (GVHD) prophylaxis and treatment,
and supportive care improvement, infections and GVHD remained the two main causes of
treatment related mortality (TRM) (2,3). Of note, the current use of either ex vivo or in vivo T
cell depletion prevents alloreactivity (graft rejection and GVHD) but enables viral
infections/reactivations due to a delayed immune reconstitution. Although the incidence and
severity of viral infections/reactivations has decreased thanks to the implementation of pre-
emptive antiviral chemotherapies, they still represent a life-threatening complication of allo-
SCT (4). Indeed, a relevant number of patients still experience therapy-refractory infection in
the absence of concomitant immune reconstitution (5—7). Of note, some drugs are used off-
label since no authorized product is available, for adenovirus (AdV) infection for example. A
recent observational study reported that in the first 100 days post-transplant, the cumulative
incidence of death caused by infections is 2.3% (0.25% from viral origin) (3). Curative anti-
viral therapies are associated with consistent side effects such as acute kidney injury or
haematotoxicity that might worsen the overall prognosis (5-8). For adenovirus (AdV) (9-11),
cytomegalovirus (CMV)(12,13) and Epstein Barr virus (EBV), virus-specific T-cells (VST)
have been developed as an alternate therapy (14,15).

Adoptive T-cell therapy against viral infections was first proposed by Riddell et al (16) in 1992
against CMV reactivation after allo-SCT. Three patients were treated with 4 weekly
prophylactic infusions of escalating doses with ex-vivo expanded CMV specific CD8+ T-cells
from the initial donor. None of them developed CMV viraemia or disease and no toxicity was
reported. Later, Papadopoulos et al, produced EBV-VST from donor-derived peripheral blood
mononuclear cells (PBMC) stimulated with irradiated autologous EBV-transformed B cell
lines (17,18). Among 5 patients, 3 obtained a complete response (CR), 2 died from EBV
pulmonary complications. Of note, 2 patients developed a grade II skin acute GVHD
(aGVHD). In 2006, Feuchtinger et al. managed to infuse freshly immunomagnetically isolated
AdV-VST from allo-SCT donor leukapheresis without any prior expansion in 9 patients (19).
Adenovirus was successfully cleared in 4 out of 5 evaluable patients, 1 patient died from AdV
disease and 1 presented a skin aGVHD flare-up. Through different techniques over the last 25
years (see below), virus control is reported in 70%-75% of patients (20,21). Acute GVHD
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occurs in less than 10% of patients, usually reported as de novo grade I-Il GVHD, or worsening

of pre-existing GVHD, suggesting the high specificity of VST.

The need for a fast, efficient and safe therapy for early post-transplant viral infections has led
to the generation of VST from third-party donors. This development broadened the
applicability of VST thanks to their low alloreactivity even with the use of HLA-mismatched
donors (13,22-27). As reported in the examples above, VST are still generated either by
culture, to constitute a bank, or by immunomagnetic isolation, in particular in a familial context.
Currently, off-the-shelf, multi-target VST represent a promising therapy for early and late post-
allo-SCT viral infections provided a compatible VST cell line is available for the patient
(24,27-31). For immunomagnetic isolation of VST, patient related donors screened with AdV,
CMYV or EBV immune T cell response are collected by apheresis. Then, mononuclear cells are
stimulated by a viral antigen, and specific T cells isolated secondary to interferon gamma (IFN-
v) secretion thanks to an immunomagnetic technique (ClinitMACS, Miltenyi Biotec, Bergisch
Gladbach, Germany). VST are infused into patients when they are refractory to one or more
lines of anti-viral treatments. Thanks to the stimulation antigen used (clinical-grade peptide
pools of 15 amino-acids allowing HLA class I and class II presentation), the infused T-cell
population is composed of both CD4+ and CD8+ T-cells that persist in vivo after infusion for

at least 12 weeks (32).

From 2016 to 2022, AdV-VST, EBV-VST or CMV-VST were produced in the Cell Therapy
Unit of the University Hospital of Nancy as Advanced Therapy Medicinal Products (ATMP)
under hospital exemption and were infused into 29 consecutive patients with AdV, EBV or
CMV replications/infections, persisting despite an optimized antiviral therapy. We
retrospectively analysed the data in terms of safety and efficacy as the primary and secondary
objectives, respectively, considering VST were prepared from third-party haploidentical donor

in more than half cases.

Materials and methods

Patient access to VST-therapy

Since 2016, the date of the first French national authorisation for AdV-specific T-cells, in the
context of immunosuppression following allo-SCT, an expert group (gathering physicians,
cellular therapists and pharmacovigilance consultants) has emerged under the aegis of the
Société Francophone de Greffe de Moelle et de Thérapie Cellulaire (SFGM-TC) to evaluate

the indications and regulate the prescriptions. Requesting centres engaged in a referral
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procedure with the expert group. Eligible patients were defined as: (i) allo-SCT patients (ii)
with viral replication and/or tissue infection with CMV, AdV, or EBV that had failed to
standard therapy ; (iii) standard therapy was defined by at least 14 days of full-treatment dose
of ganciclovir or foscarnet or cidofovir for CMV, or cidofovir or brincidofovir for AdV (off-
label use) and stable disease (SD) or progressive disease (PD) observed under weekly perfusion
of rituximab for EBV replication, or SD or PD observed under cytotoxic chemotherapy with
or without rituximab for EBV-related post-transplant lymphoproliferative disorder (PTLD).
Ineligible patients were considered when they presented uncontrolled aGVHD > grade II (33)
or uncontrolled chronic GVHD > NIH 2 (34). All immunosuppressive drugs were allowed and
corticosteroids were < 1mg/kg/day in most cases. The Cellular Therapy and Tissue Bank Unit
of Nancy was the only laboratory in France authorized by the French regulatory agency ANSM
(Agence Nationale de Sécurité du Médicament) to produce AdV specific T-cells as an ATMP
under hospital exemption (MTI-PP-009) and to deliver EBV-VST or CMVVST for
compassionate use after nominative ANSM non-opposition with a prospective monitoring

requirement.

VST manufacturing
Donor selection

In the case of third-party haplo-identical donors, the absence of donor-specific anti-HLA
antibodies (DSA) was sought and verified in transplant recipients. For all the donors, in the
case of EBV-VST or CMV-VST preparation, the donor seropositivity was first confirmed.
Then, each donor was controlled for a positive cellular immune response against the involved
virus by ELIspot-IFN-y assay. For AdV, only a control for a positive cellular immune

response against the AdV by ELIspot-IFN-y assay was required.

Isolation and generation of clinical grade VST

Briefly, apheresis-collected PBMC were stimulated for 6 hours with a clinical-grade peptide-
pool corresponding to the entire immunodominant protein of ADV (PepTivator-ADVS5 Hexon,
Miltenyi Biotec, Bergish Gladbach, Germany) or CMV (PepTivator-CMV pp65, Miltenyi
Biotec) or to different parts of the most immunodominant proteins from EBV (PepTivator-
EBV-select, Miltenyi Biotec). These cells were processed using the Cytokine Capture System
(CCS, Miltenyi Biotec) based on the IFN-y immunomagnetic technology on the CliniMACS
device (Miltenyi Biotec), as described previously (19,35,36). The eluted cells, referring to the

positive fraction, were enriched in VST on which quality controls, including microbiological
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seeding and flow cytometry assessment, were performed. Flow cytometry results allowed to
calculate the number of infused CD3+ T-cells within the limit of 1 x 10° CD3+ T-cells/kg in a
sibling setting, 5 x 10* CD3+ T-cells/kg in a matched unrelated donor (MUD) setting and 1 x
10 CD3+ T-cells’kg in both mismatched unrelated donor (MMUD) and third party
haploidentical setting.

In vitro expansion, phenotypic analysis and functional assays

A sample of the positive fraction was expanded in the presence of interleukin 2 (IL-2) and
irradiated autologous feeder cells from the negative fraction for 2-4 weeks in order to generate
enough cells for functional assays. After expansion, VST were assessed for IFN-y secretion
with an ELIspot assay and for specific proliferation using the DELFIA cell proliferation assay
(PerkinElmer, Waltham, MA, USA) after restimulation by the same peptide-pool used for VST
isolation. The assessment of residual alloreactive proliferation of generated T-cell lines in
mixed lymphocyte cultures was compared to that of unmanipulated donor PBMC. A
cytotoxicity assay was performed by comparing lysis rates of VST on autologous target-cells

loaded or not loaded with the previous peptide pool, at a ratio of 10:1.

Biological and clinical collected data
Viral load and infection diagnosis

AdV, CMV and EBV loads were monitored by polymerase chain reaction (PCR) in peripheral
blood in every centre, according to the physicians’ discretion, usually once or twice a week.
Virus load, biological parameters (haemoglobin, platelets, white blood cell count, ASAT,
ALAT and bilirubin levels), the type of immunosuppressive drugs and GVHD staging were
collected at day 0 (DO0), the day of VST infusion, and then at D15, D30, D45, D60, D75 and
D90 by using a standardised questionnaire, sent on the day of VST cell infusion. The immune
reconstitution monitoring was assessed by each centre using an IFNYy positive ELIspot assay or

a proliferative test, when the technique was locally available.

The definition of replication or disease followed the guidelines of the SFGM-TC. The diagnosis
of AdV replication was based on two consecutive positive AdV viremias assessed by PCR.
AdV disease was defined as the presence of AdV replication with matching symptoms
unattributed to another aetiology. EBV replication was defined as a detectable increase in the
EBYV viral load by PCR in a seropositive patient. EBV disease was defined as a significantly
positive EBV viral load associated with matching symptoms (fever, fatigue,

hepatosplenomegaly, adenomegaly) without histological proof of an infected organ biopsy.
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Post-transplant lymphoproliferative syndrome was defined by EBV disease proved by the
histological presence of EBV and lymphoproliferation of B- or T-cell origin. CMV replication
was defined by at least two CMYV viral loads detected in blood by PCR with or without
associated compatible clinical and biological symptoms (fever, fatigue, cytopenia, etc...).
CMV disease was defined as CMV replication associated with compatible clinical symptoms

and histological proof from an organ biopsy.

Allo-SCT conditioning regimen

Conditioning regimens were divided into myeloablative (MAC) or reduced-intensity
conditioning (RIC) or non myeloablative (NMA) as the established definitions by Bacigalupo
etal (37), applicable to both adult and paediatric patients.

Serious adverse events

Serious adverse events (SAE) were defined according to the Common Terminology Criteria
for Adverse Events (CTCAE version 5.0). Infusion-related reactions were considered within
24 hours after VST infusion. Infections, GVHD, poor graft function or graft rejection were
considered and attributed arbitrarily to the VST if they developed within the 60 days after
infusion. GVHD was graded according to standard criteria for aGVHD and cGVHD (33,34).

VST response

Complete response (CR) was defined as complete clearance of the virus and partial response

(PR) as a viral load decrease >1log.

Statistical analysis

We performed descriptive analyses on all patients (n=29). Quantitative variables are presented
as the mean and standard deviation (SD; with an asterisk indicating whether the distribution
was normal according to the Lilliefors test), or as the median, range (extremum values) and
quartiles [1%* and 3™]. Qualitative variables are presented as counts and percentage (calculated
on the number of available data). We used Student’s T-test to compare means. We compared
the type of infections on the total number of infections (n=30), given that one patient had ADV
and CMV co-infections. To compare the three groups, we used the Kruskal-Wallis test for
quantitative variables and Pearson’s chi-square test for qualitative variables (with Monte-Carlo
simulations if at least one count was below 5). We also compared characteristics between
responders and non-responders (NR) at 1-month, using MannWhitney U test for quantitative

variables and Pearson’s chi-square test for qualitative variables. Overall survival (OS) from the
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re-infusion date until the last follow-up with of all-cause mortality as the main event by using
the Kaplan-Meier method and the log-rank test to compare curves. We performed univariate
Cox regression analyses or survival based on our variables to estimate hazard-ratios. To
illustrate the effect of viral load at DO on OS, we evaluated the time-dependent receiving
operating characteristics (ROC) curve at 3 months after infusion to find the best threshold value
using the Youden method. We determined the cumulative incidence of grades I-IV acute
GVHD since infusion by using the cumulative incidence function, with death as a competing
risk. We set the level of significance at 5%, and present estimated hazard-ratios and
probabilities with their 95% bilateral confidence intervals. We used R v4.1.2, with the use
of’surviva’,’cmprsk’, ‘ggplot2’ and ‘timeROC’ packages, for the statistical analyses and to

generate graphics.

Results

Participant characteristics

Twenty-nine consecutive patients were infused in 13 different centres (Fig 1). In the entire
cohort, the median follow-up was 74 days (from 8 to 555 days). The patients’ characteristics
are shown in Table 1. Seventeen children (<18 years old) and 12 adults (>18 years old) were
treated. Of note, five patients received two infusions (4 patients against CMV and one patient
against AdV) and one patient received one VST-infusion prepared against both AdV and CMV.
Briefly, 15 patients (51.7%) were transplanted for primary immunodeficiency or non-
malignant haematological diseases and 14 patients (48.3%) were transplanted for
haematological malignancy. The donor origin was mainly unrelated (n=14) or haploidentical
(n=9). Reduced-intensity conditioning regimens were mainly administered (48%). Only one
recipient received an ex-vivo T-cell depleted graft, and the majority of patients (n=28) received
an in vivo T-cell depletion with antithymocyte globulin (ATG) in 17 patients (59%), post-
transplant cyclophosphamide (PTCy) in 7 patients (24%) and alemtuzumab in 7 patients (24%).
There was an association of ciclosporin A and mycophenolate mofetil, which was administered
as GVHD prophylaxis in 18 patients (62%). The median time between allo-SCT and the viral
replication was 46 days (range 0- 1372 days). The majority of patients received VST for a viral
replication (n=17, 58.6%) while the others received an infusion for a viral disease (n=12,
41.3%). Infused VST were mainly derived from a related intra-familial third-party donor
(n=16, 55.2%). Patients were heavily pre-treated for viral replication/infection; they had

received a median of 50 days (range 21 - 300 days) of antiviral therapy before the initial VST
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infusion. Patients received a median number of anti-viral therapy lines of 2 (range 1-3 lines), 3

(range 2-4 lines) and 1 (range 0-5 lines) for AdV, CMV and EBV, respectively.

Production and administration of VST

VST were produced from leukapheresis obtained from the graft donor for 13 patients (44.8%)
and from third-party haplo-identical relatives in 16 patients (55.2%). The mean dose of
CD3+IFN-y+ T-cells administered to the patient was 0.82 x 10* + 0.89 x 10* T-cells/kg with a
mean enrichment of 72% of CD4" IFN-y" T-cells (SD + 17%) and 80% of CD8" IFN-y" T-cells
(SD £ 16%). Virus specific T cells were released according to flow cytometry control results.
The absence of microbiologic contamination was confirmed after 10 days, except for one
production positive for Cutibacterium acnes. Functional assays were performed a few weeks
after infusion, when enough cells were obtained after expansion (Fig 2 A). VST-expanded cells
were still able to secrete IFN-y after restimulation by the previous peptide pools compared with
PBMC before immunomagnetic selection with a mean of 82,78 + 74,33 versus 202 + 175
SFC/10° PBMC (p=0.003), 135,19+ 90,72 versus 1,65+ 1,23 SFC/10° PBMC (p=0.006) and
122,27+89,03 versus 728 + 627 SFC/10° PBMC (p=0.009), for AdV-VST, CMV-VST and
EBV-VST, respectively. The proliferative assay (Fig 2B) showed a stimulation index of 13 for
VST against AdV, CMV or EBV epitopes compared with unstimulated cells (AB serum). The
mean decrease in alloreactivity of VST compared to PBMC before immunomagnetic selection
was of 82+19% (range 47.6%-100%) for 22 patients tested (Fig 2C) (p=0.0002). In vitro
efficacy of VST-expanded cells was confirmed for 16 productions by a mean cytotoxicity of
43% + 28% against loaded autologous target cells with AdV, EBV or CMV epitopes and 2%
+ 4% against unloaded autologous target cells, (p=<0.001) (effector-to-target cell ratio = 10:1)
(Fig 2D).

Safety and toxicity of VST

Only 1 patient experienced hypotension and laryngeal spasm with oedema 15 minutes after
infusion, with complete resolution after an intra-veinous infusion of Img/kg
methylprednisolone (patient 4). All SAEs within 3-months post-infusion are detailed in Table
2. The majority of SAEs were related to infections. Non—VST-targeted infections were
observed in six patients with documented bacterial infections during the first month post
infusion (1 gram-positive bacterium and 5 gram-negative bacteria) and 3 episodes of fever from
unknown origin but attributed to putative bacterial infections. None of these 9 patients died of

these infections. Of note, one patient received VST potentially contaminated by Cutibacterium
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acnes nut did not experience any bacterial adverse events and the pre-emptive antibiotic
therapy was extended 1 week more. Within 3-months post-VST infusion, there was no de novo
aGVHD. Unfortunately, 2 patients experienced a recurrent grade III-IV aGVHD. Patients 3
and 12 developed recurrent aGVHD attributed to rapid corticosteroid taper (patient 3 had a
recurrence at D38 when corticosteroids were lower than 0.3mg/kg/day and patient 12 had a
recurrence at D27, 10 days after corticosteroid discontinuation). One patient developed a de
novo pulmonary cGVHD at D45. Of note, all the patients infused with VST were considered

in remission or at least with controlled GVHD at time of infusion.

Table 2: Serious adverse events within 3-months follow-up (D0) (n=29).
Event Patient Time post-first VST infusion (day
Infectious aetiologies
Initial viral replication/disease

HLH triggered by EBV diseasef 2 D7
Massive digestive haemorrhage attributed to AdV infectiont 5 D15
Bacterial infection
Enterococcus faecium sepsis 1 DS
Klebsiella Pneumoniae sepsis 10 D30
Klebsiella Pneumoniae pyelonephritis 11 D7
Putative bacterial/fungal infection 5 <M1
Undocumented fever 7 <M1
Putative bacterial infection 21 D24
Putative fungal infectionf 22 <M1
Other viral infection
BK virus haemorrhagic cystitist 4 D15
GVHD
aGVHD flare-up grade 1117 3 D37
aGVHD flare-up grade Il 12 D27
Severe chronic pulmonary GVHD¥ 29 D45
Other causes
Hepatorenal syndrome with refractory ascites} 10 D70
Pulmonary alveolar haemorrhaget 22 D54
Hypotension and laryngeal spasm with oedema 15 minutes after infusion 4 DO
F+Contributed to death.

Abbreviations: D: day, HLH : hemophagocytic lymphohistiocytosis, M: month.

Two patients (patient 12 and 3) developed a recurrent grade I1I-1V acute GVHD. Patient 12 received VST from the original
graft donor with HLA compatibility of 9/10 and a dose of 0.107x10¢ CD3+ T-cells /kg, which is 10% of the allowed dose.
Patient 3 received 2 VST infusions from the original haplo-identical donor. The total dose infused was 0.254x10 CD3+ T-
cells /kg (10% of the allowed dose). In both cases, aGVHD was confirmed on digestive tissue biopsies, with no evidence of AdV
or CMV infection. These two GVHD recurrences were refractory to steroids and ruxolitinib/etanercept treatments. Patient 3
experienced corticosteroid reduction before VST infusion. Regarding patient 29, the only one who was suspected to suffer from
a de novo severe chronic pulmonary GVHD at day +45 post-infusion, he experienced cyclosporin tapering before receiving a
VST infusion of 0.547 x10* CD3+ T-cells /kg from a third-party intra-familial related donor. He presented respiratory
symptoms at D45 post-infusion, with prompt resolution after systemic corticosteroids. Unfortunately, he developed serial
severe pulmonary infections (Aspergillus fumigatus, atypical mycobacterium and Pseudomonas aeruginosa), and was treated
by adapted antibiotherapy and amphotericine B causing acute renal failure. His condition worsened with pulmonary embolism
leading to the decision to provide only supportive cares. Patients 5,7,21 and 22 presented with fever and were treated with
probabilistic antibiotherapy.

The first cause of death within the 3 months post-VST was the initial virus-related
replication/disease (n=9) followed by TRM (n=3), one from severe progressive grade III

(hepatic aGVHD), one from hepatic failure secondary to hepatorenal syndrome with refractory
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ascites, and one from pulmonary alveolar haemorrhage. After 3 months, causes of death were

allo-SCT TRM (n=5), The causes of deaths are detailed in Table 3.

Table 3: Causes of deaths within the 24 months post-VST

Cause of death Patient Time of death post VST infusion
(days)
Infectious
Initial viral infection
Progressive AdV infection 1 DS
Progressive AdV infection 5 D74
Progressive AdV infection 28 D16
Progressive CMV infection 7 D71
Progressive CMV infection 17 Di6
Progressive AdV and CMV infection 26 D9
Progressive EBV infection 13 D20
HLH triggered by EBV disease 2 Ds3
Bacterial infection
Septic shock secondary to catheter-related 8 D177
infection
Other viral infection
BK virus haemorrhagic cystitis 4 D91
Other causes
Progressive aGVHD 3 D54
Progressive aGVHD 12 D116
Pulmonary cGVHD 29 D228
Hepatic and renal failure 10 D78
Pulmonary alveolar haemorrhage 22 D52
Not precised 21 D116
Hepato-pulmonary syndrome linked to initial 24 D616
telomeropathy

Abbreviations : aGVHD : acute GVHD, cGVHD : chronic GVHD, D : day, HLH : hemophagocytic
lymphohistiocytosis.

Virological response and clinical outcomes

The overall response rates (ORR) are summarised in Fig 3 (A, B, C). An ORR at 1-month post-
infusion was observed for 16 patients (56%, 10 patients with a CR and 6 patients with a PR).
Thirteen patients were NR: 9 patients had SD and 4 patients early died of progressive disease
at a median time of 12.5 days (range 8 -16 days). The ORR at 3 months was 62% (CR= 17, 10
at 1 month plus 2 patients who were initially NR plus 5 patients initially with PR, and PR=1).
At 3 months, 6 patients were still NR: 4 of them had an advanced viral disease at DO and died
(patients 2,3,7,13) and 2 maintained a stable viral load (patients 20 and 24). Patient 10 died at
D78 after achieving PR at D30 and CR at D75. The detailed characteristics of responders versus
non responders are summarised in Supplementary Tables 1 and 2 [see Additional file 1].
Finally, the median time to best virological response (CR) was 18 days (range 10-75 days). In
the entire cohort, OS post-VST-infusion was 56% and 29% at 3- and 12-months post-infusion,
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respectively (fig 3D). Interestingly, OS was significantly higher when viral load at infusion
was <5 log (p<0.001), regardless of the implicated virus (Fig 3E).

Factors influencing the response and immunomonitoring

Factors influencing the response at 1 month are detailed in Table 4. The ORR was significantly
higher in the AdV group (62.5%) compared with the CMV group (25%) and the EBV group
(12.5%) (p=0.01). The ORR at 1 month was not significantly different according to the
following virus parameters: the viral status ‘replication’ versus ‘infection’, (p=0.353), the mean
viral load at the time of VST infusion (p=0.511), the mean virus-specific CD3+ Tcells /kg
infused (p=0.677), the median time between viral replication/or infection and the first VST
infusion (p=0.234) and the presence or continuation of a curative antiviral therapy at DO and
after DO (p=0,412) (Fig 4). The ORR was not significantly different according to the following
immunological parameters: the VST donor (HLA-matched original graft donor versus a third
party haploidentical donor, p=0.415), the previous in-vivo T-cell-depletion (ATG versus
alemtuzumab versus PTCy, p=1.000), the continuation of corticosteroids at a dose
<Img/kg/day at the time of VST transfer (n=12) (p=0.677) and adapted immunosuppression
(n=8) or not (n=21) (p=0.626). Of note, 2 patients received corticosteroids at a dose >
Img/kg/day: patient 2 was treated for hemophagocytic lymphohistiocytosis (HLH) and did not
achieve CR at D90 and patient 8 experienced a grade II skin aGVHD worsening between the
referral procedure and the time of infusion, however, he reached CR at D90. Moreover, 4
patients were treated with ruxolitinib for a previous GVHD and were still treated with

ruxolitinib at time of VST infusion. All 4 patients achieved a CR at D90.

Table 4: Factors influencing response at 1 month.

CR/PR (n) NR (n) P value
VST donor type 0,415
Original donor 8 5
Third-party haploidentical ¢ 8
Prior T-depletion in vivo 1,000
ATG 11 6
Cyclophosphamide 5% 2
Alemtuzumab 2% 5
Ruxolitinib 3 1 NA
Antiviral treatmentt 0,412
Curative 9 4
Prophylactic 2 2
None 5 6
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Modulation of 0,626
immunosuppression
Yes

No 3 5
13 8

Abbreviations : ATG: anti-thymocyte globulin, NA : not available.

* patient 6 (AdV-VST) received both Alemtuzumab and Cyclophosphamide (haploidentical donor), patient 3 (AdV-
VST) and patient 18 (CMV-VST) received both ATG and Cyclophosphamide.

7 for one non-reponder patient (patient 20) the presence or absence of antiviral therapy is unknown.

The AdV, CMV and EBV viral load follow-up is summarised in Fig 5. Immunomonitoring
after infusion is represented in figure 5. Because post-infusion immune reconstitution
monitoring in vivo was performed at the discretion and technical availability of each allo-SCT
centre, in vivo expansion data were available for 11 patients with 7 of them experiencing
specific immune reconstitution assessed by proliferative assay or ELIspot INF-y assay. Among
patients treated with corticosteroids at the time of VST infusion, immune reconstitution was
documented by ELIspot and proliferative assay for patients 3, 5, 11, 14 and 22, and 4 out of
these 5 patients cleared the virus (Fig 6).

Discussion

In this retrospective multi-centre study, 29 post allo-SCT patients received 34 infusions of VST
for AdV, CMV and EBV replication/disease. The use of VST therapy is a relevant
immunotherapeutic approach to clear severe, drug-refractory viral infections especially in the
paediatric population and of note with primary immunodeficiency disorders. Indeed, in our
cohort 58.6% of the patents were paediatric patients and 51.7% of patients were transplanted
for primary immunodeficiency or non-malignant haematological diseases. From 2016 and
2022, among 2000 allo-SCT performed in France per year, only 14% patients were transplanted
for primary immunodeficiency or non-malignant haematological diseases and 14% were less

than 18 years old (Agence de Biomédecine, https://rams.agencebiomedecine.fr). Therefore,

even if anti-viral drugs have been increasingly developed during the last few years, patients
with poor to absent T-cell-mediated immunity remain particularly susceptible to lifethreatening

viral infections and need for VST therapy.

Methods to obtain virus-specific T cells were firstly developed with in vitro T-cell stimulation
and expansion or direct ex vivo isolation of specific-T cells, often based on IFN-y secretion and
sometimes using MHC multimers, from the peripheral blood of a seropositive donor (36,38—
41). We decided to produce VST based on specific T cell isolation after stimulation with the

respective viral antigens through the natural mechanism of IFN-y production by antigen-
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specific memory T cells. IFN-y secreting virus specific T cells could be targeted thanks to the
CCS and enriched by using immunomagnetic selection on the CliniMACS® device. Then, VST
could be directly transferred into the patient, avoiding time-consuming cell culture. Our
reported experience of IFN-y immunomagnetic based technology demonstrated a significantly
high virus-specificity with low alloreactivity in vitro. In vivo, we confirmed that VST were safe
as no toxicity against the haematopoietic stem cell graft (i.e graft function as not poor and there
was no graft rejection). We did not observe de novo aGVHD development. Unfortunately, 3
patients developed GVHD within 60 days after VST infusion. This development was arbitrarily
related to the VST because they developed within 60 days after infusion. The 3 patients
received a mean dose of 0.302 x 10* CD3" T-cells /kg (SD+ 0,22) when for all patients the
mean dose received was 1.43 x 10* CD3" T-cells /kg (SD+3.06). For one patient only (patient
29), the VST donor came from a third-party haploidentical donor. He developed a putative
pulmonary ¢cGVHD which was never proven by pulmonary biopsy, and the respiratory
insufficiency was mainly attributed to pulmonary opportunistic infections (Aspergillus
fumigatus, atypical mycobacteria and Pseudomonas aeruginosa). Finally, a cumulative
incidence of 10% GVHD observed in our study is consistent with other reports. Withers et al.
(25) treated 50 patients with partially HLA-matched, third-party, ex vivo—expanded multi-virus
VST. They observed that 2 patients developed de novo aGVHD (1 steroid-responsive grade II
aGVHD and 1 steroid-refractory grade IV aGVHD) and 5 patients developed cGVHD (2 mild,
1 moderate, 1 severe cGVHD). In 2022, Jiang et al. (27) reported 2 grade I1I-IV aGVHD flare-
ups, 2 de novo aGVHD (2 grade III, 1 grade IV) and 7 cGVHD (1 severe lung cGVHD, 1
severe gut, skin and liver cGVHD and 5 mild cGVHD) out of 30 treated patients who received
HLA-matched, third-party VST within 7 days of initiating standard of-care antiviral treatment.
Moreover, as mentioned above, two of three patients with GVHD reactivation experienced
tapering of immunosuppressive drugs before VST infusion which could have allowed
alloreactive T cells to increase into the recipient. Thus, discrimination between VST and
immunosuppressive drug reduction in terms of the responsibility for GVHD reactivation is very
difficult in this real-life study as it is in non-controlled prospective studies. The rates of SAE
during the first months of follow-up were within the expectations in a severely
immunocompromised population and mainly represented by infectious diseases as described

previously (22-25,27,31,35,42).

In our study, the best ORR at 1 and 3 months were 56% and 62%, respectively. These results

are consistent with the results reported in the literature, although they are in the low range. Of
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note, we have reported, for the first time, a large cohort of patients (n=16) receiving VST
generated by IFN-0O immunomagnetic isolation from a haploidentical related donor different
from the allo-SCT donor. From 2013 to 2023, using third-party haplo-identical donors for AdV,
CMYV and EBYV replication/diseases, in prospective studies, ORR with VST generated by
culture, were 64% - 95% (23-25,27,31). As only a few reports are currently available in the
literature with VST generated by IFN-0 immunomagnetic isolation from a haploidentical
related donor different from the allo-SCT donor, the reported ORR of infusion with VST
generated from the allo-SCT donor, namely 57%-86% (43—46) are close to what we found in
our study. Furthermore, our team previously observed in a small prospective cohort an overall
response in 5 of 6 patients (35). In our retrospective cohort, patients were heavily pre-treated
for viral replication/infection as they had received a median of 50 days (range 21 - 300 days)
of antiviral therapy before the initial VST infusion with a median of 2 lines (cidofovir then
brincidofovir), 3 lines (ganciclovir, foscavir, cidofovir) and 1 line (rituximab) for AdV, CMV
and EBV patients, respectively (Table 1, figure 6). Usually, in prospective clinical studies,
inclusion criteria are stringent allowing 2 weeks of anti-viral treatment before concluding about
its failure or toxicity. Then patients receive VST earlier in their viral infection progression.
Although our results show that the ORR was not influenced by virus parameters or
immunological microenvironment, our findings suggest that VST should be considered as soon
as a patient experience a chemo-refractory viral infection following allo-SCT. Actually, we
observed a strong impact on OS of a high viral load (>5 log), regardless of the implicated virus.
The absence of identifying predictive factors modifying the ORR led us to strongly recommend
that VST should be administrated early in the therapeutic process. As mentioned above, the
current clinical trials are based on early VST administration. In 2022, Jiang et al. (27) reported

the infusion of VST as first-line treatment and showed promising results.

Of note, continuation of corticosteroids at the time of VST transfer was not associated with a
lower ORR. Those in vivo data confirmed our previous in vitro data showing that
methylprednisolone, although delaying VST expansion, did not impair the IFN-y secretion
capacity nor the cytotoxicity of VST (47). Moreover, ruxolitinib treatment has been described
as a potential concern for patients presenting severe cytokine release syndrome (CRS) after
CAR-T cell therapy as it has a profound inhibitory effect on CAR-T cell expansion in vivo and
in vitro (48). Patients with myeloproliferative neoplasm and treated with ruxolitinib, presented
low levels of CD4+ and CDS8+ T-cells and clinically asymptomatic CMV and EBV

reactivations (49). In our cohort, all 5 patients treated with ruxolitinib achieved a complete viral
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response. Patient 15, treated for CMV replication, continuously received ruxolitinib during
VST infusion and presented a positive CMV-specific immune reconstitution at least 3 months
post-infusion. Unfortunately, we have no information on immune reconstitution for the other 4

patients.

Repeating infusions could be of interest to improve or maintain a specific immune response in
the patient. Five patients received a second infusion of VST : three patients out of five presented
a PR or a CR (patients 12, 8 and 15), after the second infusion of VST produced from the
original allo-SCT donor (patients 12 and 15) or a haploidentical related donor (patient 8). The
benefit of repeated VST infusions was recently reported in a young patient with AdV disease
using VST generated from the allo-SCT donor (50) and in a cohort of 33 patients with EBV
disease after allo-SCT using VST lines from a bank (29). In this latest study, there was an ORR
of 45% after one cycle of VST infusion, while it was 68% after repeated cycles. HLA-disparate
third party EBV-VST could persist for a long time, perhaps due to immunodepression in the
recipient. This was also confirmed in the recently published phase II clinical trial with
posoleucel, multi-virus (AdV, EBV, CMV, HHV6, BK virus and JC virus, Allovir, Waltham,
USA) off-the-shelf T cells, where the persistence of circulating third-party VST for up to 12
weeks could be demonstrated in 11 of the 16 patients (69%), including the fact that 32% of the

patients received 2 or more infusions (32).

As of 2023, 4 phase III clinical trials are currently ongoing, 3 experimenting with posoleucel
and one experimenting with multi-virus (AdV, EBV, CMV) immunomagnetically isolated T
cells from the alloSCT donor in a European multicentre academic trial in partnership with
Miltenyi Biotec (31). All of them are double blind randomised controlled clinical trials. Indeed,
this seems the only way to conclude both on efficacy of VST and on safety regarding GVHD.
Moreover, tabelecleucel from Atara Biotherapeutics has recently reached marketing
authorisation. Compared with third-party donors from whom VST-banks are constituted, third-
party intra-familial related donors ensure that half of the HLA class-I and -II alleles, whereas
VST-banks might often match HLA-alleles on only two or more shared alleles (29). However,
the phase II study investigating off-the-shelf multi-virus specific T-cells (posoleucel) presented
no significant difference concerning efficacy between low HLA matching (<2/8) and high HLA
matching (>3/8) (31). The type of virus must also be considered: in our study, among the 4
patients presenting with EBV disease, only one achieved a CR. EBV PTLD refractory to anti-

CD20 immunotherapy and chemotherapy is prone to rapidly evolve, sometimes quicker than
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the required expansion time after VST infusion. In this case, EBV-specific T-cells from a bank

might be more adapted because already amplified when infused.

Conclusion

In conclusion, this is a real-life study reporting a cohort of 29 patients treated with VST. It is
also the largest cohort of patients receiving VST generated by IFN-O immunomagnetic
isolation from a haploidentical related donor different from the allo-SCT donor. We report
encouraging results but also, highlight the fact that results were probably impaired due to the
significant delay between infection and VST infusion. Moreover, the fact that there was a
significant impairment in OS when the viral load was >5 log should encourage physicians to
use VST earlier in the course of viral infection. Since 2016, our centre has been the only
national centre authorised to produce and infuse VST. In a practical vision, the production
technique with CliniMACS is demanding in terms of time, staff and expertise. The recent
evolution towards the CliniMACS Prodigy has allowed our team to reduce the workload,

improve the quality of the results and better face the clinical demands for VST.

List of abbreviations

AdV: adenovirus

ATMP: Advanced Therapy Medicinal Products
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GVHD: graft-versus-host disease

aGVHD: acute graft-versus-host disease
c¢GVHD: chronique graft-versus-host disease
HLH: hemophagocytic lymphohistiocytosis
IFN-y: interferon gamma

MUD: matched unrelated donor

MMUD: mismatched unrelated donor

MAC: myeloablative conditioning regimen
NMA: non myeloablative conditioning regimen
NR: non responder

ORR: overall response rate

OS: overall survival

PR: partial Response

PBMC: peripheric blood mononuclear cell
PTCy: post-transplant cyclophosphamide
PTLD: post-transplant lymphoproliferative disorder
PD: progressive disease
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RIC: Reduced-intensity conditioning regimen
SAE: serious adverse events
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SD: stable disease
TRM: toxicity related mortality
VST: virus-specific T cell
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Figures and legends.

Figure 1: Flowchart of the population.

From June 2016 to January 2022, 80 requests from 28 transplant centres were submitted to

the SFGMTC ATMP-group. Among them, 50 requests were considered of interest.

Unfortunately, 21 patients did not access to the treatment (no more indication, lack of donor,

rapid evolution of infection).

Figure 2: VST functional assays.

A. ELIspot IFN-y data was performed for 27 patients. Because of technical issues 2 patients
had no evaluable data. The ability of VST to secrete IFN-y after expansion was significantly
higher compared to unmanipulated donor PBMC.

B. Specific proliferation of VST was assessed by the stimulation index, a ratio between VST
proliferation rate in presence of previous peptide pools compared to VST in presence of AB
serum.

C. Alloreactivity of VST and unmanipulated donor PBMC was tested against different
allogeneic PBMC. A significant decreased alloreactivity was observed with VST compared
to unmanipulated donor PBMC.

D. D. A cytotoxicity assay, at a ratio of 10: 1, testing VST against autologous target cells loaded
or not by previous peptide pools, showed a significantly higher lysis activity of VST against

loaded target cells.
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Figure 3: Patient outcome.

A.ORR at one month and at 3 months, in the entire cohort.

B.ORR at one month according to the virus (AdV, CMV, EBV)

C.ORR at one month according to the VST-donor.

D.OS in the entire cohort

E. OS according to viral load.

Figure 4: Antiviral therapy pre- and post-infusion.

Representation of the usage of curative antiviral therapy in every patient prior to infusion and
post infusion.

Figure 5: Evolution of viral loads.

A. Evolution of AdV viral load.

B. Evolution of CMV viral load.

C. Evolution of EBV viral load. Only patient 26 who died at D9 was not represented on graphs.
Figure 6: Evolution of viral load correlated with immune reconstitution data.

Immune reconstitution was available in 7 patients (bars) with different techniques p erformed
according to the technique at disposal in each centre: proliferative assay with the stimulation

index (%) (A) and ELIspot IFN-y assay in Spot forming Cells/106 PBMC (B).

Tables

Table 1: Patients’ characteristics.

AdV CMV EBV ADV+CMV Total
Patients 13 7 8 1 29
Adults 7 3 2 0 12 (41%)
Children (<18 years) 6 4 6 1 17 (59%)
Sex (F/M) 13/0 3/4 572 0/1 21/8
Age (years) [min-max] 32[1-67] 2 [0,6-68] 13 [1-40] 5 14 [0,6-68]
Initial disease (n)
Primary immunodeficiency 4 3 3 0 11
Blackfand-Diamond anemia 0 0 0 1 1
Dyskeratosis congenita 0 1 0 0 1
Idiopathic aplastic anemia 0 0 1 0 1
Sickle cell disease 1 0 0 0 1
Acute myeloid leukaemia 3 1 1 0 5
Acute lymphoid leukaemia 1 1 1 0 3
Myelodysplastic syndrom 1 1 1 0 3
Chronic myeloid leukaemia 1 0 0 0 1
Richter’s syndrome 1 0 0 0 1
Adult-T cell lymphoma 1 0 0 0 1
Graft source
BM 7 2 2 1 12 (41.4%)
PBSC 4 5 0 14 (48.3%)
CBU 1 1 1 0 3 (10.3%)
Graft donor
MSD 1 1 1 3(10%)
Unrelated donors 6 2 4 1 14 (48%)
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MUD 10/10 5 2 4 1 12
MMUD 9/10 1 0 0 0 1
MMUD (<8/10) 0 0 1 0 1
Haploidentical donors 5 3 1 0 9 (31%)
CBU 1 1 1 0 3 (10%)
Conditioning regimen
Myeloablative 2 2 2 0 6 (21%)
Reduced-intensity conditioning 9 1 4 0 14 (48%)
Non-myeloablative 2 3 2 1 8 (28%)
T-cell depletion ex vivo (T-depleted 0 1 1 0 2
graft)
T-cell depletion in vivo *
Anti-thymocyte globulin (ATG) 8 4 5 0 17 (59%)
Cyclophosphamide 5 2 0 0 7
Alemtuzumab 2 1 3 1 7
Median time between allo-SCT and 46 [3-1372] 31 [0-130] 64.5[13-163] 18 50 [21-300]
infection (days) [min-max]
GVH disease prophylaxis
Ciclosporin A + MMF 7 5 5 0 17 (59%)
Ciclosporin alone 6 1 2 1 10
None 0 1 1 0 2
GVHD before VST 8 2 1 0 11 (38%)
Acute GVHD grade I-11 1 1 0 0 2
Acute GVHD grade II-1V 7 1 1 0 9
Ruxolitinib before VST 2 1 1 0 4
Median lines of anti-viral therapy 2[1-3] 3[2-4] 1[0-5] 2 2 [0-5]
before VST [min-max] {
Viral status (n. of replication/disease) 10/3 2/5 4/4 1/0 17/12
Mean viral load at D0 (log) (+SD) 4.88 (£1.79) 3.64 (£1.14) 4.06 (+1.07) ADV 5.05 / 4.34(x1.47)
CMV 3.99
VST origin
Graft donor 8 3 2 13 (45%)
Third-party donor 5 4 6 1 16 (55%)
Median time between infection and 39 [25;89] 85[45;216]  52[21;300] 53 50 [21;300]
VST infusion [min-max]
Mean infused CD3+T-cells (10%kg) 0.42 +0.35 329+45.06  0.84+0.43 0.5 +0.02 1.43 (£ 3.06)

&*SD)

Abbreviations: AdV: adenovirus; BM: bone marrow; CBU: cord blood unit; CMV: cytomegalovirus;
EBV: Epstein Barr virus; F/M: female/male; MMF: mycophenolate mofetil, MMUD: mismatched
unrelated donor; MSD: matched sibling donor; MUD: matched unrelated donor; PBSC: peripheral blood
stem cells, SD: standard deviation.

*28 patients received a T-depletion post-allo-SCT (patient 6 and 7 received an ex vivo T-depleted graft).
Among these 28 patients, patient 6 (AdV-VST) received both Alemtuzumab and Cyclophosphamide
(haploidentical donor), patient 3 (AdV-VST) and patient 18 (CMV-VST) received both ATG and
Cyclophosphamide because of a FLAMSA-RIC conditioning regimen and a haploidentical donor,
respectively. Before infusion, 11 patients were treated for aGVHD (grade I-II n=2, grade III-IV n=9)
with corticosteroids and patients received ruxolitinib.

+: one patient (patient 25) received an allo-SCT as a curative treatment for a chronic Aichi virus infection
with renal failure secondary to Bruton’s agammaglobulinemia. He was not treated with Rituximab
before EBV-VST because the B-cell depletion for EBV replication would have delayed the immune
reconstitution necessary to control the Aichi virus.

i: Taking into account 34 infusions.

Additional files.

Additional file 1.pdf.

Titles :

Supplementary table 1: Biological and clinical outcome data for responders.
Supplementary table 2 : Biological and clinical outcome data for non-responders.
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Additional file 2.pdf
Title : Table 1: Patients’ characteristics.
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Supplementary table 1: Biological and clinical outcome data for responders.

Pt.  Virus Best Viral Time VST donor CD3+T- Number  Monitored Immuno Viral Concomitant Immunosuppression GVHD status  Status during
type /  response load  between origin / HLA cells of immune suppression load administration  from D0 follow-up
status at 1 and at infection compatibility infused infusions reconstitution modulation clearance of antiviral period, cause

3 mo. DO and DO x 10* (Yes/No/NA) before DO or therapy of death (days
(log) cells/kg) decrease from HSCT)
(days)
5* AdV CR 3.11 16 Haploidentical ~ 0.270 1 Yes - 15 Cidofovir D30 CsA + corticosteroids  No TRM
5/10 +Ruxolitinib D174
6* AdV CR 4 39 Original donor  0.592 1 NA - 20 Cidofovir D15 CsA alone No Alive
5/10
9* AdV CR 3.2 17 Haploidentical ~ 0.041 1 Yes - 15 Brincidofovir MMF alone De novo  Alive
5/10 at DO and D15 aGVHD  skin
grade I-11
D32
10*  AdV PR/CR 7.6 44 Haploidentical  0.516 1 NA - 75 Brincidofovir CsA + MMF + Pre-existing TRM
5/10 at DO, DIS, corticosteroids then aGVHD (gut DI26
D30 corticosteroids alone stage 1 and
from M1 skin stage 1)
grade 1I,
reactivation at
D15
11*  AdV CR 3.42 66 Haploidentical ~ 0.945 1 Yes - 15 None CsA + Preexisting a Alive
5/10 Corticosteroids GVHD  and
reactivation at
D75
12 AdV PR 8.34 32 Original donor  0.082 2 NA - 15 Brincidofovir Corticosteroids then aGVHD flare- TRM
disease 5/10 every 2 weeks  Ruxolitinib from D45  up (gut grade D153
from DO IIT then IV)
14 AdV PR/CR 5.1 10 Original donor  0.056 1 Yes - 45 Brincidofovir Corticosteroids then No Alive
Sibling at DO Sirolimus from D15
16 AdV PR/CR 4.63 43 Original donor  0.449 1 NA Ruxolitinib 60 None None No Alive
5/10 discontinuation
19 AdV CR 5.5 86 Original donor ~ 0.17 1 Yes - 15 None Corticosteroids + aGVHD Alive
5/10 Ruxolitinib
then corticosteroids
alone from D15
22*%  AdV PR/CR 5.05 32 Haploidentical ~ 0.148 1 Yes CsA 45 Cidofovir  at  Corticosteroids alone No TRM
5/10 discontinuation D30 then CsA from D15 D106
4 CMV CR 2.5 85 Original donor ~ 4.33 1 NA - 15 Cidofovir from  Corticosteroids No BK virus
10/10 DO haemorrhagic
cystitis
D225
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8*

15%

21

23%

25%

27*

29

CMV CR
disease

CMV PR/CR
CMV CR
disease

EBV NR/CR
EBV CR
EBV NR/CR
EBV CR
disease

EBV NR/CR

3.9

4.5

2.5

4.1

4.6

4.6

19

87

246

60

30

21

66

37

Haploidentical
5/10

Original donor
5/10

Original donor
5/10

Haploidentical
5/10

Haploidentical
5/10

Original donor
5/10

Haploidentical
5/10
Haploidentical
5/10

0.996

0.941

0.992

0.478

0.962

0.942

0.523

0.490

NA

NA

NA

NA

NA

NA

NA

NA

MMF
discontinuation

CsA tapering

60

30

90

60

Foscavir +
Ganciclovir
then Foscavir
alone
Valganciclovir
from D30 to
D60

Maribavir then
Letermovir
from D75
None

None

None

None

None

None

Ruxolitinib

+

corticosteroids at DO
then Ruxolitinib
alone from D15 until

D90
None

CsA + Ruxolitinib +

corticosteroids

CsA

None

None

CsA

aGVHD grade
I at DO,
reactivated at
D75

No

No

aGVHD  gut
stage I at D15
then D90

No

No

No

De novo grade
I aGVHD at
D45

Abbreviations: Pt : patient, TRM : toxicity-related mortality, Cs : cyclosporine A, MMF: mycophenolate mofetil. NA: not available. Mo.: month.
When not specified, status stands for “replication”.
Pediatric patients are noted with a *.

Septic shock

D449

Alive

Alive

TRM
D249

Alive

Alive

Alive

TRM
D305
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Supplementary table 2: Biological and clinical outcome data for non-responders

Pt.  Virus type Best Viral Time VSTs donor CD3+T- Number Monitored Immuno Viral Concomitant Immunosuppression GVHD status  Status during
and status  response load  between origin and cells of immune suppression load administration from D0 follow-up
at 1 and at infection HLA infused infusions reconstitution modulation clearance of antiviral period, cause of
3 mo. DO and D0 compatibility  (cells/kg) (Yes/No/ NA) before D0 or therapy death (days
(log) decrease from HSCT)
(days)
3 AdV NR 3,24 56 Original donor 0,254 1 Yes Corticosteroids No / Brincidofovir Corticosteroids aGVHD flare- TRM
disease 9/10 reduction Death at 2x100mg up grade III D142
D75 weekly  from D37
D15
1 AdV Death 7 15 Original donor 0,252 1 No No Viral load  Cidofovir +  Corticosteroids at DO No Initial virus
disease <M1 5/10 5,96 at Brincidofovir + then none D79
D15 Ribavirin at DO
26 AdV Death 5,05 53 Haploidentical 0,518 No Discontinuation  Death at None None No Initial virus
<Ml 5/10 of D15 D81
corticosteroids
28*  AdV Death 89 Original donor 0,797 No Discontinuation ~NA None None No Initial virus
<M1 10/10 of ciclosporin D207
T* CMV NR 43 72 Haploidentical 1,008 2 No No No / Foscavir +  None No Initial virus
disease 5/10 Death at Ganciclovir D131
D74 from DO to D30
then  nothing
until death
17 CMV Death 53 198 Haploidentical 1,025 No No Viral load None None No Initial virus
disease <M1 5/10 at 6,1 at D260
DI15
26 CMV Death 3,99 53 Haploidentical 0,482 No Discontinuation Death at None None No Initial virus
<M1 5/10 of D15 D81
corticosteroids
24*  CMV NR 2,5 50 Haploidentical 1,033 2 Yes No No Ganciclovir CsA from DO, doses No Alive
disease 5/10 until the 2" reduction from D45
infusion, then and nothing by D75
Letermovir
2% EBV NR 2,46 175 Original donor 1,63 1 NA Corticosteroids ~ No / Acyclovir CsA + No Initial virus
disease Sibling reduction Death at corticosteroids, D154
D56 Tocilizumab D15 +

Etoposide + Revlimid
+ Corticosteroids +
Asparaginase +
Daratumumab D30 +
Erwiniase at D45
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13*  EBV NR 5,4 310 Haploidentical 0,889 1 No No No / Cidofovir from None, then No Initial virus

disease 5/10 Death at DI5to D30 corticosteroids at D30 D489
D30
20* EBV NR 2,6 44 Haploidentical 0,268 1 Yes No No NA CsA + MMF from DO  No Alive
disease 5/10 to D30 then CsA
alone

Abbreviations : Pt : patient, TRM : toxicity-related mortality, CsA : cyclosporine A, MMF : mycophenolate mofetil. NA : not available. Mo. : month. NR : not
responder. When not specified, status stands for “replication”.
Pediatric patients are represented with a *.
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IV. LEGENDES des TABLEAUX et FIGURES

Table 1 : Patients’characteristics.

Abbreviations: AdV: adenovirus; BM: bone marrow; CBU: cord blood unit; CMV: cytomegalovirus;
EBV: Epstein Barr virus; F/M: female/male; MMF: mycophenolate mofetil, MMUD: mismatched
unrelated donor; MSD: matched sibling donor; MUD: matched unrelated donor; PBSC: peripheral blood
stem cells, SD: standard deviation.

*28 patients received a T-depletion post-allo-SCT (patient 6 and 7 received an ex vivo T-depleted graft).
Among these 28 patients, patient 6 (AdV-VST) received both Alemtuzumab and Cyclophosphamide
(haploidentical donor), patient 3 (AdV-VST) and patient 18 (CMV-VST) received both ATG and
Cyclophosphamide because of a FLAMSA-RIC conditioning regimen and a haploidentical donor,
respectively. Before infusion, 11 patients were treated for aGVHD (grade I-1I n=2, grade III-IV n=9)
with corticosteroids and patients received ruxolitinib.

+: one patient (patient 25) received an allo-SCT as a curative treatment for a chronic Aichi virus infection
with renal failure secondary to Bruton’s agammaglobulinemia. He was not treated with Rituximab
before EBV-VST because the B-cell depletion for EBV replication would have delayed the immune
reconstitution necessary to control the Aichi virus.

i: Taking into account 34 infusions.

Table 2 : Serious adverse events within 3-months follow-up (D0) (n=29).

7 Contributed to death.

Abbreviations: D: day, HLH : hemophagocytic lymphohistiocytosis, M: month.

Two patients (patient 12 and 3) developed a recurrent grade III-1V acute GVHD. Patient 12 received VST from
the original graft donor with HLA compatibility of 9/10 and a dose of 0.107x10? CD3+ T-cells /kg, which is 10%
of the allowed dose. Patient 3 received 2 VST infusions from the original haplo-identical donor. The total dose
infused was 0.254x10* CD3+ T-cells /kg (10% of the allowed dose). In both cases, aGVHD was confirmed on
digestive tissue biopsies, with no evidence of AdV or CMV infection. These two GVHD recurrences were refractory
to steroids and ruxolitinib/etanercept treatments. Patient 3 experienced corticosteroid reduction before VST
infusion. Regarding patient 29, the only one who was suspected to suffer from a de novo severe chronic pulmonary
GVHD at day +45 post-infusion, he experienced cyclosporin tapering before receiving a VST infusion of 0.547
x10* CD3+ T-cells /kg from a third-party intra-familial related donor. He presented respiratory symptoms at D45
post-infusion, with prompt resolution after systemic corticosteroids. Unfortunately, he developed serial severe
pulmonary infections (Aspergillus fumigatus, atypical mycobacterium and Pseudomonas aeruginosa), and was
treated by adapted antibiotherapy and amphotericine B causing acute renal failure. His condition worsened with
pulmonary embolism leading to the decision to provide only supportive cares. Patients 5,7,21 and 22 presented
with fever and were treated with probabilistic antibiotherapy.

Table 3 : Causes of deaths in the 24-months post-infusion.
Abbreviations : aGVHD : acute GVHD, cGVHD : chronic GVHD, D : day, HLH : hemophagocytic
lymphohistiocytosis.

Table 4 : Factors influcencing response at 1-month.

Abbreviations : ATG: anti-thymocyte globulin, NA : not available.

* patient 6 (AdV-VST) received both Alemtuzumab and Cyclophosphamide (haploidentical donor),
patient 3 (AdV-VST) and patient 18 (CMV-VST) received both ATG and Cyclophosphamide.

1 for one non-reponder patient (patient 20) the presence or absence of antiviral therapy is unknown.

Figure 1: Flowchart of the population.

From June 2016 to January 2022, 80 requests from 28 transplant centres were submitted to the SFGM -
TC ATMP-group. Among them, 50 requests were considered of interest. Unfortunately, 21 patients did
not access to the treatment (no more indication, lack of donor, rapid evolution of infection).

64



Figure 2: VST functional assays.

A. ELIspot IFN-y data was performed for 27 patients. Because of technical issues 2 patients had no
evaluable data. The ability of VST to secrete [FN-y after expansion was significantly higher compared
to unmanipulated donor PBMC.

B. Specific proliferation of VST was assessed by the stimulation index, a ratio between VST
proliferation rate in presence of previous peptide pools compared to VST in presence of AB serum.

C. Alloreactivity of VST and unmanipulated donor PBMC was tested against different allogeneic
PBMC. A significant decreased alloreactivity was observed with VST compared to unmanipulated
donor PBMC.

D. A cytotoxicity assay, at a ratio of 10:1, testing VST against autologous target cells loaded or not by
previous peptide pools, showed a significantly higher lysis activity of VST against loaded target cells.

Figure 3: Patient outcome.

A.ORR at one month and at 3 months, in the entire cohort.
B.ORR at one month according to the virus (AdV, CMV, EBV)
C.ORR at one month according to the VST-donor.

D.OS in the entire cohort

E. OS according to viral load.

Figure 4: Antiviral therapy pre- and post-infusion.
Representation of the usage of curative antiviral therapy in every patient prior to infusion and post
infusion.

Figure 5: Evolution of viral loads.

A. Evolution of AdV viral load.

B. Evolution of CMV viral load.

C. Evolution of EBV viral load. Only patient 26 who died at D9 was not represented on graphs.

Figure 6: Evolution of viral load correlated with immune reconstitution data.

Immune reconstitution was available in 7 patients (bars) with different techniques performed according
to the technique at disposal in each centre: proliferative assay with the stimulation index (%) (A) and
ELIspot IFN-y assay in Spot forming Cells/106 PBMC (B).
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V. TABLEAUX et FIGURES

Table 1
AdV CMV EBV ADV+CMV  Total
Patients 13 7 8 1 29
Adults 7 3 2 0 12 (41%)
Children (<18 years) 6 4 6 1 17 (59%)
Sex (F/M) 13/0 3/4 5/2 0/1 21/8
Age (years) [min-max] 32[1-67] 2 [0,6-68] 13 [1-40] 5 14 [0,6-68]
Initial disease (n)
Primary immunodeficiency 4 3 3 0 11
Blackfand-Diamond anemia 0 0 0 1 1
Dyskeratosis congenita 0 1 0 0 1
Idiopathic aplastic anemia 0 0 1 0 1
Sickle cell disease 1 0 0 0 1
Acute myeloid leukaemia 3 1 1 0 5
Acute lymphoid leukaemia 1 1 1 0 3
Myelodysplastic syndrom 1 1 1 0 3
Chronic myeloid leukaemia 1 0 0 0 1
Richter’s syndrome 1 0 0 0 1
Adult-T cell lymphoma 1 0 0 0 1
Graft source
BM 7 2 2 1 12 (41.4%)
PBSC 5 4 5 0 14 (48.3%)
CBU 1 1 1 0 3(10.3%)
Graft donor
MSD 1 1 1 0 3 (10%)
Unrelated donors 6 2 4 1 14 (48%)
MUD 10/10 5 2 4 1 12
MMUD 9/10 1 0 0 0 1
MMUD (<8/10) 0 0 1 0 1
Haploidentical donors 5 3 1 0 9 (31%)
CBU 1 1 1 0 3 (10%)
Conditioning regimen
Myeloablative 2 2 2 0 6 (21%)
Reduced-intensity conditioning 9 1 4 0 14 (48%)
Non-myeloablative 2 3 2 1 8 (28%)
T-cell depletion ex vivo (T-depleted O 1 1 0 2
graft)
T-cell depletion in vivo *
Anti-thymocyte globulin (ATG) 8 4 5 0 17 (59%)
Cyclophosphamide 5 2 0 0 7
Alemtuzumab 2 1 3 1 7
Median time between allo-SCT and 46 [3-1372] 31[0-130] 64.5[13-163] 18 50 [21-300]
infection (days) [min-max]
GVH disease prophylaxis
Ciclosporin A + MMF 7 5 5 0 17 (59%)
Ciclosporin alone 6 1 2 1 10
None 0 1 1 0 2
GVHD before VST 8 2 1 0 11 (38%)
Acute GVHD grade I-11 1 1 0 0 2
Acute GVHD grade III-1V 7 1 1 0 9
Ruxolitinib before VST 2 1 1 0 4
Median lines of anti-viral therapy 2[1-3] 3[2-4] 1 [0-5] 2 2 [0-5]
before VST [min-max] {
Viral status (n. of replication/disease) 10/3 2/5 4/4 1/0 17/12
Mean viral load at DO (log) (£SD) 4.88 (£1.79) 3.64 (x1.14) 4.06 (£1.07) ADV 505/ 4.34(1.47)
CMV 3.99
VST origin
Graft donor 8 3 2 13 (45%)
Third-party donor 5 4 6 1 16 (55%)
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Median time between infection and 39 [25;89] 85[45;216]  52[21;300] 53 50 [21;300]
VST infusion [min-max]

Mean infused CD3+T-cells (10%kg) 0.42 £0.35 329+45.06  0.84+0.43 0.5 +£0.02 1.43 (£ 3.06)
&SD) i

Table 2
Event Patient Time post-first VST infusion (days)

Infectious aetiologies

Initial viral replication/disease
HLH triggered by EBV diseaset 2 D7

Massive digestive haemorrhage attributed to AdV infectiont 5 D15
Bacterial infection
Enterococcus faecium sepsis 1 D8
Klebsiella Pneumoniae sepsis 10 D30
Klebsiella Pneumoniae pyelonephritis 11 D7
Putative bacterial/fungal infection 5 <M1
Undocumented fever 7 <M1
Putative bacterial infection 21 D24
Putative fungal infectiont 22 <M1
Other viral infection
BK virus haemorrhagic cystitis 4 D15
GVHD
aGVHD flare-up grade IIIT 3 D37
aGVHD flare-up grade Il 12 D27
Severe chronic pulmonary GVHD¥ 29 D45
Other causes
Hepatorenal syndrome with refractory ascitest 10 D70
Pulmonary alveolar haemorrhaget 22 D54
Hypotension and laryngeal spasm with oedema 15 minutes after infusion 4 DO
Table 3
Cause of death Patient Time of death post VST infusion
(days)
Infectious
Initial viral infection
Progressive AdV infection 1 DS
Progressive AdV infection 5 D74
Progressive AdV infection 28 D16
Progressive CMV infection 7 D71
Progressive CMV infection 17 D16
Progressive AdV and CMV infection 26 D9
Progressive EBV infection 13 D20
HLH triggered by EBV disease 2 Ds3
Bacterial infection
Septic shock secondary to catheter-related infection 8 D177
Other viral infection
BK virus haemorrhagic cystitis 4 D91
Other causes
Progressive aGVHD 3 D54
Progressive aGVHD 12 D116
Pulmonary cGVHD 29 D228
Hepatic and renal failure 10 D78
Pulmonary alveolar haemorrhage 22 D52
Not precised 21 D116
Hepato-pulmonary syndrome linked to initial 24 D616
telomeropathy
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Table 4

CR/PR (n) NR (n) P value

VST donor type 0,415

Original donor 8 5

Third-party haploidentical 8 8
Prior T-depletion in vivo 1,000

ATG 11 6

Cyclophosphamide 5* 2

Alemtuzumab 2% 5
Ruxolitinib 3 1 NA
Antiviral treatmentf} 0,412

Curative 9 4

Prophylactic 2 2

None 5 6
Modulation of 0,626
immunosuppression

Yes 3 5

No 13 8

Figure 1
80 referral
procedures

i—b

50 favorable
opinions

'

29 patients treated

with V5Ts

30 procedures
considered not
relevant

21 patients not
treated
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Figure 2
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Figure 4
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Figure 5
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VI. DISCUSSION et PERSPECTIVES

Dans cette étude rétrospective multi-centrique, 29 patients ayant bénéficié d’une allogreffe de
CSH ont regu 34 réinfusions de VST pour une réactivation ou une infection en lien avec I’AdV,
le CMV ou I’EBV. Cette étude nous rappelle que I’utilisation des VST est une approche
d’immunothérapie fondamentale pour les patients souffrant d’une réactivation ou d’une
infection virale résistante au traitement antiviral habituel, notamment dans la population
pédiatrique présentant un déficit immunitaire primitif. En effet, notre cohorte intéresse une
population pédiatrique dans 51,72% des cas, allogreffés de CSH pour un déficit immunitaire
ou une pathologie hématologique non-maligne. Or, sur la méme période de 2016 a 2022 en
France, seulement 14% des patients allogreffés présentaient une indication liée a un déficit
immunitaire primitif ou une maladie hématologique non maligne et 14% avaient moins de 18
ans. Aussi, bien que les thérapeutiques évoluent ces derniéres années, les patients conservant
un systéme immunitaire T-médié pauvre, voire absent, sont plus a risque de développer une
réactivation ou une infection virale, potentiellement mortelle. Les VST représentent donc

toujours une stratégie anti-infectieuse post-allogreffe pertinente.

Les méthodes d’obtention des VST ont été développées initialement par une stimulation in vitro
des lymphocytes T ou leur isolement ex vivo via des multiméres du complexe majeur
d’histocompatibilit¢ (CMH) a partir de la leucaphérése de donneurs séropositifs (43,50,51). A
Nancy, la production de VST s’est développée selon une autre approche, basée sur 1’isolement
et la sélection des lymphocytes T spécifiques (apres leur incubation avec les antigénes viraux
respectifs) par les mécanismes naturels de production d’IFN-y par les cellules T mémoires. Les
cellules T produisant de I’TFN-y sont ciblées par la capture de I’anticorps couplé a cette cytokine
et ainsi enrichies par sélection immunomagnétique par le CliniMACS®. Cette technologie a

démontré sa spécificité vis-a-vis du virus avec une faible activité alloréactive in vitro. In vivo,
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nous confirmons que 1’injection de VST ainsi produits ne se complique que rarement
d’alloréactivité. En effet, nous n’avons aucun rejet de greffe ou dysfonction de greffon post-
VST. Cependant, nous rapportons la survenue de 3 cas de GVH, 2 récurrences de GVH aigué
et un cas de GVH pulmonaire chronique, survenues dans les 60 jours apres 1’injection de VST.
Ces cas ont été arbitrairement reliés a I’injection des VST puisqu’ils ont ét¢ déclarés dans les
60 jours post-injection, période attendue d’expansion des VST. Les 2 patients présentant une
récurrence de GVH aigué de grade III-IV avaient bénéficié d’une diminution rapide de
I’immunosuppression avant I’injection des VST. Le troisiéme patient avec une possible GVH
chronique pulmonaire n’a malheureusement pas bénéfici¢ d’une confirmation histologique de
cette GVH chronique. Sa condition clinique s’est rapidement dégradée avec de multiples
infections opportunistes pulmonaires. L’administration initiale de corticothérapie pour la
symptomatologie pulmonaire pourrait étre en lien aussi avec un syndrome de reconstitution
immunitaire, sans que nous puissions formellement trancher. Toutefois, I’incidence de la GVH
post-VST dans notre étude est concordante avec les données de la littérature (22,27—
29,31,39,42,46,52,53). Les autres évenements indésirables graves observés aux décours du 1¢
mois post-injection étaient des événements infectieux, malheureusement attendus dans cette

population avec une immunodépression sévere.

La réponse globale au traitement a 1 et 3 mois est respectivement de 56% et 62%. Ces résultats
sont conformes a ceux de la littérature. En effet, de 2013 a 2023, dans des cohortes de patients
allogreffés ayant une réactivation ou une infection a AdV, CMV ou EBV, traités par VST issus
de donneurs en « tierce partie » issus de culture cellulaires, le taux de réponse globale était
compris entre 64% et 95% (52-56). A ce jour, il existe peu de publications concernant les VST
générées par la technique de sélection immunomagnétique d’IFN-y produit par des lymphocytes
T provenant de donneur différent du donneur de la greffe. Cependant, nos résultats concordent

avec ceux présentés dans les études utilisant cette production de VST issus du donneur de la
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grefte (entre 57% et 86%) (45,57). Nous notons que les patients de notre étude ont été tres
lourdement traités avant de recevoir les VST. Le délai médian entre la survenue de la
réactivation ou de I’infection virale et I’injection de VST était de 50 jours (étendue de 21 jours
a 300 jours). Les patients avaient déja regu, en moyenne, deux lignes de traitement. Dans les
études prospectives, les criteéres d’inclusion sont stringents et autorisent 1’injection des VST dés
le premier échec a un traitement antiviral bien mené durant 2 semaines. Les patients recoivent
donc les VST trés précocement par rapport a la survenue de la réactivation/infection virale.
Sans surprise, la charge virale élevée, notamment >5log est associée a une mortalité élevée. Par
ailleurs, 1’absence d’autres facteurs ayant une influence sur le taux de réponse nous permet
d’insister sur le fait que I’administration des VST devrait étre précoce dans la prise en charge
de l’infection virale. A [I’heure actuelle, des essais cliniques évaluent la place de
I’administration des VST en premicre ligne thérapeutique, comme Jiang et al. en 2022, montrant

des résultats prometteurs (54).

L’absence de mise en évidence d’autres facteurs ayant un impact sur le taux de réponse nous
fait cependant considérer I’importance de cette étude en vie réelle. En effet, la poursuite des
corticoides au moment de 1’injection, chez 12 patients, n’a pas été associée a une réponse moins
importante. Au contraire, les données de reconstitution immunitaire recueillies pour 5 des 12
patients ont montré I’expansion in vivo des VST. De plus, 4 patients sur 5 ont pu voir la charge
virale disparaitre. Ceci confirme les données in vitro décrites précédemment par Campidelli et
al. (58) ou la methylprednisolone, bien que retardant I’expansion des VST, n’avait pas d’impact
sur leur capacité de sécrétion d’IFN-y. Par ailleurs, 5 patients de la cohorte ont recu un
traitement par ruxolitinib au moment de I’injection des VST. Or, il a ét¢é démontré que
I’administration de ruxolitinib dans le traitement du syndrome de relargage cytokinique sévere
chez des patients pédiatriques traités par CAR-T cells (n=4), I’inhibition in vitro et in vivo de

I’expansion des CAR-T cells (59). Dans une autre étude, chez des patients atteints d’un
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syndrome myéloprolifératif et recevant du ruxolitinib depuis au moins 5 ans, les taux de
lymphocytes T CD4+ et CD8+ étaient trées bas et des réactivations EBV et CMV,
asymptomatiques, ont ét¢é documentées (60). Dans notre cohorte, les 5 patients traités par
ruxolitinib ont répondu aux VST. Parmi eux, un patient pour qui nous avions pu recueillir les
données de reconstitution immunitaire a présenté une réponse spécifique au CMV pendant au
moins 3 mois post-injection. Malheureusement, nous n’avons de données de reconstitution

immunitaire pour les autres patients.

Actuellement, en 2023, 4 essais cliniques de phase III sont en cours. Trois essais évaluent
I’utilisation de Posoleucel (56) et 1 essai évalue les multi-VST (AdV, CMV, EBV), isolées par
la technique immunomagnétique, provenant du donneur de la greffe dans un essai
multicentrique européen. De plus, Tabelecleucel, produit par la firme Atara Biotherapeutics a
obtenu une autorisation de mise sur le marché. Il ne semble pas y avoir de différence entre les
patients recevant des VST provenant de banques ou produites directement par leucaphérése
d’un donneur tiers, haplo-identique, bien qu’il faille plus de données concernant les deux
approches et qu’aucune étude n'ait comparé les deux (56,61). Nous pouvons suggérer que le
type de virus doit cependant étre considéré : dans notre étude, chez les patients ayant recu des
EBV-VST, 4 ont été traités pour une lymphoprolifération associ¢e a I’EBV (PTLD) et un seul
a répondu. Une des hypothéses évoquées devant ce taux de réponse catastrophique est le fait
que ces patients présentent un PTLD chimio-réfractaire, parfois déja a plusieurs lignes de
traitement et que 1’évolution au moment de 1’injection des VST est déja trés avancée, la maladie

progressant plus vite que les VST ne peuvent s’expandre.
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VII. CONCLUSION

En conclusion, cette étude de vraie vie sur 29 patients traités par des VST représente la cohorte
la plus large rapportée de patients traités par VST obtenus par isolement immunomagnétique
basé sur la production d’IFN-y issus de donneurs en tierce partie. Cette étude rappelle 1’impact
négatif d’une charge virale élevée (>5log) sur la mortalité. Le recours aux VST doit s’envisager
trés rapidement dans I’arsenal thérapeutique actuel dans le traitement des infections virales, a

AdV, CMV et EBV chez les patients ayant bénéfici¢ d’une allogreffe de CSH.
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RESUME DE LA THESE:

L’allogreffe de cellules souches hématopoiétiques (allo-SCT) offre une option curative pour de
nombreuses pathologies hématologiques mais la déplétion T ex vivo ou in vivo utilisée pour
réduire I’incidence de la maladie du greffon contre 1’hote (GVH) peut entrainer des
complications infectieuses séveres, notamment virales. De 2016 a 2022, notre groupe a traité et
recueilli les données de 29 patients ayant bénéficié de ’injection de VST comme traitement
d’une infection virale par 1’Adénovirus (AdV), le cytomégalovirus (CMV) et/ou d’I’Epstein-
Barr virus (EBV) sévére ou réfractaire aux thérapeutiques habituelles depuis plus de 14 jours,
apres une allo-CSH afin d’évaluer leur sécurité et leur efficacité. La production des VST a été
réalisée a partir du méme donneur que la greffe pour 13 patients, ou a partir d’un donneur haplo-
identique en tierce partie pour 16 patients. Cette production était basée sur la technique de
sécrétion de cytokine IFN-y par les lymphocytes T spécifiques du virus permettant leur
isolement immunomagnétique. Une GVH aigué > grade Il ou une GVH chronique > grade NIH
2 rendait le patient inéligible aux VST. Tous les traitements immunosuppresseurs étaient permis
et la dose de corticostéroide était obligatoirement réduite a <Img/kg/jour dans la plupart des
cas. La durée médiane entre la greffe et la réplication virale était de 46 jours (¢tendue de 0-1372
jours). Les VST ont été¢ injectées dans un délai médian de 50 jours (21-300 jours) apres la
documentation de la réplication virale. Trente-quatre injections ont été réalisées avec une dose
moyenne de 1.43 x (£ 3.06) 10* CD3+ T-cells/kg, sans effet indésirable immédiat. Nous avons
observé une recrudescence de GVHD aigué chez deux patients ainsi qu’un cas supposé de GVH
chronique pulmonaire sévere de novo, dans les 2 mois post-injection. A 3 mois post-injection,
le taux de réponse cumulative était de 62% (n=18/29) et aucune réactivation virale n’était
observée dans I’année suivant I’injection des VST. La survie a 3 mois et 12 mois post-injection
¢tait respectivement de 55.2% (95% CI[39.7-78.4]) et de 29% (95% CI [13.2- 63.5]). La charge
virale haute (>5log) était le seul facteur associ¢ de maniére significative a une mortalité plus
importante. Il s’agit d’une étude de vraie vie rapportant le traitement par 34 injections de VST
chez des patients infectés par I’AdV, le CMV et/ou I’EBV post-allo-SCT, mettant en évidence
la sécurité et ’efficacité des VST ainsi que I’importance de la rapidité de leur mise en place
dans le processus thérapeutique.
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