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In 2020, 18,796 allo‐stem cell transplants (SCT) were performed in
European countries1 and approximately 2000 in France alone.2 Al-
though the toxicity‐related mortality (TRM) had decreased, infections
remained a significant cause of TRM.3,4 Of note, the current use of
either ex vivo or in vivo T‐cell depletion prevents alloreactivity (graft
rejection and graft‐versus‐host disease [GVHD]) but enables viral
infections/reactivations due to a delayed immune reconstitution.
The incidence and severity of viral infections/reactivations has de-
creased thanks to the implementation of pre‐emptive antiviral che-
motherapies, but they still represent a life‐threatening complication
of allo‐SCT.5 Indeed, a relevant number of patients still experience
therapy‐refractory infections in the absence of concomitant immune
reconstitution.6–8 A recent observational study reported that in the
first 100 days posttransplant, the cumulative incidence of death
caused by infections is 2.3% (0.25% from viral origin).4 Antiviral
therapies are associated with consistent side effects such as acute
kidney injury or hematotoxicity that might worsen the overall prog-
nosis.6–9 For adenovirus (AdV),10–12 cytomegalovirus (CMV),13,14

and Epstein Barr virus (EBV), virus‐specific T‐cells (VST) have been
developed as an alternate therapy,15,16 since the pioneering work of
Pr Riddell et al. in 1992 and international colleagues afterward.17–22

Since 2016, France approved AdV‐VST, EBV‐VST, or CMV‐VST
production in the Cell Therapy Unit of the University Hospital of
Nancy (UTCT) as Advanced Therapy Medicinal Products (ATMP).
Twenty‐nine consecutive patients with AdV, EBV, or CMV re-
plications/infections, persisting despite an optimized antiviral
therapy, were infused. We retrospectively analyzed the data in
terms of safety and efficacy, considering VST were in more than
half cases prepared from third‐party haploidentical donors. The
protocol was approved by the French Society of Bone Marrow
Transplantation and Cellular Therapy (SFGM‐TC) research com-
mittee and was conducted in accordance with the Declaration
of Helsinki and the Good Clinical Practice Guideline of the Inter-
national Conference on Harmonisation. All patients provided writ-
ten informed consent, including legal guardians for patients under
18 years old.

Eligible patients were defined as: (1) allo‐SCT patients (2) with
viral replication and/or tissue infection with CMV, AdV, or EBV
refractory to standard therapy; (3) 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 ritux-
imab for EBV‐related posttransplant lymphoproliferative disorder
(PTLD). Patients were considered ineligible when they presented
uncontrolled aGVHD > grade II23 or uncontrolled chronic GVHD >
NIH 2.24 All immunosuppressive drugs were allowed and corticos-
teroids were <1 mg/kg/day in most cases. UTCT of Nancy is the
only laboratory in France authorized by the French regulatory
agency Agence Nationale de Sécurité du Médicament (ANSM) to
produce AdV‐specific T‐cells as an ATMP under hospital exemption
(MTI‐PP‐009) and to deliver EBV‐VST or CMV‐VST for compas-
sionate use after nominative ANSM “non opposition” with a pro-
spective monitoring requirement. The definition of replication or
disease followed the guidelines of the SFGM‐TC. Conditioning re-
gimens were divided into myeloablative (MAC), reduced‐intensity
conditioning (RIC), and nonmyeloablative (NMA) as the established
definitions by Bacigalupo et al.,25 applicable to both adult and
pediatric patients. Serious adverse events (SAE) were defined
according to the Common Terminology Criteria for Adverse Events
(CTCAE version 5.0). Complete response (CR) was defined as
complete clearance of the virus, and partial response (PR) was de-
fined as a viral load decrease ≥1 log. The immune reconstitution
monitoring was assessed by each center using an IFN‐γ‐positive
ELIspot assay or a proliferative test when the technique was locally
available.

The SFGM‐TC group received eighty referral procedures: fifty
obtained a favorable opinion, and finally, twenty‐nine consecutive
patients were infused in 13 different centers (Supporting Informa-
tion: Figure 1). In the entire cohort, the median follow‐up
was 74 days (from 8 to 555 days) (see Table 1). Seventeen

TABLE 1 Patients' characteristics. (continued on next page)

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

Blackfan‐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 leukemia 3 1 1 0 5

Acute lymphoid leukemia 1 1 1 0 3

Myelodysplastic syndrome 1 1 1 0 3

Chronic myeloid leukemia 1 0 0 0 1

Richter's syndrome 1 0 0 0 1

Adult T‐cell lymphoma 1 0 0 0 1
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TABLE 1 (Continued)

AdV CMV EBV ADV+CMV Total

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%)

Nonmyeloablative 2 3 2 1 8 (28%)

T‐cell depletion ex vivo (T‐depleted graft) 0 1 1 0 2

T‐cell depletion in vivoa

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 infection
(days) [min‐max]

46 [3–1372] 31 [0–130] 64.5 [13–163] 18 50 [21–300]

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–II 1 1 0 0 2

Acute GVHD grade III–IV 7 1 1 0 9

Ruxolitinib before VST 2 1 1 0 4

Median lines of antiviral therapy before VST
(range)b

2 (1–3) 3 (2–4) 1 (0–5) 2 2 (0–5)

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/
CMV 3.99

4.34 (±1.47)

VST origin

Graft donor 8 3 2 0 13 (45%)

Third‐party donor 5 4 6 1 16 (55%)

Median time between infection and VST infusion
(range)

39 (10‐89) 85 (19‐216) 52 (21‐310) 53 51,5 (10‐310)

Mean infused CD3+T‐cells (104/kg) (±SD)c 0.42 ± 0.35 3.29 ± 5.06 0.84 ± 0.43 0.5 ± 0.02 1.43 (±3.06)

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.
a28 patients received a T‐depletion post‐allo‐SCT (patients 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.
bOne 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.
cTaking into account 34 infusions.
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F IGURE 1 Patients' outcome. (A) ORR at 1 month and 3 months in the entire cohort. ORR at 1 month postinfusion was observed for 16 patients (10 patients with

a CR and six patients with a PR). Thirteen patients were NR: nine patients had SD and four patients died of progressive disease at a median time of 12.5 days (range:

8–16 days). ORR at 3 months was observed for 18 patients (CR = 17, 10 at 1 month plus two patients who were initially NR plus five patients initially with PR, and

PR = 1). At 3 months, six patients were still NR: four of them had advanced viral disease at D0 and died (patients 2, 3, 7, 13) and two maintained a stable viral load

(patients 20 and 24). (B) ORR at 1 month according to the virus (AdV, CMV, EBV). (C) ORR at 1 month according to the VST‐donor. (D) OS in the entire cohort. (E) OS

according to viral load. AdV, adenovirus; CMV, cytomegalovirus; CR, complete response; EBV, Epstein Barr virus; NR, non responder; ORR, overall response rate; PR,

partial response.
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children (<18 years old) and 12 adults (≥18 years old) were treated.
Of note, five patients received two infusions (four patients against
CMV and one patient against AdV) and one patient received one
VST infusion prepared against both AdV and CMV. Briefly, 51.7%
were transplanted for primary immunodeficiency or nonmalignant
hematological diseases, and the majority of patients (n = 28) re-
ceived an in vivo T‐cell depletion; the median time between allo‐
SCT and the viral replication was 46 days (range: 0–1372 days).
Infused VST were mainly derived from a related intrafamilial third‐
party donor (n = 16, 55.2%). Patients were heavily pretreated with a
median time of 50 days (range: 21–300 days) of antiviral therapy
before the initial VST infusion.

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%), according to interferon gamma
(IFN‐γ) immunomagnetic isolation, as previously described by Qian
et al.26 The mean dose of CD3+ IFN‐γ+ T‐cells administered to
the patient was 0.82 × 104 ± 0.89 × 104 T‐cells/kg with a mean
enrichment of 72% of CD4+ IFN‐γ+ T‐cells (SD: ±17%) and 80%
of CD8+ IFN‐γ+ T‐cells (SD: ±16%). VST were released according
to flow cytometry control results. The absence of microbiologic
contamination was confirmed after 10 days, except for one produc-
tion positive for Cutibacterium acnes. Functional and proliferative
assays performed a few weeks after infusion demonstrated a low
alloreactivity and a high cytotoxicity against specific virus.

Within 3 months post‐VST infusion, there was no de novo
aGVHD. Unfortunately, two 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 from the day of VST infusion (D0) when corticosteroids were
lower than 0.3 mg/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 the time of infusion. 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 ascites, and one from pulmonary alveolar
hemorrhage. After 3 months, the causes of death were allo‐SCT
TRM (n = 5).

Overall response rate (ORR) at 1‐month postinfusion was 56%.
The ORR at 3 months was 62%. At 3 months, six patients were still
nonresponders: four of them had advanced viral disease at D0 and
died (patients 2, 3, 7, and 13) and two maintained a stable viral load
(patients 20 and 24). Patient 10 died at D78 after achieving PR at
D30 and CR at D75 (Figure 1A). Patients who received an AdV‐VST
infusion were significantly better responders than those who re-
ceived CMV‐VST and EBV‐VST (p < 0.01) (Figure 1B). There was no
significant difference in ORR between an HLA‐matched original
graft donor versus a third‐party haploidentical donor (p = 0.415)
(Figure 1C). Finally, the median time to the 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 postinfusion,
respectively (Figure 1D). Interestingly, OS was significantly higher
when the viral load at infusion was <5 log (p < 0.001), regardless of
the implicated virus (Figure 1E).

We performed univariate analysis to assess the following possible
risk factors for response, and these are our findings. The ORR was not
significantly different according to the following immunological
parameters: the previous in vivo T‐cell depletion (ATG vs. alemtuzu-
mab vs. PTCy, p = 1.000), the continuation of corticosteroids at a dose
<1mg/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) (see
Supporting Information: Tables 1 and 2).

Immune reconstitution was investigated in 11 patients, with 7 of
them experiencing specific immune reconstitution assessed by pro-
liferative assay or ELIspot IFN‐γ assay. Among patients treated with
corticosteroids at the time of VST infusion, immune reconstitution
was documented for patients 3, 5, 11, 14, and 22, and 4 out of these
5 patients cleared the virus (see Supporting Information: Figures 1
and 2).

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‐γ 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.
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