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Patient-tailored adoptive immunotherapy with EBV-
specific T cells from related and unrelated donors
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BACKGROUND. Adoptive transfer of EBV-specific T cells can restore specific immunity in immunocompromised patients with
EBV-associated complications.

METHODS. We provide results of a personalized T cell manufacturing program evaluating donor, patient, T cell product, and
outcome data. Patient-tailored clinical-grade EBV-specific cytotoxic T lymphocyte (EBV-CTL) products from stem cell donors
(SCDs), related third-party donors (TPDs), or unrelated TPDs from the allogeneic T cell donor registry (alloCELL) at Hannover
Medical School were manufactured by immunomagnetic selection using a CliniMACS Plus or Prodigy device and the EBV
PepTivators EBNA-1and Select. Consecutive manufacturing processes were evaluated, and patient outcome and side effects
were retrieved by retrospective chart analysis.

RESULTS. Forty clinical-grade EBV-CTL products from SCDs, related TPDs, or unrelated TPDs were generated for 37 patients
with refractory EBV infections or EBV-associated malignancies with and without a history of transplantation, within 5 days
(median) after donor identification. Thirty-four patients received 1-14 EBV-CTL products (fresh and cryopreserved). EBV-CTL
transfer led to a complete response in 20 of 29 patients who were evaluated for clinical response. No infusion-related toxicity
was reported. EBV-specific T cells in patients’ blood were detectable in 16 of 18 monitored patients (89%) after transfer, and
their presence correlated with clinical response.

CONCLUSION. Personalized clinical-grade manufacture of EBV-CTL products viaimmunomagnetic selection from SCDs,
related TPDs, or unrelated TPDs in a timely manner is feasible. Overall, EBV-CTLs were clinically effective and well tolerated.
Our data suggest EBV-CTL transfer as a promising therapeutic approach forimmunocompromised patients with refractory
EBV-associated diseases beyond HSCT, as well as patients with preexisting organ dysfunction.
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Introduction

Morbidity and mortality in patients with hematopoietic stem cell
transplant (HSCT) and solid organ transplant (SOT) are frequent-
ly caused by graft rejection or graft-versus-host disease (GVHD)
and increased by infectious complications due to delayed immune
reconstitution or immunosuppressive medication (1). EBV is a
y-herpesvirus that infects more than 90% of the population world-
wide during childhood and persists throughout life within the B
cell compartment. Strong CD4* and CD8" T cell responses direct-
ed against various lytic and latent EBV proteins control EBV reac-
tivation and usually prevent EBV-associated diseases in healthy
individuals (2). However, in immunocompromised patients, infec-
tion and reactivation as well as the development of high-grade
secondary malignancies are severe complications.

The most common EBV-associated posttransplant malignancy
is posttransplant lymphoproliferative disease (PTLD), representing
both clinically and histopathologically heterogeneous lymphoprolif-
erations (3-7). The overall incidence of PTLD after allogeneic HSCT
is less than 2% but was shown to increase after transplantation with
T cell-depleted and/or HLA-mismatched grafts (e.g., <24%) (8,
9). During the phase of immune reconstitution, e.g., the first 6-12
months after HSCT, incidences can reach up to 40% (10-12).

In SOT, EBV-seronegative transplant recipients with EBV-
seropositive donors and those experiencing primary EBV infec-
tion under posttransplant immunosuppression consequently car-
ry the highest risk of developing EBV-associated PTLD (3, 13-15).
Incidences vary from 1% to 20% depending on the organ type;
incidences are high during the first year after transplant, with
almost all tumors being EBV associated, but PTLD can occur any
time during the period of immunosuppression (3, 5, 16). The type
of organ graft —i.e., with respect to its amount of lymphoid tissue
as well as the level of immunosuppression needed to maintain
immune tolerance — represents another distinctive factor, with
highest incidences (<20%) detected in lung, small bowel, or multi-
ple organ grafts (14, 15, 17-19). Further risk factors for PTLD devel-
opment are the patient’s age at transplantation (especially <18 and
>60 years), the disease initially leading to transplantation, a previ-
ous splenectomy, a second transplantation, coinfection with CMV,
polymorphisms in cytokine genes, the intensity and duration of
the immunosuppressive regimen, the HLA type and extent of HLA
mismatch between donor and recipient, whether T cell-depleting
antibodies (e.g., anti-thymocyte globulin [ATG], alemtuzumab)
are being administered, as well as the coexistence of multiple risk
factors (10, 13-15, 17, 20, 21). The incidence of PTLD after HSCT in
patients with no risk factors was found to be low (0.2%), but it sig-
nificantly increased (8.1%) if there were 3 or more risk factors (10).
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Treatment of PTLD includes reduction of immunosuppres-
sive medication as tolerated, immunotherapy, and cytotoxic che-
motherapy. However, therapy is often complicated by side effects,
and severe complications are foreseeable in patients with preexist-
ing organ dysfunction (3, 11, 22).

Besides reduction of immunosuppression, the 2 main immu-
notherapeutic approaches to treat EBV-associated PTLDs are (i)
treatment with mAbs (e.g., rituximab) against the B cell surface
molecule CD20 to eliminate EBV-infected B cells; and (ii) adop-
tive transfer of functional EBV-specific cytotoxic T lymphocytes
(EBV-CTLs) from healthy related or unrelated donors. Treatment
with anti-CD20 mAb is often associated with a risk of infection in
immunosuppressed patients and is sometimes ineffective due to
low or absent CD20 expression and antigen loss during treatment.

Adoptive T cell therapy appears to be an attractive therapeu-
tic option. First developed in the 1990s, autologous — or stem cell
donor-derived (SCD-derived) — EBV-CTL lines were generated
by repetitive in vitro stimulation with antigen-bearing cells (23).
More recently, short-term expansion strategies were developed
to generate either SCD-derived (24) or partially HLA-matched
third-party donor-derived (TPD-derived) EBV-CTLs within 2
weeks (25-29). Some of these studies targeted multiple viral infec-
tions (28, 29). In all studies, EBV-CTL infusions were in general
well tolerated and effective in the majority of patients.

Although this treatment approach is attractive, it has sev-
eral limitations. Generation of EBV-CTLs by in vitro culture
is time-consuming and relies on specialized cell growth facili-
ties. Feuchtinger and colleagues developed a different strategy:
selecting EBV-CTL directly from peripheral blood by magnetic
separation based on EBV-specific cytokine secretion (30). For
immunomagnetic selection of EBV-CTLs, a donor with sufficient
frequencies of EBV-specific T cells is needed, a requirement that
often fails in HSCT patients and is impossible to achieve from
deceased organ donors. Third, transfer of bystander cells may
confer GVHD or allograft rejection.

The current study was designed to retrospectively analyze our
program of personalized EBV-CTL manufacturing via immuno-
magnetic selection from SCDs, related TPDs, or unrelated TPDs
from an allogeneic T cell donor registry (alloCELL) established
at the Institute of Transfusion Medicine and Transplant Engi-
neering, Hannover Medical School. In total, 40 clinical-grade
EBV-CTL products were manufactured for administration in 37
immunocompromised patients with and without transplanta-
tion history. Data were analyzed with respect to manufacturing
time, cell numbers, and transfer frequency; infusion-related side
effects; influence on GvHD; as well as clinical, immunological,
and virologic outcome.

Results

Patient cohort

A total of 40 EBV-CTL products were manufactured between May
2015 and July 2019 for 37 patients with refractory EBV infections
or EBV-associated malignancies from 21 different hospitals (20 in
Germany, 1in Finland) intended to receive EBV-CTLs (Figure 1 and
Supplemental Table 1, A and B; supplemental material available
online with this article; https://doi.org/10.1172/JCI163548DS1).
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Figure 1. Patient cohort for planned EBV-CTL transfer. EBV-CTL productions and intended/treated patient population. One patient received EBV-CTLs
before and after HSCT and is therefore recorded in groups IB and IIIA. One patient in group la received EBV-CTLs from 2 separate productions from the

same donor. pt, patient; Tx, transplantation; ED, early death; FU, follow up.

Three patients (nos. 1/3, 24/36, and 28) have been reported before
but were added to this series for completeness (31-33). The median
age of patients was 37 years (range 2-73 years); 26 patients were
male and 11 female (Table 1). Five patients had no transplant history
before the planned EBV-CTL transfer; 4 of these had EBV-associat-
ed malignancies, and 1 had chronic EBV infection without lymph-
oproliferation due to an inborn immunodeficiency syndrome.
Three of these patients intended to undergo allogeneic HSCT after
EBV-CTL transfer, and in 2 of them a second transfer from a dif-
ferent manufacturing process after HSCT was planned (no. 24,36,
second transfer received; no. 33/40, second transfer not received).
Twenty-eight patients were scheduled to receive EBV-CTLs after
HSCT, including the 2 patients mentioned above. Indications for
HSCT were malignancy (n = 18) and nonmalignant disease (n =
10) (Supplemental Table 1A). One of the HSCT patients received
EBV-CTLs from 2 different manufacturing processes (Supplemen-
tal Table 1, A and B, no. 1/3; both from the same unrelated TPDs
[alloCELLY]). For 2 patients (nos. 24,/36, 33/40), EBV-CTL prepara-
tions from 2 different donors were manufactured, while 34 patients
were scheduled for a single T cell preparation.
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Five patients had a history of SOT prior to EBV-CTL transfer
(1 heart, 2 kidney, and 2 liver transplants). All SOT patients
received EBV-CTLs from TPDs for EBV-associated PTLD; none
of them experienced malignant disease before SOT.

Donor selection based on serostatus, HLA match, and EBV-specific

T cell frequency

Donor search and donor pretesting. Selection of EBV-seropositive
donors suitable for generation of EBV-CTLs was based on HLA
match, EBV serostatus, and the frequency of EBV-specific T cells
as determined by IFN-y cytokine secretion assay (CSA), which is an
analog to the clinical-scale CliniMACS Cytokine Capture System
(CCS) IFN-gamma process. Patients prior to or after HSCT can
be treated with EBV-CTLs isolated from SCDs if these are pres-
ent in the donor at a sufficient frequency. Alternatively, (partially)
HLA-matched related or unrelated TPDs can potentially serve as
EBV-CTL donors, which is routinely done in the case of patients
with SOT or no transplantation history. We here report data from
manufacture of 40 EBV-CTL products (Supplemental Table 1, A
and B). In 13 patients, the SCDs served as donors of EBV-CTLs
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Table 1. Patient characteristics and source of EBV-CTLs

Characteristic No. (%)
Sex
Male 26/37 (70%)
Female 11/37 (30%)
Tx
Allogeneic SCT* MSD 4/28 (14%)
Allogeneic SCT, MUD 21/28 (75%)
Allogeneic SCT, Haplo 3/28 (11%)
SOt 5/37 (14%)
No or autologous Tx or EBV-CTL transfer prior to Tx* 6/37 (16%)
EBV-CTL donor
SCD 13/40 (33%)
Related TPD 9/40 (23%)
Unrelated TPD 18/40 (45%)

Ages ranged from 2 to 73 years (median, 73.0 years). ATwo patients: 2 EBV-
CTL productions for transfer, prior to SCT and afterward; 1 of them only
received EBV-CTLs prior to SCT. Tx, transplantation.

(matched sibling donors [MSDs], n = 2; matched unrelated donors
[MUDs], n=9;haploidentical, n = 2); for all other patients (67.5%),
EBV-CTLs were manufactured from TPDs (related, n = 9; unrelat-
ed [alloCELL], n=18).

The alloCELL T cell donor registry records high-resolution
HLA types and virus-specific T cell (VST) frequencies from more
than 3,500 healthy volunteers; 18 of 40 manufacturing process-
es from the current series were performed with cells from donors
identified in this noncommercial registry. For 1 patient (no. 1/3),
2 EBV-CTL products were manufactured from the same donor.
Thus, in total, 17 donor searches were performed, and the results
were provided to the requesting clinic within 24-48 hours. The
median number of HLA-matched, EBV-seropositive potential
donors identified for each patient was 3 (range 1-8 potential T cell
donors; data not shown). All unrelated TPDs were high-resolution
typed in HLA-A, -B, -C, -DR, and -DQ. However, for an individual
to be suited as an EBV-CTL donor, we required at least a 3/6 HLA
match in HLA-A, -B, and -DR, with at least one match in class I
and class II alleles each, which applied to all donor-recipient pairs
(Table 2). On high-resolution HLA typing, matching was at least 4
0f10 (in 1 patient) and up to 8 of 10 (in 1 patient), with the majority
of matches being between 5 of 10 and 7 of 10 (details in Table 2).
The median time between donor search result for unrelated TPD
and donor identification was 2 days (Figure 2, n = 16). The median
time between donor pretesting result and start of the manufac-
turing process was 5 days and did not significantly differ between
unrelated TPDs (5 days), related TPDs (5 days), and SCDs (7 days)
(Figure 2, n = 34). T cell manufacturing is an overnight process.
Prolonged times between donor identification and manufactur-
ing resulted from individual pretreatment regimens with chemo/
immunotherapy (patients 1, 28, 35, 39); these cases are identified
by number in Figure 2, with additional information in Supplemen-
tal Table 1, A and B. The HLA match between patients and related
TPDs is shown in Table 2.

For SCDs as well as related TPDs, EBV serostatus was deter-
mined prior to donor pretesting. Only EBV-seropositive donors
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were analyzed with respect to frequencies of EBV-specific T cells
(34). In order to determine the starting frequencies of therapeuti-
cally relevant EBV-specific T cells (30), we performed pretesting
by stimulation using an EBV PepTivator EBNA-1 alone and in com-
bination with a PepTivator Consensus (analogous to GMP PepTi-
vator EBV Select used in clinical-grade manufacturing). Unstim-
ulated cells served as negative control (NC), and values obtained
from the NC were subtracted from preenrichment values. For all
donors tested (n = 38), stimulation with EBNA-1 and Consensus
in combination was performed, while for 4 donors, the amount of
PBMCs obtained did not allow for determination of EBNA-1-spe-
cific T cell frequencies alone. The mean frequency of IFN-y* T cells
upon stimulation with EBNA-1 was 0.11% (CD3*), 0.05% (CD4),
and 0.24% (CD8"); and the mean frequency of CD3'IFN-y*,
CD4*IFN-y*, and CD8*IFN-y* T cells increased to 0.41%, 0.17%,
and 0.80%, respectively, upon stimulation with the combination of
EBNA-1 and Consensus (Table 3 and Figure 3, A and B). Following
magnetic enrichment, the mean frequency of IFN-y* T cells upon
stimulation with EBNA-1 was 19.13% (CD3*), 14.47% (CD4"), and
24.41% (CD8*), which increased to 45.36%, 25.05%, and 59.39%,
respectively, upon stimulation with the combination of EBNA-1
and Consensus (Table 3 and Figure 3, C and D).

Manufacturing of clinical-grade EBV-CTL products

In total, 40 clinical-grade EBV-CTL products were generated for
37 patients. Thirteen EBV-CTLs were derived from the respective
SCDs, 18 from unrelated TPDs, and 9 from related TPDs (Figure
4A). Manufacturing was performed using MACS GMP PepTi-
vator EBV_EBNA-1 in combination with MACS GMP PepTivator
EBV Select and the CliniMACS CCS together with the CliniMACS
Plus (r = 13) or CliniMACS Prodigy (n = 27) device (Supplemen-
tal Table 2) as described previously (35). In brief, 1 x 10° donor
white blood cells obtained via leukapheresis were restimulated
with MACS GMP PepTivator EBV_EBNA-1 and MACS-GMP Pep-
Tivator EBV Select for 4 hours, followed by immunomagnetic
selection of IFN-y-secreting cells. The total T cell numbers (CD3*
and CD3*IFN-y*) obtained were significantly higher when Clini-
MACS Prodigy was used compared with CliniMACS Plus (CD3*
P < 0.0001, CD3*IFN-y* P = 0.0014; Supplemental Table 2 and
data not shown). For all processes (n = 40), the mean viability
of the generated EBV-CTLs was 70.5% and the mean frequency
of CD3'IFN-y* T cells was 40.9%, which constituted 39.5% and
58.8% IFN-y* cells among CD4* and CD8" subsets, respectively
(Table 4 and Figure 4, B and C). The median number of total CD3*
cells was 7.07 x 105, corresponding to a median number of 2.52 x
10° CD3*/IFN-y* T cells (Table 4 and Figure 4D). There was no
significant difference between SCDs, related TPDs, and unrelated
TPDs with respect to T cell numbers and purity in the final EBV-
CTL products (Table 4).

In contrast to the overlapping peptide pool PepTivator EBNA-1,
PepTivator EBV Consensus contains 32 MHC class I-restricted
and 11 MHC class II-restricted peptides, which are derived from
15 lytic and latent EBV proteins. The HLA-A and HLA-B alleles
involved in recognition of these peptides as well as their represen-
tation in 31 of the EBV-CTL donors are listed in Table 5. Homozy-
gous alleles were considered only once. The HLA restrictions and
epitope specificities of the administered T cells were not defined.
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Table 2. HLA matching between patient and EBV-CTL donor

Total HLA matches (of 10;
HLA-A, -B, -C, -DR, -DQ)

Total HLA matches

Patient (of 6; HLA-A,-B, -DR)

Donor: unrelated TPD
1(=3)

~N B N Ul o Ul

—
w
Ui o U1 U1 U1 oy U

35
36* 3
37 5
Donor: related TPD
14 b
15 10
27 5
29 5
30 5
32 6
33 6
34 7
38 5

B w s W ww o w

w

Recipient — EBV-CTL donor (of 10) EBV-CTL donor — recipient (of 10)

Matches Mismatches Matches Mismatches
8 2 8 2
6 4 5 5
6 4 6 4
5 5 5 5
7 3 7 3
5 5 5 5
7 3 8 2
5 5 5 5
6 4 6 4
5 5 5 5
5 5 5 5
7 3 7 3
6 4 7 3
6 4 5 5
5 5 5 5
6 4 6 4
10 0 10 0
5 5 5 5
5 5 5 5
6 4 5 5
9 1 6 4
6 4 6 4
9 1 7 3
5 5 5 5

AOnly HLA-A, -B, -DR, -DQ known (recipient). HLA matching between patient and unrelated TPD or related TPD, irrespective of SOT or HSCT..Homozygous
alleles on recipient and EBV-CTL donor side are considered in the columns “Recipient — EBV-CTL donor” and “EBV-CTL donor — recipient,” respectively.

Production runs 1and 3 were from the same donor for the same patient.

Manufacturing was performed using a combination of PepTivator
EBV EBNAI1 and PepTivator EBV Select. Hence, it can be assumed
that the HLA coverage of the obtained CD3*IFN-y* T cells was not
restricted to those HLA alleles covered by PepTivator EBV Select.

Patient follow-up

Three patients did not receive the EBV-CTL product because of
death (n = 2; nos. 37, 38) or cure (n = 1; no. 39) before the end of
the manufacturing process. A fourth patient (no. 33/40) received
TPD-derived EBV-CTLs (no. 33) before HSCT but no longer
required the already-produced SCD-derived EBV-CTLs (no. 40)
after HSCT. These 4 products were excluded from the analysis
of clinical effects and side effects. For all patients included in
the analysis, the median CD3* T cell number for the first EBV-
CTL transfer was 2.5 x 10%/kg (range 5 x 10% to 2.2 x 105/kg) and
the median CD3* T cell number for all transfers was 4.2 x 10/
kg (range 5 x 10° to 2.2 x 10%/kg). The mean purity of transferred
EBV-CTL products measured by percentage of CD3*IFN-y* cells
was 41.8% (range 17.7%-76.8%), corresponding to a median num-
ber of 7.9 x 103/kg CD3"IFN-y* T cells (range 2.2 x 10% to 9.8 x
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10%/kg) for the first EBV-CTL transfer. Median follow-up was
34.5 months for all patients and 49.5 months (range 11-77) for
the patients who were alive at last follow-up. Details are shown in
Supplemental Table 1, A and B.

HSCT patients with EBV-CTLs from SCDs (group Ia). For 11
HSCT patients who received the EBV-CTL product after HSCT,
the SCD served as EBV-CTL donor. One patient died within
3 weeks after EBV-CTL transfer (multiorgan failure) and was
excluded from the long-term follow-up evaluation (“early death,”
no. 18). All patients with B cell PTLD had received prior treatment
with rituximab (n = 9) or chemotherapy (1 =2); 1 patient with NK/T
cell non-Hodgkin lymphoma (NKT-NHL) received PD1-blockade
in parallel to EBV-CTL treatment (no. 23). The median number of
EBV-CTL transfers in these patients was 1 (range 1-5); the median
CD3* T cell number for the first EBV-CTL transfer was 2.5 x 10*/kg
(range 1 x 10*to 2.2 x 105/kg); the mean percentage of CD3*IFN-y*
T cells was 33.8%, corresponding to a median number of 8.5 x
103/kg CD3*IFN-y* T cells. One of these patients received EBV-
CTLs before transplantation for EBV-associated encephalitis and
received a total of 14 EBV-CTL administrations (9 before HSCT

:
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Figure 2. Time between donor search, identification, and manufactur-
ing. Left: Time between donor search and identification for unrelated
(unrel) TPDs (left); right: time between donor identification and start of
manufacture for each donor origin. Statistical significance was calculated
using Kruskal-Wallis test, followed by Dunn’s multiple-comparisons test.
NS, not significant, P > 0.05. rel, related. Violin plots show median; each
symbol represents 1 patient. Red circles, HSCT patients with HSCT (groups
la/Ib); red squares, patients with SOT (group I1); black diamonds, no Tx
(group I11); black X's, EBV-CTLs not applied.

from an unrelated TPD, no. 36; 5 in parallel to or after HSCT from
the SCD, no. 24). Nine of 10 patients achieved complete response
(CR) following EBV-CTL transfer (Table 6). In 6 of these, EBV in
peripheral blood became undetectable by PCR (nos. 16, 19, 20, 21,
22, 26; 16, and 21 already had negative EBV-PCR before transfer
of EBV-CTLs), whereas in 3 patients EBV-PCR remained positive
(nos. 17, 23, 24). Details for EBV-PCR load monitoring in patients
with serial measurements are shown in Supplemental Figure 1.
Of the patients with CR, 3 died due to infections other than EBV
(nos. 19, 22, 23). One patient had

progressive disease (PD) irrespec-
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17, 20); the third patient developed grade III GVHD of the liver,
skin, and oral mucosa (no. 23). This patient received not only EBV-
CTLs but also donor lymphocyte infusions (DLIs) and pembroli-
zumab in parallel. The treating physician did not attribute GVHD
to EBV-CTL transfer. All 3 patients with new GvHD after EBV-
CTL transfer had received only a single transfer; transferred cell
numbers were 3.04 x 10%/kg, 2.5 x 10*/kg, and 5.0 x 10*/kg CD3*
cells (corresponding to 5.4 x 10%/kg, 1.1 x 10%/kg, and 2.0 x 10*/kg
CD3'TFN-y* T cells), respectively.

HSCT patients with EBV-CTLs from TPDs (group 1b). Four-
teen HSCT patients received EBV-CTLs from TPDs after HSCT;
one of them received EBV-CTLs from 2 different manufacturing
processes with the same unrelated TPD (no. 1/3). Two patients
received EBV-CTLs from related TPDs (nos. 14, 15); unrelated
TPDs were used for the other 12 patients. Three patients died
within 3 weeks after EBV-CTL transfer (progression of EBV-
associated encephalitis, no. 2; progression of AML and PTLD,
no. 10; multiorgan failure, presumably EBV-related, no. 5). These
patients were excluded from the long-term follow-up evaluation
(assigned to the “early death” group). All patients had received
rituximab prior to EBV-CTL transfer; in 3 patients, additional
chemotherapy had been administered. Details are shown in Table
6 and Supplemental Table 1, A and B.

The median number of EBV-CTL transfers in the remaining
11 patients was 2 (range 1-6), the median CD3" T cell number
for the first EBV-CTL transfer was 1.75 x 10*/kg (range 5 x 10° to
3.69 x 10*/kg); and the mean percentage of CD3'IFN-y* T cells
was 45.9%, corresponding to a median number of 5.0 x 103/kg
CD3'IFN-y* T cells. Six of 10 patients with outcome data available
had a CR after EBV-CTL transfer, with resolution of all symp-
toms; in these cases, EBV became undetectable by PCR in periph-
eral blood (no. 1/3, 6, 7, 11, 12, 14; in one patient, no. 7, EBV-PCR
remained low-positive in cerebrospinal fluid). Details for EBV-
PCR load monitoring in patients with serial measurements are
shown in Supplemental Figure 1. Four of the patients with CR sur-
vived (nos. 1/3,11, 12, 14); the remaining 2 patients (nos. 6, 7) died

tive of EBV-CTL transfer and died
4 weeks after transfer of EBV-CTL

due to progression of EBV-related  Stimulation

Table 3. Results from donor pretesting

EBNA-1(n = 34) EBNA-1 + Consensus (n = 38)

PTLD (no. 25). CD3'IFN-y*  CD4'IFN-y*  CD8'IFN-y* CD3'IFN-y*  CD4'IFN-y*  CD8'IFN-y*
No graft failure was detect-  pgpulation before enrichment*

ed after EBV-CTL transfer. Three Mean oMm 0.05 024 041 017 0.80

patients in this group of 10 had Median 0.04 0.02 0.04 019 0.07 036

GvHD before administration of SD 0.24 0.09 0.69 0.58 033 1.04

EBV-CTLs, 2 of them were free Population after enrichment

of GvHD after EBV-CTL transfer Mean 19.13 14.47 24.41 45.36 25.05 59.39

(nos. 16, 19), and the third devel- Median 131 10.06 1219 4793 23.09 62.57
SD 2115 15.99 28.21 2518 16.74 2757

oped chronic GVHD without new

GvHD symptoms (no. 22). Of the 7
patients without preexisting GVHD,
3 developed GvHD after EBV-CTL
transfer. Two of these had mild to
moderate GvHD, which in one of
them began directly after reduc-
tion of immunosuppression (nos.

;

AValues were obtained after subtracting the values of the NC. PBMCs from healthy donors were stimulated
with PepTivator EBNA-1alone (EBNA-1, n = 34) and with a combination of PepTivator EBNA-1and PepTivator
Consensus (EBNA-1+ Consensus, n = 38). Frequencies of IFN-y* T cell subsets before and after magnetic
enrichment by IFN-y CSA were determined by flow cytometry. Shown are the frequencies of IFN-y* cells within
the indicated T cell subset (CD3*, CD4*, CD8"). Differences in the number of donors tested are due to the
amount of PBMCs obtained, which in 4 of 38 donors did not allow for testing the frequency of EBNA-1-specific
T cells alone.
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from causes unrelated to EBV. In 1 patient (no. 13), the EBV-associ-
ated symptoms remained stable after EBV-CTL transfer; the EBV-
PCR remained positive but revealed a decrease in viral load. This
patient died from causes unrelated to EBV. Three patients had PD
following EBV-CTL transfer (nos. 8, 9, 15), although 1 of them (no.
9) had a negative EBV-PCR; all of them died (2 of them EBV-relat-
ed causes; the third because of multiorgan failure otherwise not
classified). For the fourth patient (no. 4), no data were available
concerning the clinical response to EBV-CTLs; although the EBV-
PCR was negative, this patient died for reasons unrelated to EBV.

No graft failure occurred after EBV-CTL transfer. Nine of
11 patients had a history of GVHD before EBV-CTL transfer. In 2
of these (nos. 7, 14), GVvHD persisted at the same level after EBV-
CTL transfer; and in one case, acute GvHD developed into chronic
GVHD (no. 4; this patient died due to chronic GvHD). Two of the
patients with preexisting GvHD developed new GvHD symptoms
following EBV-CTL transfer, but one of them received DLI and the
other nivolumab due to recurrence of underlying malignancy con-
currently with transfer of EBV-CTLSs (nos. 6, 15). Preexisting GVHD
resolved in 4 cases after transfer of EBV-CTLs (nos. 1/3, 9, 12, 13).
Neither of the 2 patients who were free of GVHD before EBV-CTL
transfer developed de novo GvHD thereafter (nos. 8, 11).

SOT patients (group II). Five patients had a history of SOT
and received EBV-CTLs for refractory or high-risk EBV-related
PTLD. Four patients with CD20* PTLD had received rituximab;
all patients had received chemotherapy prior to EBV-CTL transfer,
which resulted in CR before EBV-CTL transfer in 2 of 5 patients.
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Figure 3. Frequencies of EBV-specific
Tcells in T cell donors before and
after magnetic enrichment by IFN-y
CSA. Stimulation of donor PBMCs
was done with PepTivator EBNA-1
alone (n = 34) and a combination of
PepTivator EBNA-1 and PepTivator
Consensus (n = 38). Differences in the
numbers of donors tested are due

to the amount of PBMCs obtained,
which did not allow for testing the
frequency of EBNA-1-specific T cells
alone in 4 of 38 donors. Exemplary
FACS plots pregated on viable CD3*,
CD3+*CD4* (middle), and CD3*CD8*
(right) lymphocytes. (A and B) Repre-
sentative FACS plots and summariz-
ing graphs show frequencies of IFN-y*
cells among CD3*, CD4*, and CD8* T
cells before magnetic enrichment as
by indicated. (C and D) Representative
FACS plots and summarizing graphs
show IFN-y* cells among CD3*, CD4*,
and CD8* T cells after magnetic
enrichment as indicated. Bar graphs
show mean + SD, and each dot rep-
resents data from one donor.

CD4IFN-y*  CD8"IFN-y*

CD4"IFN-y*  CD8"IFN-y*

Related (n = 3, nos. 27, 29, 30; Supplemental Table 1, A and B) or
unrelated TPDs (n = 2, nos. 28, 31; Supplemental Table 1, A and
B) served used as EBV-CTL donors. The median number of EBV-
CTL transfers was 3 (range 1-5); the median CD3* T cell number
for the first EBV-CTL transfer was 2.5 x 10*/kg (range 1 x 10*t0 4.2
x 10*/kg); the mean percentage of CD3*IFN-y* T cells was 35.5%,
corresponding to a median number of 9.4 x 103/kg CD3*IFN-y*
T cells. Four patients showed CR, and 3 of them had negative
EBV-PCR following EBV-CTL transfer (nos. 28, 29, 30); however,
these 3 patients already had negative EBV-PCR before transfer of
EBV-CTLs, and the fourth patient with CR still had a positive EBV-
PCR (no. 31). The remaining (fifth) patient showed stable disease
(SD) clinically, but the EBV-PCR turned negative and PET/CT
showed a complete metabolic response (no. 27). None of the SOT
patients developed GVHD or experienced graft loss after EBV-
CTL transfer, and all of them were alive at last follow-up.

Patients without a history of transplantation (group III). Five
patients received EBV-CTLs without any, or prior to, transplan-
tation for either refractory EBV infection in suspected/verified
immunodeficiency (# = 3; nos. 33, 34, 36) or EBV-related lympho-
matoid malignancy (n = 2; nos. 32, 35; Supplemental Table 1, A and
B). Partially HLA-matched related (n = 3; nos. 32, 33, 34) or unre-
lated TPDs (n = 2; nos. 35, 36) served as EBV-CTL donors. In these
patients, the median number of EBV-CTL transfers was 3 (range
2-9); the median CD3* T cell number for first EBV-CTL transfer
was 1.0 x 10*/kg (range 1.0 x 10*t0 2.5 x 10*/kg); and median CD3*
T cell number for all EBV-CTL transfers was 4.3 x 10*/kg. The
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Figure 4. Clinical-grade EBV-CTL manufacturing. Enrich-

SCD
(n=13)

Unrelated TPD
(n=18)

ment of IFN-y-secreting, EBV-specific CD3*, CD4*, and
CD8* T cells after incubation with GMP-grade PepTivators
EBV EBNA-1and EBV Select in combination using the

CliniMACS CCS and CliniMACS Plus or Prodigy device. (A)
Donor origin. (B) Representative FACS plots. Gates were
set according to fluorescence minus one (FMO) control.

preDS, drug substance before magnetic enrichment; DS,

CD8

drug substance after magnetic enrichment. (C and D) Fre-
quencies and numbers of total CD3* and IFN-y-secreting,
EBV-specific CD3*, CD4*, and CD8* T cells after stimulation

with GMP-grade PepTivators EBNA-1and EBV Select and
enrichment using the CliniMACS CCS and CliniMACS Plus

Related TPD
(n=9)
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mean percentage of CD3*IFN-y* T cells was 51.1%, corresponding
to a median number of 5.9 x 103/kg CD3*IFN-y* T cells for the first
EBV-CTL transfer. The 3 patients with immunodeficiency under-
went HSCT afterward; of these, 1 patient received EBV-CTLs after
transplantation as well (no. 36; see “HSCT patients with EBV-
CTLs from TPDs (group Ib)”; among the patients without a history
of transplantation (group III), only the transfers performed before
HSCT were considered.

After treatment, 1 of the 5 patients (no. 32) showed PD,
and their EBV-PCR remained positive; this patient died due to
progression of EBV-associated lymphoproliferation. A second
patient (no. 33) had SD with increasing EBV load despite EBV-
CTL transfer; however, the EBV-PCR became negative after
HSCT, and the patient no longer required EBV-related treatment
after transplant. A third patient (no. 34) initially showed a partial
clinical response (PR) and a decrease in EBV load, and achieved
CR as well as a negative EBV-PCR after HSCT. A fourth patient
(no. 35) had a negative EBV-PCR before transfer of EBV-CTLs;
this patient showed a PR clinically, whereas by PET/CT, a com-
plete metabolic response was seen. A fifth patient (no. 36) had
CR, but the EBV-PCR remained positive; therefore, this patient
received EBV-CTLs after HSCT as well. Except for patient no.
32, all patients were alive at last follow-up. None of the patients
developed GvHD following EBV-CTL transfer.

Detection of EBV-specific T cells in patients’ blood

EBV-specific T cell monitoring in PBMCs after EBV-CTL transfer
was performed for 18 of 37 patients. Monitoring results and time
points of T cell transfers for individual patients are shown in Figure
5 and summarized in Figure 6. EBV-specific T cell responses were
detected in 13 of these (72%) directly ex vivo by using an IFN-y

cDs or Prodigy device. Bar graphs depict mean (C) or median
(D), and each dot represents data from 1 manufacturing
process (n = 40).

enzyme-linked immune absorbent spot (ELISpot) assay (Figure 6).
PBMCs from 3 of the 5 patients in whom EBV-specific T cells were
undetectable via direct ELISpot assay were restimulated once using
EBV peptide pools and expanded for 7 days in the presence of low-
dose IL-2. This allowed for more sensitive detection of low-frequen-
cy VSTs and at the same time indicated their functionality as defined
by the ability to proliferate and secrete IFN-y upon antigen recogni-
tion. In all of them, EBV-specific T cells were detected after expan-
sion, resulting in a total EBV-specific T cell detection rate of 89% (3
of 4 positive after expansion, 16 of 18 positive in total). In these 18
patients, the median time between first EBV-CTL application and
monitoring for EBV-specific T cells in recipient blood was 3 weeks.

Among the 20 patients with clinical CR, monitoring was per-
formed for 13 (Figure 6A). Of these, 10 patients had detectable
EBV-specific T cells (77%, 3 of 3 positive after expansion, total
100%). The patient showing PR was monitored and had detectable
EBV-specific T cells (100%). Of the 3 patients showing SD, 2 were
monitored, and in one of them, EBV-specific T cells were detect-
ed (50%, no expansion performed). Two of the 4 patients with PD
were monitored, and one of them had detectable EBV-specific T
cells (50%, no expansion performed). In summary, we were able
to detect EBV-specific T cell responses in all patients with PR or
CR after EBV-CTL transfer.

For analysis of EBV-specific T cell responses in patients based
on donor origin, one patient was excluded because they received
EBV-CTLs from both an unrelated TPD and the respective SCD
(no. 24/36). For 8 patients receiving EBV-CTLs from an unrelat-
ed TPD, T cell monitoring was performed, and EBV-specific T
cells were found in 6 of them (75%, expansion performed for 1
of 2, total 88%; Figure 6B). Monitoring of T cells from 3 patients
receiving SCD-originated EBV-CTLs showed that in one of them,
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Table 4. Clinical-grade EBV-CTL manufacturing

products either for EBV-associ-
ated PTLD after SOT or for EBV
complications in immunodefi-

Viability (%) ~ CD3 (109  CD3'IFN-y* (10°) CD3'IFN-y* (%) CD4'IFN-y* (%) CD8'IFN-y* (%) : ‘

Total (= 40) ciency. In this group all patients
Mean 7047 762 3.00 4094 3946 58.83 received TPD EBV-CTLs, and
Median 72,00 707 252 M79 40.05 56.83 70% of patients showed partial
SD 1046 477 2.30 14.83 13.56 23.86 or complete remission. EBV-

SCD (n=13) related disease relapsed in one
Mean 66.88 8.1 2.89 35,61 34,66 4547 patient, who subsequently died
Median .78 758 293 38.81 36.30 4333 of lymphoproliferation.

D 15.52 444 1.66 9.21 8.96 17,51 The series in the present

Related TPD (n = 9) study is, to our knowledge, the
Mean 7040 571 222 3967 38,59 6161 largest patient cohort report-
Median 71.50 3.76 144 41.81 40.87 75.88 ed to date to receive EBV-CTLs
SD 746 4.89 212 15.52 14.56 14.56 manufactured by using an IFN-y

Unrelated TPD (n = 18) cytokine secretion approach.
Mean 73.09 8.16 346 4541 43.36 66.43 . .

- Previously, Moosmann et al. pio-
Median 72.36 7.89 2.60 43.72 40.73 61.74 .
5 P 495 27t 16.96 £ 218 neered this approach by manufac-

Enrichment of IFN-y-secreting, EBV-specific CD3*, CD4*, and CD8* T cells after incubation with GMP PepTivators
EBNA-1and EBV Select and enrichment using the CliniMACS CCS and CliniMACS Plus or Prodigy device. No
statistically significant differences in CD3* T cell count and purity (%CD3*IFN-y*) between the 3 EBV-CTL donor
groups were observed (Kruskal-Wallis test, followed by Dunn’s multiple-comparisons test).

turing EBV-CTLs against known
peptide antigens for 6 post-
HSCT patients, 2 of whom ben-
efited during early-stage PTLD
and demonstrated sustained

EBV-specific T cells were detectable (33%, 2 of 2 after expansion,
total 100%). For 6 of the 9 patients receiving EBV-CTLs from a
related TPD, T cell monitoring was performed. By direct IFN-y
ELISpot assay, EBV-specific T cells were detected in 5 of them
(83%, no expansion performed). Thus, irrespective of the donor
type, functional EBV-specific T cells were detectable in the major-
ity of patients after transfer of EBV-CTLs.

Discussion

In this case series we describe the manufacture of 40 individu-
alized EBV-specific T cell products isolated by magnetic separa-
tion after peptide pool stimulation and IFN-y secretion, and their
transfer into 37 patients with EBV-associated diseases. EBV-CTL
products were generated from either SCDs (n = 13) or TPDs (n
= 27) individually for each patient within 5 days (median; range
1-159 days) after donor identification. Prolonged intervals were
mainly due to individual pretreatment regimens to reduce tumor
burden. Among HSCT patients, the majority demonstrated a clin-
ical response, with an SD of at least 70% (TPDs) and 90% (SCDs)
of patients. While the CR rate was higher in patients receiving
EBV-CTLs from SCDs (90%) as compared with TPDs (60%),
there was no significant difference in the virologic response rate,
with 73% clearing EBV from the peripheral blood in the TPD
group and 60% in the SCD group. Few patients in both groups
demonstrated reoccurrence or worsening of preexisting GVHD,
while induction of de novo GvHD was observed exclusively in
2 patients of the SCD group, most likely unrelated to EBV-CTL
transfer (°I skin plus °II intestine GVvHD; °III liver, skin, and oral
mucosa GVHD — one patient had a reduction in immunosup-
pression directly before the occurrence of GvHD, and the other
received DLI and pembrolizumab in parallel with EBV-CTLs).
No GvHD induction was observed in patients receiving EBV-CTL
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EBV-specific T cell expansion

after adoptive transfer (36). Sub-
sequently, Icheva reported this approach in 10 patients with EBV-
associated complications after HSCT, with all EBV-CTLs manufac-
tured from an SCD, and EBNA-1 protein or overlapping peptides
as the sole target antigen (30). Seven patients showed clinical and/
or virologic response. In the present case series, we extended this
approach by (i) including multiple EBV antigens for several HLA
types by introducing the EBV Select peptide pool, (i) including
patients for whom the SCD was not available for T cell donation, and
(iii) administering multiple infusions of EBV-specific CTLs if needed.

Table 5. Occurrence of HLA-A and HLA-B types relevant for the
PepTivator EBV Consensus pool among EBV-CTL donors

Type Occurrence (n) Frequency (%)
HLA-A*02:01 13 4194
HLA-A*03:01 10 32.26
HLA-A*11:01 1 3.23
HLA-A*24:02 7 22.58
HLA-A*26:01 1 3.23
HLA-B*07:02 7 22.58
HLA-B*08:01 7 22.58
HLA-B*15:01 3 9.68
HLA-B*18:01 1 3.23
HLA-B*27:01 2 6.45
HLA-B*35:01 8 25.81
HLA-B*40:01 3 9.68
HLA-B*44:02 3 9.68

Shown is the occurrence (number and frequency) of the indicated HLA
types that peptides inside the PepTivator EBV Consensus pool (analogous
to GMP PepTivator EBV Select used in clinical-grade manufacturing) are
restricted to.
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Table 6. Outcome of EBV-CTL transfer in patients with HSCT

TPD SCD

EBV-CTL donor (range [median])
Age (yr) 5-68 (36.0) 22-66 (54.5)
Number of EBV-CTL transfers per patient* 1-6(2.0) 1-5(1.0)
CD3*T cell count of first EBV-CTL transfer 5x10°t03.7 x 10* 1x10%to 2.2 x 10°
per patient (/kg body wt)* (2.5x10% (2.5 %10
CD3*IFN-y* T cell count of first EBV-CTL 2.2x10°t0 2.2 x 10* 2.6 x10°to 5.1 % 10*
transfer per patient (/kg body wt)* (5.2x10%) (8.5x10%)
EBV-CTL donor (no. [%])
Sex

Male 7/1 (64%) 8/10 (80%)

Female 4/11(36%) 2/10 (20%)
SCD

MSD 3/1(27%) 1/10 (10%)

MUD 8/11(73%) 7/10 (70%)

Haplo 0/11(0%) 2/10 (20%)
GvHD total 9/11(82%) 3/10 (30%)
GvHD before EBV-CTL transfer

Preexisting; worsened after EBV-CTL 2/9 (22%) 0/3 (0%)

transfer/new symptoms of GvHD

Preexisting; stable/chronic after 3/9(33%) 1/3 (33%)

EBV-CTL transfer

Preexisting; ameliorated after EBV-CTL 4/9 (44%) 2/3 (67%)

transfer
GVHD, first occurrence after EBV-CTL transfer 0/11(0%) 3/10 (30%)
Clinical response

(R 6/10 (60%) 9/10 (90%)

PR 0/10 (0%) 0/10 (0%)

SD 1/10 (10%) 0/10 (0%)

PD 3/10 (30%) 1/10 (10%)

No data available 1 0
Negative virologic response (EBV-PCR)®

Total 8/11(73%) 6/10 (60%)

Before transfer of EBV-CTLs 1/8 (13%) 2/6 (33%)
Positive virologic response (EBV-PCR)®

Total 3/11(27%) 4/10 (40%)

Decrease in viral load 2/3 (67%) 2/4 (50%)

Stable viral load 0/3 (0%) 1/4 (25%)

Increase in viral load 1/3(33%) 1/4 (25%)
Outcome after EBV-CTL transfer

Alive 4/14 (29%) 6/11 (55%)

Deaths, total 10/14 (71%) 5/11 (45%)

Deaths within 3 weeks after first transfer 3/10 (30%) 1/5 (20%)

(early death)

Deaths associated with EBV (including 1/10 (10%) 1/5 (20%)

progression of EBV-associated

underlying disease)®

Patients with “early death” excluded. *One patient already received EBV-CTLs
prior to HSCT; only EBV-CTL applications after HSCT were considered. BEBV-PCR
after the end of EBV-CTL transfers.

expanded EBV-CTLs transferred to partially HLA-matched
patients with EBV-associated diseases have demonstrated
efficacy in the majority of patients (25-29). Our approach
provides a potential alternative to these previously pub-
lished strategies of using banked expanded VSTs for rapid
use on a best-HLA-match basis without the need for long-
term in vitro expansion or manipulation. So far, no direct
comparison of these 2 approaches has been conducted to
our knowledge, but outcome and side effects observed in
our cohort appear comparable to data from adoptive transfer
of expanded EBV-CTLs.

Although this cohort reports the results of consecutive
EBV-CTL manufacturing and adoptive transfer, it is a hetero-
geneous case series without the power of'a prospective clinical
trial. Despite this limitation, we attempted to address clinical
and virologic efficacy by retrospective chart review. EBV-CTL
transfer led to CR in 20 of 29 patients who were evaluated for
clinical response. At the time of writing, 18 patients were alive
and 12 patients had died, with 4 of the deaths related to EBV
(21in the HSCT/TPD group and 1 each in the HSCT/SCD and
no-transplant/EBV-lymphoma groups). Of the remaining
deaths, 4 were due to other infections; 1 to chronic GVHD; 1
to primary malignant disease relapse; 1 to a second malignan-
cy; and 1 to multiorgan failure not otherwise classified. Thus,
both SCD- and TPD-derived EBV-CTLs led to disease remis-
sion in the majority of treated patients, with a higher CR rate
in patients receiving SCD-derived EBV-CTL products. From
these data, however, we cannot conclude whether EBV-CTLs
manufactured from SCDs or TPDs were more potent; pro-
spective trials are needed to address this question.

AllHSCT patients had received and were refractory torit-
uximab therapy prior to EBV-CTL administration. Exact doc-
umentation of response to all prior treatments was, unfortu-
nately, not available, a limitation of this retrospective series.
Some patients in both donor groups (SCDs, n = 4; TPDs, n =
5) continued to receive antibody (rituximab, brentuximab),
immunomodulatory (bortezomib, checkpoint blockade), or
cytotoxic therapy in parallel to EBV-CTL treatment accord-
ing to the treating physician’s discretion (details in Supple-
mental Table 1A). We are unable to dissect the effects of indi-
vidual treatment components in this retrospective analysis;
however, parallel treatments were equally applied in both
donor groups. The decline in EBV load in patients respond-
ing to EBV-CTL therapy occurred within 10-40 days after
administration of the EBV-CTLs (Supplemental Figure 1A).
None of these “responders” died of PTLD. In contrast, per-
sistence of EBV in peripheral blood was associated with treat-
ment failure in 4 closely monitored patients (Supplemental
Figure 1B), 3 of whom ultimately died of PTLD. Although the

We demonstrated the feasibility of donor identification and
EBV-CTL manufacture in a timely manner for most patients in
need. From the alloCELL registry, we could provide suitable T
cell donors for patients with EBV-seronegative SCDs or SCDs
unavailable for T cell donation (37-39). Previous studies of ex vivo

study is limited by incomplete information for some patients
and differences in local EBV-PCR assay techniques, these
data support a close correlation between administration of
EBV-CTLs, decline in EBV load, and control of PTLD.

No infusion-related side effects were reported in our patient
cohort. Similarly, no graft failure (HSCT) or rejection (SOT) in the
context of EBV-CTL administration was observed. Induction or
aggravation of GVHD is a major concern when allogeneic T cells
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are administered, especially since immunosuppressive treatment
is usually reduced to a minimum at the onset of refractory viral
infections. Only 3 patients developed de novo GvHD following
adoptive transfer of EBV-CTLs, 2 with mild 1 with severe GvHD.
This case was reviewed by the treating physician, who associat-
ed the development of GVHD not to the transfer of EBV-CTLs
but rather to the parallel administration of DLI. All 3 patients had
undergone HSCT before EBV-CTL transfer, and in all cases the
SCD served as EBV-CTL donor. The transferred EBV-CTL cell
count in all 3 patients with new GvHD was close to the median of
the EBV-CTL cell count of all patients; thus, there was no relation-
ship between cell dose and occurrence of GVHD. It may be specu-
lated that engraftment of SCD-derived CTLs was better than that
of TPD-derived CTLs; however, the numbers are too small and
patient groups too heterogeneous to fully address this idea in the
present retrospective patient evaluation. Two HSCT patients in
the TPD group had no GvHD before CTL transfer; none of them
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developed de novo GvHD after EBV-CTL transfer. In this group,
GvHD symptoms became aggravated in 3 of 9 patients with preex-
isting GvHD —in 2 of them attributable to either checkpoint inhib-
itor (7 =1) or sorafenib (n = 1) treatment. Further, GVHD could not
be clearly attributed to transfer of EBV-specific T cells in any of the
patients who developed GvHD.

Monitoring of EBV-specific T cells after adoptive transfer was
performed in a subset of patients, and most patients had detectable
EBV-specific T cells by IFN-y ELISpot analysis. The numbers are
too small and time points of monitoring to diverse to allow correla-
tion of the magnitude of T cell responses and clinical or virologic
outcome. EBV-specific T cell responses detected shortly after EBV-
CTL infusion might be indicative of the development of endoge-
nous T cell responses rather than a direct effect of EBV-CTL trans-
fer. The question of whether the transferred EBV-CTLs directly led
to the therapeutic effect or whether this was mediated by induction
of endogenous T cell responses remains open. In a number of case
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Figure 6. T cell monitoring results. Detection of IFN-y-secreting T cells in patient PBMCs after stimulation with PepTivator EBV_EBNA-1 or EBV Consensus
using IFN-y ELISpot assay. Positive: Spots in at least one of the EBV peptide pools. Negative: No spots. Results shown for “Expansion” include only those
patients without detectable EBV-CTLs via direct IFN-y ELISpot assay. Numbers and frequencies (bottom) indicate in how many patients among the total
tested EBV-CTLs were detected via either direct IFN-y ELISpot or after expansion. (A) T cell monitoring results based on clinical response. (B) T cell moni-

toring results based on donor origin. n.d. not determined.

reports, it was shown that in patients lacking VSTs, adoptive trans-
fer of VSTs isolated using the cytokine capture system resulted in
detectable VSTs (31, 40, 41). Further, in a cohort of pediatric sol-
id organ graft recipients, an increase in EBV-specific T cells upon
reduction of immunosuppression and treatment with rituximab
was observed, indicating that the endogenous immune responses
can be boosted by release of viral antigens due to rituximab-medi-
ated cell lysis (42), which might apply to the mechanism of adop-
tively transferred VSTs as well. We recently reported that EBV anti-
gens released from EBV-transformed B lymphoblastoid cell lines
promote EBV-specific memory T cell responses (43). Furthermore,
we have previously shown by T cell receptor (TCR) sequencing in
a patient receiving TPD-derived EBV-CTLs that both persistence
and expansion of transferred cells — as well as induction of endog-
enous EBV-specific T cell responses, thereby broadening the anti-
genic repertoire — can occur (31). Single-cell sequencing studies
are starting to elucidate TCR sequences that confer therapeutic
efficacy and protective anti-EBV immunity (44). Future studies,
including immune monitoring prior to EBV-CTL infusion as well
as discrimination between donor- and recipient-derived T cells
after transfer, are required to elucidate the mechanism as well as
the therapeutic efficacy of adoptive T cell transfer. More broadly,
TCR transfer in autologous T cells may be an alternative though
elaborate option for patients lacking a suitable T cell donor.

In conclusion, our data support the notion that adoptive
transfer of EBV-CTLs from SCDs and related or unrelated TPDs
enriched by the CliniMACS CCS IFN-gamma process is feasible,
clinically effective, and safe. Using patient-specific EBV-CTLs
manufactured via direct magnetic isolation circumvents the need
for prolonged in vitro expansion and good manufacturing practice-
compliant (GMP-compliant) banking of EBV-CTL products despite
rapid availability. This treatment seems promising for immuno-
compromised patients with refractory EBV-associated diseases

even beyond HSCT. Limited side effects and low organ toxicity
make this approach attractive for patients with preexisting organ
dysfunction. However, prospective clinical trials are required to
address questions regarding best available donor, best manufac-
turing strategy, and optimal cell dose and dosing intervals, as well
as the mode of action and persistence of the transferred T cells.

Methods

T cell donor registry (alloCELL). The allogeneic T cell donor registry
(alloCELL) at the Institute of Transfusion Medicine and Transplant
Engineering (Hannover Medical School) currently records more than
3,500 HLA-typed donors with known VST frequencies against com-
mon human viruses. Following receipt of written informed consent,
antiviral T cell frequencies were determined by IFN-y ELISpot assay
(see “Patient follow-up”) using residual blood samples originating
from platelet apheresis disposable kits used for routine platelet collec-
tion from regular healthy blood donors of the Institute of Transfusion
Medicine and Transplant Engineering.

Donor pretesting. Donor EBV serostatus was determined by anal-
ysis of anti-EBV IgG antibodies in serum samples using a line immu-
noassay (recomLine, Mikrogen Diagnostik). The IFN-gamma cytokine
secretion assay (CSA, Miltenyi Biotec), which is largely analogous to the
clinical-grade manufacturing procedure, was performed to determine
EBV-specific T cell frequencies in selected donors and to predict the
expected efficiency in the manufacturing process (35). PBMCs were
isolated by density gradient centrifugation and seeded into 24-well cell
culture plates with 1 x 107 cells per well in TexMACS medium (Miltenyi
Biotec). Following an overnight resting period, cells were stimulated
with PepTivator EBV_EBNA-1 alone or in combination with PepTiva-
tor EBV_Consensus (both from Miltenyi Biotec) for 4 hours. As NC,
cells were kept unstimulated. CSA was performed according to man-
ufacturer’s instructions. Activated IFN-y—producing T cells were cap-
tured during the magnetic cell enrichment process using anti-IFN-y-
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phycoerythrin (anti-IFN-y-PE) antibodies and paramagnetic anti-PE
microbeads. Aliquots of the respective cell fractions collected before
and after enrichment were used for analysis of IFN-y* T cell subsets by
multicolor flow cytometry using the following antibodies: anti-CD3~
FITC (SK7), anti-CD4-Alexa Fluor700 (RPA-T4), anti-CD8-allophy-
cocyanin (anti-CD8-APC, SK1), and anti-CD45-APC-H7 (2D1, all BD
Biosciences); and anti-IFN-y-PE (Miltenyi Biotec). For discrimination
of alive and dead cells, samples were incubated with 7-aminoactino-
mycin D (7-AAD, BD Biosciences) just prior to analysis. Samples were
acquired with a 10-color BD FACSCanto (BD Biosciences) and ana-
lyzed using BD FACSDiva software (version 8.0.1, BD Biosciences).

Generation of clinical-grade EBV-CTL products. Donor leukapher-
esis products were enriched for IFN-y-secreting cells in compliance
with European Union GMP starting with 1 x 10° leukocytes in response
to MACS GMP PepTivators EBV_EBNA-1and EBV Select (GMP-grade
product consisting of the same peptides as EBV_Consensus) using
CliniMACS CCS IFN-y and CliniMACS Plus or Prodigy device (all
Miltenyi Biotec). The enrichment process was performed according
to the manufacturer’s instructions for both devices (35, 37). Aliquots
of the leukaphereses and in-process samples (preenrichment, final
product, negative fraction) were taken for quality control using flow
cytometry (35). All products (n = 40) fulfilled the specification criteria.
The final products were divided into portions according to the dosage.
For cryopreservation, products were supplemented with 7.5% DMSO,
processed in a controlled-rate freezer, and finally transferred to the
vapor phase above liquid nitrogen for storage. Moreover, leukaphere-
ses and final products were tested for sterility by using a fully auto-
mated microbial detection system. Aliquot samples of cryopreserved
T cell products were subjected to quality control as described in ref. 35.

Clinical data collection and response criteria. Clinical data were col-
lected by standardized questionnaire. Follow-up ranged from 4 weeks to
77 months (median 34.5 months) after EBV-CTL transfer. Data collected
included reason for transfer, local histology report, numbers of EBV-CTL
transfers, GVHD status before and after transfer, virologic response, and
clinical response. Response data were collected for all patients whohad a
follow-up of at least 3 weeks after the first CTL transfer. CR was defined
as disappearance of all lesions on imaging if present before treatment
and resolution of PTLD-related symptoms. PR was defined as at least a
25% reduction in tumor volume and no appearance of new lesions. SD
was defined as no change in tumor volume greater than 25%.

EBV-PCR was carried out according to the respective local labo-
ratory standards but was consistent within individual patients. Com-
plete virologic response was defined as disappearance of EBV load
according to PCR. Partial virologic response was defined as viral load
reduced by at least 1 log,, but still measurable. All other situations
were defined as virologic nonresponse.

Monitoring of EBV-specific T cell responses after EBV-CTL transfer.
For determination of EBV-specific T cell frequencies in patient blood,
the IFN-y ELISpot Assay was performed as described previously (45).
Briefly, PBMCs isolated from patient blood by density centrifugation
were allowed to rest overnight in RPMI (Lonza) supplemented with
10% human AB serum (c.c.pro). Rested PBMCs were cultured in
anti-IFN-y-precoated ELISpot plates (Lophius Biosciences) for 16-18
hours at a density of 2.5 x 10° or 5.0 x 10° cells/well and stimulated
with PepTivator EBV_EBNA-1 or EBV_Consensus (both 1 ug/mL per
peptide; Miltenyi Biotec). Unstimulated cells served as NC, and cells
supplemented with 1 pg/mL staphylococcal enterotoxin B (SEB, Mil-
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liporeSigma) served as positive control. Following overnight incuba-
tion, IFN-y secretion was detected using an AID iSpot Reader System
and AID ELISpot software version 8.0 (Autoimmun Diagnostika).
IFN-y-positive cells were counted and expressed as the number of
spots per well. The mean number of spots in the NC was subtracted
from the mean number of spots in the antigen wells.

To determine levels of low-frequency EBV-specific T cells after
adoptive T cell transfer, we cultured isolated PBMCs in the presence
of PepTivator EBV_EBNA-1 or EBV Consensus (both 1 pg/mL per
peptide; Miltenyi Biotec) for 7 days in the presence of 50 IU/mL IL-2
(Peprotech). Subsequent to this expansion period, cells were harvest-
ed and subjected to ELISpot assay as described above.

Data analysis. Data were analyzed by Microsoft Excel 2010 (Mic-
rosoft). Summarizing graphs were generated using GraphPad Prism
8.2.2 (GraphPad Software). For display of flow cytometric data, FlowJo
v10 (Flow]Jo LLC, BD Biosciences) was used.

Statistics. Descriptive statistics were used to determine median,
mean, and range data. Statistical significance was calculated using
Kruskal-Wallis test, followed by Dunn’s multiple-comparisons test. A
Pvalue less than 0.05 was considered significant.

Study approval. Written informed consent was obtained from
donors in the allogeneic T cell registry (alloCELL), established at the
Institute of Transfusion Medicine and Transplant Engineering, Han-
nover Medical School (ethics committee votes 3331-2016, 3639-2017).
Clinical data collection was approved by the Institutional Review Board
of Hannover Medical School (ethics committee vote 3207-2016).
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