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Abstract

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 (SCD), related third party
donors (TPD) or unrelated TPD from the allogeneic T-cell donor registry (alloCELL)
established at Hannover Medical School were manufactured by immunomagnetic selection
using CIliniMACS Plus or Prodigy device and EBV PepTivators EBNA-1 and 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 or unrelated TPDs were
generated for 37 patients with and without transplantation (Tx) history within 5 days (median)
after donor identification. 34 patients received 1-14 EBV-CTL products (fresh and
cryopreserved). EBV-CTL transfer led to 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 16/18 monitored patients (89 %) after transfer and
correlated with clinical response.

Conclusion: In conclusion, personalized clinical-grade manufacturing of EBV-CTL products
via immunomagnetic selection from SCD, related or unrelated TPD is feasible in a timely
manner. Overall, EBV-CTL were clinically effective and well-tolerated. Our data suggest EBV-
CTL as promising therapeutic approach forimmunocompromised patients with refractory EBV-
associated diseases beyond HSCT as well as patients with pre-existing organ dysfunction.
Trial registration: Not applicable.

Funding: This study was in part funded by the German Research Foundation (DFG,
158989968/SFB 900), the Deutsche Kinderkrebsstiftung (DKS 2013.09), the Wilhelm-Sander-

Stiftung (http://www.wilhelm-sander-stiftung.de, 2015.097.1), the Ellen-Schmidt-Program of
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Introduction

The morbidity and mortality of hematopoietic stem cell (HSCT) and solid organ (SOT)
transplant patients is frequently ensued 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 gamma-herpes virus that infects >90 % of the
population worldwide during childhood and persists life-long within the B-cell compartment.
Strong CD4* and CD8" T-cell responses directed against various lytic and latent EBV-proteins
control EBV reactivation and usually prevent EBV-associated diseases in healthy individuals
(2). However, in immunocompromised patients, infection and reactivation as well as the
development of high-grade secondary malignancies are severe complications.

The most common EBV-associated post-transplant malignancy is termed post-transplant
lymphoproliferative disease (PTLD), representing both clinically and histopathologically
heterogeneous lymphoproliferations (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 to 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-infection under post-transplant immunosuppression consequently
carry 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 post-transplant
with almost all tumors being EBV-associated but PTLD may occur during the whole 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 multiple organ grafts (14, 15, 17-19). Further risk factors for PTLD
development are the patient’s age at transplantation (esp. <18 and >60 years), the disease
initially leading to transplantation, a previous splenectomy, a second transplantation, co-
infection with CMV, polymorphisms in cytokine genes, the intensity and duration of the

6
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immunosuppressive regimen, the HLA type and extent of HLA mismatch between donor and
recipient, the administration of T-cell depleting antibodies (e.g., anti-thymocyte globulin (ATG),
alemtuzumab) as well as the co-existence of multiple risk factors (10, 13-15, 17, 20, 21). A low
incidence of PTLD (0.2 %) after HSCT was detected in patients with no risk factors, whereas
the incidence significantly increased (8.1 %) if there were three or more risk factors (10).
Treatment of PTLD includes reduction of immunosuppressive medication as tolerated,
immunotherapy, and cytotoxic chemotherapy. However, therapy is often complicated by side
effects and severe complications are foreseeable in patients with pre-existing organ
dysfunction (3, 11, 22).

Besides the reduction of immunosuppression the two main immunotherapeutic approaches to
treat EBV-associated PTLDs are: (1) treatment with mAbs (e.g., rituximab) against the B-cell
surface molecule CD20 to eliminate EBV-infected B cells and (2) adoptive transfer of functional
EBV-specific cytotoxic T lymphocytes (EBV-CTL) 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 therapeutic option. First developed in the
1990ies, autologous or stem cell donor (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 EBV-CTL within two weeks and use them
either in the SCD setting (24) or a partially HLA-matched third party donor (TPD) situation (25-
29). Some of these study target multiple viral infections (28, 29). In all studies, EBV-CTL
infusions were in general well tolerated and effective in the majority of patients.

Although highly attractive, there are several limitations to this treatment approach: Generation
of EBV-CTL by in vitro culture is time-consuming and relies on specialized cell growth facilities.
Feuchtinger and colleagues developed a different strategy of selecting EBV-CTL directly from
peripheral blood by magnetic separation based on EBV-specific cytokine secretion (30). For
immunomagnetic selection of EBV-CTL, a donor with sufficient frequencies of EBV-specific T

7
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cells is needed, which 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 immunomagnetic selection from either SCD, related or unrelated TPD
from an allogeneic T-cell donor registry (alloCELL) established at the Institute of Transfusion
Medicine and Transplant Engineering (Hannover Medical School). In total, 40 clinical-grade
EBV-CTL processes were performed for 37 immunocompromised patients with and without
transplantation 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.
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Results

1. 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, one in Finland) intended to receive EBV-CTL (Figure 1,
Supplemental Table 1A/B). Three patients (#1/3, #24/36, #28) have been reported before, but
were added to this series for completeness reason (31-33). Median age of patients was 37
years (range 2-73 years), 26 patients were male and 11 female (Table 1). Five patients did not
have any transplant history before the planned EBV-CTL transfer, four of which had EBV-
associated malignancies, and one had chronic EBV-infection without lymphoproliferation due
to an inborn immunodeficiency syndrome. Three of these patients were supposed to undergo
allogeneic HSCT after EBV-CTL transfer, and in two of those a second transfer from a different
manufacturing process after HSCT was planned (#24/36, 2™ transfer received; #33/40, 2"
transfer not received). 28 patients were scheduled to receive EBV-CTL after HSCT, including
the two patients mentioned above. Indications for HSCT were malignancy (n=18) and non-
malignant disease (n=10) (Supplemental Table 1A). One of the HSCT patients received EBV-
CTL from two different manufacturing processes (Supplemental Table 1A/B, #1/3; both from
the same unrelated TPD (alloCELL)). For two patients (#24/36, #33/40), EBV-CTL
preparations from two different donors were manufactured while 34 patients were scheduled
for a single T-cell preparation.

Five patients had a history of SOT prior to EBV-CTL transfer (one heart-, two kidney- and two
liver-transplants). All SOT patients received EBV-CTL from TPDs for EBV-associated PTLD;

none of them suffered from malignant disease before SOT.
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2. Donor selection based on serostatus, HLA match and EBV-specific T-cell frequencies
Donor search and donor pre-testing

Selection of EBV-seropositive donors suitable for generation of EBV-CTL 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 analog to the clinical-scale Cytokine Capture System
(CCS) IFN-gamma process. For patients prior or post HSCT, EBV-CTL may be isolated from
the SCD in case of sufficient frequencies of EBV-specific T cells. Alternatively, (partially) HLA-
matched related or unrelated TPDs can potentially serve as EBV-CTL donors, which is
routinely done in case of SOT or no transplantation history. We here report data from 40 EBV-
CTL productions (Supplemental Table 1A/B). In 13 patients, the SCD served as EBV-CTL
donor (MSD, n=2; MUD n=9; haploidentical, n=2), for all other patients (67.5 %), EBV-CTL
were manufactured from a TPD (related, n=9; unrelated (alloCELL), n=18).

The alloCELL T-cell donor registry records high-resolution HLA types and virus-specific T-cell
(VST) frequencies from >3,500 healthy volunteers; 18 of 40 manufacturing processes from the
current series were performed with donors from this non-commercial registry. Two of these
were from the same donor for one patient (#1/3). Thus in total, 17 donor searches were
performed and the results were provided to the requesting clinic within 24-48 h. The median
number of HLA-matched, EBV-seropositive potential donors identified for each patient was
three (range 1-8 potential T-cell donors, data not shown). All unrelated TPD were high-
resolution typed in HLA-A, B, C, DR and DQ. However, to be suited as an EBV-CTL donor, we
required at least a 3/6 HLA-match in HLA-A, B, DR with at least one match in class | and class
Il alleles each, which applied to all donor-recipient pairs (Table 2). On high resolution HLA
typing, matching was at least 4 of 10 (in one patient) and up to 8 of 10 (in one 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 pre-testing result and start of the manufacturing
process was 5 days and did not significantly differ between unrelated TPD (5 days), related
TPD (5 days) and SCD (7 days) (Figure 2, n=34). The process of T-cell manufacturing is an

10
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overnight process. Prolonged times between donor identification and manufacturing resulted
from individual pre-treatment regimens with chemo/immunotherapy (#1, #28, #35, #39), these
cases are labelled with their individual number in Figure 2 and more information can be
retrieved from supplemental table 1A/B. The HLA-match between patients and related TPDs
is provided in Table 2.

For SCD as well as related TPDs, EBV serostatus was determined prior to donor pre-testing.
Only EBV-seropositive donors were analyzed with respect to frequencies of EBV-specific T
cells (34). In order to determine the starting frequencies of therapeutically relevant EBV-
specific T cells (30), pre-testing was performed by stimulation using EBV PepTivator EBNA-1
alone and in combination with PepTivator Consensus (referred to as GMP PepTivator EBV
Select in manufacturing). Unstimulated cells served as negative control (NC) and values
obtained from NC were subtracted from pre-enrichment values. For all donors tested (n=38),
stimulation with EBNA-1 and Consensus in combination was done, while for four donors, the
amount of PBMCs obtained did not allow for determination of EBNA-1-specific 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 3A,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 Figures 3C,D).

3. Manufacturing of clinical grade EBV-CTL products

In total, 40 clinical-grade EBV-CTL products were generated for 37 patients. Thirteen EBV-
CTL were derived from the respective SCD, 18 from unrelated TPDs, and nine from related
TPDs (Figure 4A). Manufacturing was performed using MACS GMP PepTivator EBV_EBNA-
1 in combination with MACS GMP PepTivator EBV_Select and the CliniMACS CCS together

11



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

Adoptive immunotherapy with allogeneic EBV-specific T cells: the living drugs

with the CliniMACS Plus (n=13) or CliniMACS Prodigy (n=27) device (Supplemental Table 2)
as described before (35). In brief, 1x10° donor white blood cells obtained via leukapheresis
were restimulated with MACS GMP PepTivator EBV_EBNA-1 and MACS-GMP PepTivator
EBV_Select for four 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
using CliniMACS Prodigy compared to the CliniMACS Plus (CD3" p<0.0001, CD3*/IFN-y*
p=0.0014; Supplemental Table 2 and data not shown). For all processes (n=40), mean viability
of the generated EBV-CTL was 70.5 % and the mean frequency of CD3*/IFN-y* T cells was
40.9 %, which constituted of 39.5 % and 58.8 % IFN-y* cells among CD4* and CD8" subsets,
respectively (Table 4, Figure 4B,C). The median number of total CD3" cells was 7.07x10°,
corresponding to a median number of 2.52x10° CD3*/IFN-y* T cells (Table 4, Figure 4D). There
was no significant difference between SCDs, related 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, the PepTivator EBV
Consensus (referred to as GMP PepTivator EBV Select in manufacturing) contains 32 MHC
class I-restricted and 11 MHC class lI-restricted peptides, which are derived from 15 Iytic and
latent EBV proteins. The HLA-A and HLA-B alleles involved in recognition of these peptides
as well as their representation in 31 of the EBV-CTL donors are listed in Table 5. Homozygous
alleles were considered only once. The HLA restrictions and epitope specificities of the
administered T cells were not defined. Manufacturing was performed using a combination of
both, PepTivator EBV EBNAL and PepTivator EBV Select. Hence, it can be assumed that the
HLA coverage of the obtained CD3*/IFN-y* T cells is not solely restricted to those HLA alleles

covered by PepTivator EBV Select.

4. Patient Follow up

Three patients never received the EBV-CTL product because of death (n=2; #37, #38) or cure
(n=1; #39) before end of manufacturing. A fourth patient (#33/40) received TPD-derived EBV-
CTL (#33) before HSCT but did not require the already produced SCD-derived EBV-CTL (#40)

12
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after HSCT anymore. These four products were excluded from the analysis of clinical effects
and side effects. For all patients included in the analysis, median CD3* T-cell number of first
EBV-CTL transfer was 2.5x10%kg (range 5x103-2.2x10°%kg) and median CD3* T-cell number
of all transfers was 4.2x10%kg (range 5x103-2.2x10°kg), mean purity of transferred EBV-CTL
products measured by percentage of CD3*/IFN-y* was 41.8 % (range 17.7-76.8 %)
corresponding to a median number of 7.9x10%kg CD3*/IFN-y* T cells (range 2.2x103-
9.8x10%kg) of first EBV-CTL transfer. Median follow-up was 34.5 months for all patients and
49.5 months (range 11-77) for the patients that were still alive at last follow-up. Details are

shown in Supplemental Table 1A/B.

4.1. HSCT patients with stem cell donor used as EBV-CTL donor (group la)

For 11 HSCT patients, who received the EBV-CTL product after HSCT, the SCD served as
EBV-CTL donor. One patient died within three weeks after EBV-CTL-transfer (multiorgan
failure) and was excluded from the long-term follow-up evaluation (“early death”, #18). All
patients with B-cell PTLD had received prior treatment with rituximab (n=9) or chemotherapy
(n=2), one patient with NKT-NHL received PD1-blockade in parallel to EBV-CTL treatment
(#23). Median number of EBV-CTL transfers in these patients was 1 (range 1-5), median CD3*
T-cell number of first EBV-CTL transfer was 2.5x10%kg (range 1x10%-2.2x10°kg), mean
percentage of CD3*/IFN-y* T cells was 33.8 % corresponding to a median number of
8.5x10%kg CD3'/IFN-y* T cells. One of these patients received EBV-CTL before
transplantation for EBV-associated encephalitis and received a total of 14 EBV-CTL
administrations (nine before HSCT from an unrelated TPD, #36; five in parallel to or after HSCT
from the SCD, #24). Nine of 10 patients achieved complete response (CR) following EBV-CTL
transfer (Table 6). In six of these, EBV in peripheral blood became undetectable by PCR (#16,
#19, #20, #21, #22, #26; #16 and #21 already had negative EBV-PCR before transfer of EBV-
CTL), whereas in three patients EBV-PCR remained positive (#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, three patients died, all of them due to other infections than

13



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

Adoptive immunotherapy with allogeneic EBV-specific T cells: the living drugs

EBV (#19, #22, #23). One patient had progressive disease (PD) irrespective of EBV-CTL
transfer and finally died four weeks after transfer of EBV-CTL due to progression of EBV-
related PTLD (#25).

No graft failure was noticed after EBV-CTL transfer. Three patients in this group of 10 had
GvHD before administration of EBV-CTL, two of them were free of GVHD after EBV-CTL
transfer (#16, #19), and the third developed chronic GvHD without new GvHD symptoms (#22).
Of the seven patients without pre-existing GvHD, three developed GVHD after EBV-CTL
transfer. Two of them only had mild to moderate GvHD, one of them directly after reduction of
immunosuppression (#17, #20), but the third patient developed grade Ill GvHD of the liver,
skin and oral mucosa (#23). This patient not only received EBV-CTL but also donor lymphocyte
infusions (DLI) and pembrolizumab in parallel. The treating physician did not attribute GvHD
to EBV-CTL transfer. All three patients with new GvHD after EBV-CTL transfer had only a
single transfer, transferred cell numbers were 3.04x10%kg, 2.5x10%kg and 5.0x10%kg CD3*
cells (corresponding to IFN-y* CD3* T cells 5.4x10%kg, 1.1x10%kg and 2.0x10%kg),

respectively.

4.2. HSCT patients with third party EBV-CTL-donor (group Ib)

Fourteen HSCT patients received EBV-CTL from TPDs after HSCT, one of them received
EBV-CTL from two different manufacturing processes with the same unrelated TPD (#1/3).
Two patients got EBV-CTL from related TPDs (#14, #15), unrelated TPDs were used for the
other 12 patients. Three patients died within three weeks after EBV-CTL-transfer (progression
of EBV-associated encephalitis, #2; progression of AML and PTLD, #10; multiorgan failure
presumably EBV-related, #5). These patients were excluded from the long-term follow-up
evaluation (“early death”). All patients had received rituximab prior to EBV-CTL transfer, in
three patients additional chemotherapy had been administered. Details are shown in Table 6
and Supplemental Table 1A/B.

The median number of EBV-CTL transfers in the remaining 11 patients was 2 (range 1-6
transfers), median CD3* T cell number of first EBV-CTL transfer was 1.75x10%kg (range 5x103-
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3.69x10%kg), mean percentage of CD3*/IFN-y* T cells was 45.9 % corresponding to a median
number of 5.0x10%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 symptoms; in all these cases EBV became
undetectable by PCR in peripheral blood (#1/3, #6, #7, #11, #12, #14; in one patient, #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 are still alive (#1/3, #11, #12, #14), the remaining two patients (#6, #7) died unrelated
to EBV. In one patient (#13), the EBV-associated symptoms remained stable after EBV-CTL
transfer, EBV-PCR remained positive but revealed a decrease of viral load. This patient died
unrelated to EBV. Three patients had PD following EBV-CTL transfer (#8, #9, #15), although
one of them (#9) had negative EBV-PCR; all of them died (two of them EBV-related, the third
because of multiorgan failure otherwise not classified). For the last patient (#4), no data was
available concerning the clinical response to EBV-CTL, nevertheless EBV-PCR was negative,
this patient finally died unrelated to EBV.

No graft failure occurred after EBV-CTL transfer. Nine of 11 patients had a history of GvHD
before EBV-CTL transfer. Of these, GVHD persisted at the same level after EBV-CTL transfer
in two cases (#7, #14) and in one case acute GvHD developed into chronic GvHD (#4, this
patient finally died due to chronic GvHD). Two of the patients with pre-existing GvHD
developed new GvHD symptoms following EBV-CTL transfer, but one of them received DLI
and the other one nivolumab due to recurrence of underlying malignancy besides EBV-CTL at
the same time (#6, #15). Pre-existing GvHD resolved in four cases after transfer of EBV-CTL
(#1/3, #9, #12, #13). None of the two patients that were free of GvHD before EBV-CTL transfer

developed de novo GVvHD thereafter (#8, #11).

4.3. SOT patients (group 1)

Five patients had a history of SOT and received EBV-CTL 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 2/5
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patients. Related (n=3; #27, #29, #30, Supplemental Table 1A/B) or unrelated TPDs (n=2; #28,
#31, Supplemental Table 1A/B) were used as EBV-CTL donors. Median number of EBV-CTL
transfers was 3 (range 1-5), median CD3" T cell number of first EBV-CTL transfer was
2.5x10%kg (range 1x10%-4.2x10%kg), mean percentage of CD3*/IFN-y* T cells was 35.5 %
corresponding to a median number of 9.4x10%kg CD3*/IFN-y* T cells. Four patients showed
CR and three of them had negative EBV-PCR following EBV-CTL transfer (#28, #29, #30);
however, these three patients already had negative EBV-PCR before transfer of EBV-CTL, the
fourth patient with CR still had positive EBV-PCR (#31). The remaining fifth patient showed
stable disease (SD) clinically, but EBV-PCR turned negative and PET/CT showed complete
metabolic response (#27). None of the SOT-patients developed GvHD or experienced graft

loss after EBV-CTL transfer and all of them were still alive at last follow up.

4.4. Patients without history of transplantation (group IlI)

Five patients received EBV-CTL without any or prior to transplantation for either refractory
EBV-infection in suspected/verified immunodeficiency (n=3; #33, 34, 36) or EBV-related
lymphomatoid malignancy (n=2; #32, #35, Supplemental Table 1A/B). HLA partially matched
related (n=3; #32, #33, #34) or unrelated TPDs (n=2; #35, #36) were used as EBV-CTL donors.
In these patients, the median number of EBV-CTL transfers was 3 (range 2-9), median CD3*
T-cell number of first EBV-CTL transfer was 1.0x10%kg (range 1.0x10%-2.5x10%/kg) and median
CD3* T-cell number of all EBV-CTL transfers was 4.3x10%kg. Mean percentage of CD3*/IFN-
y* T cells was 51.1 % corresponding to a median number of 5.9x10%kg CD3*/IFN-y* T cells for
the first EBV-CTL transfer. The three patients with immunodeficiency underwent HSCT
afterwards, of these, one patient received EBV-CTL after transplantation as well (#36; see 4.2.;
in 4.4 only the EBV-CTL transfers before HSCT were considered).

The first patient showed PD and EBV-PCR remained positive, this patient finally died due to
progression of EBV-associated lymphoproliferation (#32). The second patient had SD with
increasing EBV load despite EBV-CTL transfer; however, EBV-PCR turned negative after
HSCT and the patient did not require any treatment concerning EBV post-transplant anymore
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(#33). The third patient initially showed partial response (PR) and a decrease of EBV load and
finally achieved CR as well as negative EBV-PCR after HSCT (#34). The fourth patient already
had negative EBV-PCR before transfer of EBV-CTL, this patient showed PR clinically whereas
in PET/CT complete metabolic response was seen (#35). The fifth patient had CR but EBV-
PCR remained positive, therefore this patient got EBV-CTL after HSCT as well (#36). Except
for the first, all patients were still alive at last follow-up. None of the patients developed GvHD

following EBV-CTL transfer.

5. 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
displayed 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 IFN-y Enzyme-Linked Immune
absorbent Spot (ELISpot) assay (Figure 6). From three of the five patients with undetectable
EBV-specific T cells via direct ELISpot assay, PBMCs were restimulated once using EBV
peptide pools and expanded for seven days in the presence of low dose IL-2. This allows for
a more sensitive detection of low-frequency virus-specific T cells and at the same time
indicates their functionality as defined by the ability to proliferate and secrete IFN-y upon
antigen recognition. In all of them, EBV-specific T cells were detected after expansion resulting
in a total EBV-specific T-cell detection rate of 89 % (3/4 positive after expansion, 16/18 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.

From the 20 patients with clinical CR, monitoring was performed for 13 patients (Figure 6A).
Of these, ten patients had detectable EBV-specific T cells (77 %, 3/3 positive after expansion,
total 100 %). The patient showing PR was monitored and had detectable EBV-specific T cells
(100 %). From the three patients showing SD, two were monitored and in one of them, EBV-
specific T cells were detected (50 %, no expansion performed). Two of the four patients with
PD were monitored and one of them did have detectable EBV-specific T cells (50 %, no
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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 this one received EBV-CTL both from an unrelated TPD and the
respective SCD (#24/36). For eight patients receiving EBV-CTL from an unrelated TPD, T-cell
monitoring was performed and EBV-specific T cells were found in six of them (75 %, expansion
performed for 1/2, total 88 %; Figure 6B). T-cell monitoring from three patients receiving SCD-
originated EBV-CTL showed that in one of them, EBV-specific T cells were detectable (33 %,
2/2 after expansion, total 100 %). For six of the nine patients receiving EBV-CTL from a related
TPD, T-cell monitoring was performed. By direct IFN-y ELISpot assay, EBV-specific T cells
were detected in five of them (83 %, no expansion performed). Thus, irrespective of the donor
type, functional EBV-specific T cells were detectable in the majority of patients after transfer

of EBV-CTL.

18



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

Adoptive immunotherapy with allogeneic EBV-specific T cells: the living drugs

Discussion

In this case series we describe the manufacturing of 40 individualized EBV-specific T-cell
products isolated by magnetic separation after peptide pool stimulation and IFN-y secretion
and the intended adoptive transfer into 37 patients with EBV-associated diseases. EBV-CTL
products were generated from either SCD (n=13) or TPD (n=27) individually for each patient
within 5 days (median; range 1-159 days) after donor identification. Prolonged intervals were
mainly due to individual pre-treatment regimens to reduce tumor burden. In HSCT patients,
the majority demonstrated clinical response with at least SD in 70 % (TPD) and 90 % (SCD)
of patients. While the CR rate was higher in patients receiving EBV-CTL from SCD (90 %) as
compared to TPD (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 re-occurrence or worsening of pre-existing GvHD,
while induction of de novo GvHD was observed exclusively in two patients of the SCD group,
most likely unrelated to EBV-CTL transfer (°l skin plus II° intestine GvHD; °lll liver, skin and
oral mucosa GvHD - the first patient had reduction of immunosuppression directly before
occurrence of GvHD and the other patient received DLI and pembrolizumab in parallel to EBV-
CTL). No GvHD induction was observed in patients receiving EBV-CTL products either for
EBV-associated PTLD after SOT or for EBV-complications in immunodeficiency. In this group
all patients received TPD EBV-CTL, and 70 % of patients showed partial or complete
remission. One patient relapsed and died of lymphoproliferation.

Our series is the largest patient cohort reported to date that received EBV-CTL manufactured
by IFN-y cytokine secretion approach. Previously, Moosmann et al. pioneered this approach
manufacturing EBV-CTL against known peptide antigens for six patients after HSCT, two of
which at early stage PTLD benefitted and demonstrated sustained EBV-specific T-cell
expansion after adoptive transfer (36). Subsequently, Icheva reported this approach in ten
patients with EBV-associated complications after HSCT, all manufactured from the SCD with
EBNA-1 protein or overlapping peptides as the sole target antigen (30). Seven patients showed
clinical and/or virologic response. In this case series, we extended this approach to 1) include
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multiple EBV antigens for several HLA-types by introducing the EBV_Select peptide pool, 2)
extending the approach to patients, in whom the SCD is not available for T-cell donation, and
3) administering multiple infusions of EBV-specific CTL if needed.

We demonstrate that donor identification and EBV-CTL manufacturing is feasible 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 SCD or SCD unavailable for T-cell donation (37-
39). Previous studies of ex vivo expanded EBV-CTL transferred to partially HLA-matched
patients with EBV-associated diseases have demonstrated efficacy in the majority of patients
(25-29). Our approach provides an alternative to these previously published 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 two approaches
has been conducted, but outcome and side effects observed in our cohort appear comparable
to data from adoptive transfer of expanded EBV-CTL.

Although this cohort reports the results of consecutive EBV-CTL manufacturing and adoptive
transfer, it is a heterogeneous 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. 18 patients are still alive while 12 patients died, with four of them related to EBV
(two in the group of HSCT/TPD and one each in the groups of HSCT/SCD and no Tx/EBV-
lymphoma). From the remaining fatalities, four died due to other infections, one due to chronic
GvHD, one because of primary malignant disease relapse, one because of second malignancy
and one because of multiorgan failure not otherwise classified. Thus, both SCD- and TPD-
derived EBV-CTL led to disease remission 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-CTL manufactured from SCD or TPD are more potent;
prospective trials are needed to address this question.

All HSCT patients had received and were refractory to rituximab therapy prior to EBV-CTL
administration. Exact documentation of response to all prior treatments was, unfortunately, not
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available, a limitation of this retrospective series. Some patients in both donor groups (SCD,
n=4; TPD n=5) continued to receive antibody (rituximab, brentuximab), immune modulatory
(bortezomib, checkpoint blockade) or cytotoxic therapy in parallel to EBV-CTL treatment
according to the treating physician’s discretion (details in Supplemental Table 1A). We are
unable to dissect the effects of individual treatment components in this retrospective analysis,
however, parallel treatments were equally applied in both donor groups. Decline in EBV-load
in patients responding to EBV-CTL therapy was in close timely context with administration of
EBV-CTLs (Supplemental Figure 1A). None of these “responders” died of PTLD. In contrast,
persistence of EBV in peripheral blood was associated with treatment failure in four closely
monitored patients (Supplemental Figure 1B), three of whom ultimately died of PTLD. With the
limitation of not being complete for all patients and differences in local EBV-PCR assay
techniques the data support a close correlation between administration of EBV-CTLSs, decline
of 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 context of EBV-CTL administration were observed. Induction or
aggravation of GvHD is a major concern when administering allogeneic T cells, especially
since immunosuppressive treatment is usually reduced to a minimum at the onset of refractory
viral infections. Only three patients developed de novo GvHD following adoptive transfer of
EBV-CTL, two of them only mild GvHD, the third patient suffered from severe GvHD. This case
was reviewed by the treating physician, who denied an association with transfer of EBV-CTL
but rather with the parallel administration of DLI leading to GvHD. All three patients had
undergone HSCT before EBV-CTL transfer and in all cases the SCD served as EBV-CTL
donor. Transferred EBV-CTL cell count in all three patients with new GvHD was within the
medium range of EBV-CTL cell count of all patients, thus there was no relation between cell
dose and occurrence of GvHD. It may be speculated on potentially better engraftment of SCD-
derived compared to TPD-derived CTL; however, numbers are too small and patient groups
too heterogeneous to fully address this idea in this retrospective patient evaluation. Two HSCT
patients in the TPD group had no GvHD before CTL transfer, none of them developed de novo
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GvHD after EBV-CTL transfer. In this group, GvHD symptoms aggravated in 3 of 9 patients
with pre-existing GvHD, two of them attributed to either checkpoint inhibitor treatment (n=1) or
sorafenib (n=1). Further, in none of the patients who developed GvHD, GvHD could be clearly
attributed to transfer of EBV-specific T cells.

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. Numbers
are too small and time points of monitoring to diverse to correlate 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 endogenous T-cell
responses rather than a direct effect of EBV-CTL transfer. There is an open discussion on
whether the transferred EBV-CTL directly lead to therapeutic effect or whether this is mediated
by induction of endogenous T-cell responses. In a number of case reports it was shown that
in patients lacking virus-specific T cells, adoptive transfer of virus-specific T cells isolated using
the cytokine capture system resulted in detectable virus-specific T cells (31, 40, 41). Further,
in a cohort of pediatric solid organ graft recipients, an increase of 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-mediated cell lysis (42), which might apply to the mechanism of adoptively
transferred virus-specific T cells as well. We recently reported that EBV antigens 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-CTL that both persistence and expansion of transferred cells as
well as induction of endogenous EBV-specific T-cell responses, thereby broadening the
antigenic repertoire, can occur (31). Single cell sequencing studies are now 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. In a
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broader perspective, 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-CTL enriched by the
CliniMACS CCS IFN-gamma is feasible, clinically effective and safe from both SCD and related
or unrelated TPD. Using patient-specific directly manufactured EBV-CTL circumvents the need
for prolonged in vitro expansion and GMP-compliant banking of EBV-CTL products despite
rapid availability. This treatment seems promising for immunocompromised patients with
refractory EBV-associated diseases even beyond HSCT. Limited side effects and low organ
toxicity make this approach attractive for patients with pre-existing organ dysfunction.
However, prospective clinical trials are required to address questions regarding best available
donor, best manufacturing strategy, optimal cell dose and dosing intervals as well as the mode-

of-action and persistence of the transferred T cells.
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Methods

T-cell donor registry (alloCELL)

The allogeneic T-cell donor registry (alloCELL) established at the Institute of Transfusion
Medicine and Transplant Engineering (Hannover Medical School, Hannover, Germany)
currently records >3,500 HLA-typed donors with known VST frequencies against common
human viruses. Following 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 collection from
regular healthy blood donors of the Institute of Transfusion Medicine and Transplant

Engineering (ethics committee votes 3331-2016, 3639-2017).

Donor pre-testing

Donor EBV serostatus was determined by analysis of anti-EBV IgG antibodies in serum
samples using a line immunoassay (recomLine, Mikrogen). IFN-y cytokine secretion assay
(CSA, Miltenyi Biotec), which is largely analogous to the clinical-grade manufacturing
procedure, was performed to determine the 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 1x107 cells
per well in TexMACS media (Miltenyi Biotec). Following an overnight resting period, cells were
stimulated with PepTivator EBV_EBNA-1 alone or in combination with PepTivator
EBV_Consensus (both from Miltenyi Biotec) for four hours. As negative control (NC), cells
were kept unstimulated. CSA was performed according to manufacturer’s instruction. Activated
IFN-y-producing T cells were captured during the magnetic cell enrichment process using anti-
IFN-y Phycoerythrin (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-AlexaFluor700 (RPA-T4), anti-CD8-Allophycocyanin (APC, SK1), anti-CD45-
APC-H7 (2D1, all BD Biosciences), anti-IFN-y-PE (Miltenyi Biotec). For discrimination of alive
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and dead cells, samples were incubated with 7-aminoactinomycin D (7-AAD, BD Biosciences)
directly prior to analysis. Samples were acquired at a 10 color BD FACSCanto (BD

Biosciences) and analyzed using BD FACSDiva (version 8.0.1, BD Biosciences).

Generation of clinical grade EBV-CTL products

Donor leukapheresis products were enriched for IFN-y-secreting cells in compliance with EU
good manufacturing practice (GMP) starting with 1x10° leukocytes in response to MACS GMP
PepTivators EBV_EBNA-1 and EBV_Select (GMP grade product consisting of the same
peptides as EBV_Consensus) using CliniMACS CCS IFN-gamma and CIliniMACS 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 (pre-enrichment, 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, leukaphereses and
final products were tested for sterility by using a fully automated microbial detection system.
Aliquot samples of cryopreserved T-cell products were subjected to quality control as

described.

Clinical data collection and response criteria

Clinical data was approved by the Institutional Review Board of Hannover Medical School
(ethics committee vote 3207-2016) and was exhibited by standardized questionnaire. Follow
up ranged from four weeks to 77 months (median 34.5 months) after EBV-CTL transfer. Data
collection contained reason for transfer, local histology report, numbers of EBV-CTL transfers,
GvHD before and after transfer, virologic response and clinical response. Response data were
collected in all patients who had a follow up of at least three weeks after first CTL transfer.
Complete clinical response (CR) was defined as disappearance of all lesions on imaging if
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present before treatment and resolution of PTLD-related symptoms. Partial clinical response
(PR) was defined as = 25 % reduction in tumor volume and no appearance of new lesions.
Stable disease (SD) was defined as no change in tumor volume greater than 25 %.

EBV-PCR was carried out according to the respective local laboratory standards but was
consistent within individual patients. Complete virologic response was defined as
disappearance of EBV load by PCR. Partial virologic response was defined as reduction in
viral load by at least one logio but still measurable. All other situations were defined as virologic

non-response.

Monitoring of EBV-specific T-cell responses after EBV-CTL transfer

For determination of EBV-specific T-cell frequencies in patient blood, IFN-y ELISpot Assay
was performed as described (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 pre-coated ELISpot plates
(Lophius Biosciences) for 16-18 h at a density of 2.5x10° or 5.0x10° cells/well and stimulated
with PepTivators EBV_EBNA-1 or EBV_Consensus (both 1 ug/ml per peptide, Miltenyi Biotec).
Unstimulated cells served as negative control and cells supplemented with 1 pg/ml
staphylococcal enterotoxin B (SEB, Sigma-Aldrich) served as positive control. Following
overnight incubation, IFN-y secretion was detected using an AID iSpot Reader System and
AID ELISpot Software Version 8.0, both AID GmbH). IFN-y-positive cells were counted and
expressed as the number of spots per well (spw). The mean number of spots in the negative
control was subtracted from the mean number of spots in the antigen wells.

To determine low frequency EBV-specific T cells after adoptive T-cell transfer, isolated PBMCs
were cultured in presence of PepTivators EBV_EBNA-1 or EBV_Consensus (both 1 pg/ml per
peptide, Miltenyi Biotec) for seven days in the presence of 50 IU/ml IL-2 (Peprotech).
Subsequent to this expansion period, cells were harvested and subjected to ELISpot assay as

described.
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Data analysis

Data were analyzed by Microsoft Excel 2010 (Microsoft Corporation, Redmond). Summarizing
graphs were generated using GraphPad Prism 8.2.2 (GraphPad Software, San Diego). For

display of flow cytometric data, FlowJo v10 (FlowJo™ LLC, BD Biosciences) was utilized.

Statistics

Descriptive statistics were used to determine median, mean, and range data. Details of further

applied statistical tests are stated in the respective Figure Legends.

Study approval

Written informed consent was obtained from donors of the allogeneic T-cell registry (alloCELL)
established at the Institute of Transfusion Medicine and Transplant Engineering (Hannover
Medical School, Hannover, Germany) (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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813 Figure 1: Patient cohort for planned EBV-CTL transfer. EBV-CTL productions and intended/treated patient
814 population. One patient received EBV-CTL before and after HSCT and is therefore recorded in groups IB and IlIA.
815 One patient in group IA received EBV-CTL from two separate production from the same donor. pt, patient; HSCT,
816 hematopoietic stem cell transplantation; SOT, solid organ transplantation; Tx, transplantation; SCD, stem cell donor;
817 TPD, third party donor; ED, early death; FU, follow up.
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821 Figure 2: Time between donor search/pre-testing and manufacturing. Shown is the time between donor search
822 and identification for unrelated TPD (left) and the time between donor identification and start of manufacturing for
823 each donor origin (right). Statistical significance was calculated using Kruskal-Wallis test, followed by Dunn’s
824 multiple comparison test. ns not significant (p>0.05). Violin plots show median, each symbol represents one patient.
825 Red circle: HSCT patient (Ia/Ib); red square: SOT patient (I1); black rhombus: no Tx (llI); black cross: EBV-CTL not
826 applied.
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Figure 3: Frequencies of EBV-specific T cells 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 combination of PepTivator
EBNA-1 and PepTivator Consensus (n=38). Differences in the number 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 out of 38 donors.
Exemplary FACS plots are pre-gated on viable CD3* (left), CD3*/CD4* (middle), and CD3*/CD8" (right)
lymphocytes. (A,B) Representative FACS plots and summarizing graphs show frequencies of IFN-y* cells among
CD3*, CD4*, and CD8" T cells before magnetic enrichment as indicated. (C,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 depict mean+SD and each dot represents data from one donor.

34



839

840

841
842

843
844
845
846
847
848
849
850

Adoptive immunotherapy with allogeneic EBV-specific T cells: the living drugs

Figure 4

SCD unrelated TPD
(n=13) (n=18)

IFN-y

related TPD
(n=9)
CD3 CD4 cDs8
100— 2x107—
st "
7 s®le . .
80| . *
| e o < 15x107—  eg
£ ™) hg L 2 .
.; 60— - . .y 8 ege
&) . [ T X
[= 4 =] 1%x107 — .
g » c . .
T 40— - 3 ®e .
© 8 pRrs .
[T n .:: ..
6| »
20 5x10 °.
1 1 Peest pm
0— 0 I
CD3* CD4* CD8* CD3*  CD3*
IFN=y* IFN-y* IFN-y* IFN-y*

Figure 4: Clinical-grade EBV-CTL manufacturing. Enrichment of IFN-y-secreting, EBV-specific CD3*, CD4*, and
CD8" T cells after incubation with GMP-grade PepTivators EBV EBNA-1 and 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, drug substance after magnetic enrichment (C,D) Frequencies and numbers of total CD3* and IFN-y-secreting,
EBV-specific CD3* CD4* and CD8* T cells after stimulation with GMP-grade PepTivators EBNA-1 and EBV Select
and enrichment using the CIiniMACS CCS and CliniMACS Plus or Prodigy device. Bar graphs depict mean (C) or
median (D) and each dot represents data from one manufacturing process (n=40). SCD, stem cell donor; TPD third-
party donor.
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Figure 5: Immune monitoring in individual patients by IFN-y ELISpot assay. Peripheral blood samples obtained
from patients (ID indicated on y-axis) at different time points post first EBV-CTL transfer (indicated on x-axis, in
weeks) were subjected to IFN-y ELISpot assay using EBV_EBNA-1 (light blue) and EBV_Consensus (dark blue) to
restimulate EBV-specific memory T cells. Lower circles indicate results from direct EBV_EBNA-1 ELISpot, upper
circles indicate results from EBV_EBNA-1 ELISpot after expansion. Lower squares indicate results from direct
EBV_Consensus ELISpot, upper squares indicate results from EBV_Consensus ELISpot after expansion. ]
indicates combined stimulation with both EBV_EBNA-1 and EBV_Consensus. Empty symbols indicate that no
specific T cells were detected, while filled symbols indicate that specific T cells were detected. Vertical dashed line
and triangles indicate time points of T-cell transfer. #33: green triangles indicate T-cell transfer from 2nd
manufacturing process (#24). Symbols on the right indicate clinical response (see graphical abstract). SCD, stem
cell donor; TPD third-party donor.
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868 Figure 6: T-cell monitoring results. Detection of IFN-y-secreting T cells in patient PBMCs after stimulation with
869 PepTivators EBV_EBNA-1 or EBV Consensus using IFN-y ELISpot assay. Positive: Spots in at least one of the
870 EBV peptide pools. Negative: No spots. Results shown for “Expansion” include only those patients, which did not
871 show detectable EBV-CTL via direct IFN-y ELISpot assay. Numbers and frequencies (bottom) indicate in how many
872 patients of total tested patients EBV-CTL were detected via either direct IFN-y ELISpot or after expansion. (A) T-
873 cell monitoring results based on clinical response. (B) T-cell monitoring results based on donor origin. PD,
874 progressive disease; SD, stable disease; PR, partial response; CR, complete response; SCD, stem cell donor; TPD
875 third-party donor; n.d. not determined.
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876  Tables
877
878 Table 1: Patient characteristics and source of EBV-CTL.
Number (%)
Male 26/37 (70 %)
Sex
Female 11/37 (30 %)
MSD 4/28 (14 %)
allogeneic SCT? MUD 21/28 (75 %)
Haplo 3/28 (11 %)
Transplantation
SOT 5/37 (14 %)
no or autologous transplantation or
EBV-CTL transfer prior to 6/37 (16 %)
transplantation?
SCD 13/40 (33 %)
EBV-CTL donor related TPD 9/40 (23 %)
unrelated TPD 18/40 (45 %)
Range
(median
Age [years] 2-73 (37.0)

879 2 two patients: 2 EBV-CTL productions for transfer prior to SCT and afterwards;
880 one of them only got EBV-CTL prior to SCT
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Table 2: HLA matching between patient and EBV-CTL donor. HLA matching between patient and unrelated
TPD (upper) or related TPD (lower), irrespective of SOT or HSCT. HLA-A, -B, -C, DR, DQ (of 10) or HLA-A, -B, -
DR (of 6). Homozygous alleles are considered in columns “Recipient — TCD” and “TCD — Recipient”. Production
runs 1 and 3 were from the same donor for the same patient. n.a., not available.

Total HLA- Total HLA- | Recipient— EBV-CTL donor (of | EBV-CTL donor — Recipient
Donor Patient matches matches 10) (of 10)
(0f 10; HLA (of 6; HLA- Matches Mismatches Matches Mismatches
A,B,C,DR,DQ) A,-B, -DR)
1(=3) 8 8 2 8 2
2 5 6 4 5 5
4 6 6 4 6 4
5 5 5 5 5 5
6 7 7 3 7 3
7 4 5 5 5 5
o 8 7 7 3 8 2
= o 6
2 10 5 5 5 5 5
= 11 6 6 4 6 Z
5 12 5 5 5 5 5
13 5 5 5 5 5
28 5 7 3 7 3
31 6 6 4 7 3
35 5 6 4 5 5
36* 3
37 5 5 5 5 5
14 6 3 6 4 6 4
15 10 6 10 0 10 0
[a] 27 5 3 5 5 5 5
= 29 5 3 5 5 5 5
3 30 5 3 6 4 5 5
T 32 6 4 9 1 6 4
g 33 6 3 6 4 6 4
34 7 4 9 1 7 3
38 5 3 5 5 5 5

* only HLA-A, B, DR, DQ known (recipient)
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891 Table 3: Results from donor pre-testing. PBMCs from healthy donors were stimulated with PepTivator EBNA-1
892 alone (EBNA-1, left, n=34) and with combination of PepTivator EBNA-1 and PepTivator Consensus (EBNA-
893 1+Consensus, right, n=38), respectively. Frequencies of IFN-y* T cell subsets before and after magnetic enrichment
894 by IFN-y CSA were determined by flow cytometry. Shown are the frequencies of IFN-y* cells within the indicated T
895 cell subset (CD3*, CD4*, CD8*). Differences in the number of donors tested are due to the amount of PBMCs
896 obtained which did not allow for testing the frequency of EBNA-1-specific T cells alone in 4 out of 38 donors.

Stimulation EBNA-1 (n=34) EBNA-1+Consensus (n=38)
Population | CD3*/IFN-y* CD4*/IFN-y* CD8*/IFN-y* CD3*/IFN-y* CD4*/IFN-y* CD8*/IFN-y*
Mean 0.11 0.05 0.24 0.41 0.17 0.80
before .

. Median 0.04 0.02 0.04 0.19 0.07 0.36
enrichment*

SD 0.24 0.09 0.69 0.58 0.33 1.04

Mean 19.13 14.47 24.41 45.36 25.05 59.39

et e dian 11.31 10.06 12.19 47.93 23.09 62.57
enrichment

SD 21.15 15.99 28.21 25.18 16.74 27.57

897 *Values were obtained after subtracting the values of the NC
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Table 4: Clinical-grade EBV-CTL manufacturing. Enrichment of IFN-y-secreting, EBV-specific CD3*, CD4*, and
CD8"* T cells after incubation with GMP PepTivators EBNA-1 and EBV Select and enrichment using the CliniMACS

CCS and CIiniMACS Plus or Prodigy device.

Viability cD3 CD3IFN~y* | CD3/IFN-y" | CD47IFN-y* | CD8/IFN-y*
[%] [109 [109 [%] [%] [%]

Mean 70.47 7.62 3.00 40.94 30.46 58.83
(::iaol) Median 72.00 7.07 252 41.79 40.05 56.83
) 10.46 477 2.30 14.83 13.56 23.86
Mean 66.88 8.21 2.89 35.61 34.66 45.47
(:fl[;) Median 71.78 7.58 2.93 38.81 36.30 43.33
SD 15.52 4.44 1.66 9.21 8.96 1751
lated | Mean 70.40 571 222 30.67 38.59 61.61
TPD | Median 71.50 3.76 1.44 41.81 40.87 75.88
(=) SD 7.46 4.89 212 15.52 14.56 14.56
unrelated | Mean 73.09 8.16 3.46 45.41 43.36 66.43
TPD | Median 72.36 7.89 2.60 43.72 40.73 61.74
(n=18) "sp 6.15 4.95 2.75 16.96 15.21 22.18
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906 Table 5: Occurrence of HLA-A and HLA-B types relevant for PepTivator EBV Consensus Pool among EBV-
907 CTL donors. Shown is the occurrence (number and frequency) of the indicated HLA types that peptides inside the
908 PepTivator EBV Consensus pool (referred to as GMP PepTivator EBV Select in manufacturing) are restricted to.

Occurrence Frequency
[n] [%]
HLA-A*02:01 13 41.94
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

909
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Table 6: Outcome of EBV-CTL transfer in HSCT patients.

Range (median)
EBV-CTL donor TPD SCD
Age [years] 5-68 (36.0) 22-66 (54.5)
Number of EBV-CTL transfers per patient® 1-6 (2.0) 1-5 (1.0)
5x10°-3.7x10* 1x10%-2.2x10°
- ) : . .
CD3* T-cell count of first EBV-CTL transfer per patient [/kg body weight] (2.5x10 (2.5x10)
2.2x10%-2.2x10* 2.6x10%-5.1x10*
+ R + - 1 - 1 1 a
CD3*IFN-y* T-cell count of first EBV-CTL transfer per patient [/kg body weight] (5.2x10%) (8.5x10%)
Number (%)
EBV-CTL donor TPD SCD
male 7/11 (64 %) 8/10 (803 %)
Sex
female 4/11 (36%) 2/10; 20%
MSD 3/11 (27 %) 1/10 (10 %)
ScD MUD 8/11 (73 %) 7/10 (70 %)
haplo 0/11 (0 %) 2/10 (20 %)
total 9/11 (82 %) 3/10 (30 %)
before preexisting GvHD worsened after EBV-CTL transfer/ 219 (22 %) 013 (0 %)
EBV-CTL new symptoms of GvHD
GvHD transfer | preexisting GVHD stable/chronic after EBV-CTL transfer 3/9 (33 %) 1/3 (33 %)
preexisting GvHD ameliorated after EBV-CTL transfer 4/9 (44 %) 2/3 (67 %)
first occurrence of GvHD after EBV-CTL transfer 0/11 (0 %) 3/10 (30 %)
complete response (CR) 6/10 (60 %) 9/10 (90 %)
partial response (PR) 0/10 (0 %) 0/10 (0 %)
Clinical stable disease (SD) 1/10 (10 %) 0/10 (0 %)
response
progressive disease (PD) 3/10 (30 %) 1/10 (10 %)
no data available 1 0
total 8/11 (73 %) 6/10 (60 %)
negative -
negative before transfer of EBV-CTL 1/8 (13 %) 2/6 (33 %)
Virologic total 3111 (27 %) 4110 (40 %)
response
(EBV-PCR)® decrease of viral load 2/3 (67 %) 2/4 (50 %)
positive -
stable viral load 0/3 (0 %) 1/4 (25 %)
increase of viral load 1/3 (33 %) 1/4 (25 %)
alive after EBV-CTL transfer 4/14 (29 %) 6/11 (55 %)
death total 10/14 (71 %) 5/11 (45 %)
Outcome after death within 3 weeks after first EBV-CTL transfer 3/10 (30 %) 1/5 (20 %)
EBV-CTL (early death)
transfer death associated with EBV (including progression of o 0
EBV-associated underlying disease)? 1/10 (10 %) 1/5 (20 %)

Patients with “early death" excluded.
2one patient already got EBV-CTL prior to HSCT; only EBV-CTL applications after HSCT were considered
b EBV-PCR after end of EBV-CTL transfers

44




	Graphical abstract

