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IL-21-treated naive CD45RA" CD8" T cells represent a reliable
source for producing leukemia-reactive cytotoxic T lymphocytes
with high proliferative potential and early differentiation

phenotype
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Abstract Clinical tumor remissions after adoptive T-cell
therapy are frequently not durable due to limited survival and
homing of transfused tumor-reactive T cells, what can be
mainly attributed to the long-term culture necessary for in
vitro expansion. Here, we introduce an approach allowing the
reliable in vitro generation of leukemia-reactive cytotoxic T
lymphocytes (CTLs) from naive CD8' T cells of healthy
donors, leading to high cell numbers within a relatively short
culture period. The protocol includes the stimulation of puri-
fied CD45RA™ CD8"' T cells with primary acute myeloid
leukemia blasts of patient origin in HLA-class I-matched
allogeneic mixed lymphocyte-leukemia cultures. The proce-
dure allowed the isolation of a large diversity of HLA-A/-B/-C-
restricted leukemia-reactive CTL clones and oligoclonal
lines. CTLs showed reactivity to either leukemia blasts
exclusively, or to leukemia blasts as well as patient-derived B
lymphoblastoid-cell lines (LCLs). In contrast, LCLs of donor
origin were not lysed. This reactivity pattern suggested
that CTLs recognized leukemia-associated antigens or
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hematopoietic minor histocompatibility antigens. Consistent
with this hypothesis, most CTLs did not react with patient-
derived fibroblasts. The efficiency of the protocol could be
further increased by addition of interleukin-21 during primary
in vitro stimulation. Most importantly, leukemia-reactive
CTLs retained the expression of early T-cell differentiation
markers CD27, CD28, CD62L and CD127 for several weeks
during culture. The effective in vitro expansion of leukemia-
reactive CD8' CTLs from naive CD45RA™ precursors of
healthy donors can accelerate the molecular definition of
candidate leukemia antigens and might be of potential use for
the development of adoptive CTL therapy in leukemia.
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Abbreviations

AML Acute myeloid leukemia
CTL Cytotoxic T lymphocyte
DLI Donor lymphocyte infusion

EBV Epstein—Barr virus

FAB French-American-British

GvH Graft-versus-host

GvL Graft-versus-leukemia

HLA Human leukocyte antigen

HSCT  Hematopoietic stem-cell transplantation
LAA Leukemia-associated antigen

LCL B Lymphoblastoid-cell line

mAb Monoclonal antibody

mHag  Minor histocompatibility antigen
MLLC Mixed lymphocyte-leukemia culture
PBMC  Peripheral blood mononuclear cell

SIB Sibling donor
TCR T-cell receptor
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Introduction

In leukemia patients the curative immune response after
allogeneic hematopoietic stem-cell transplantation (HSCT)
and donor lymphocyte infusion (DLI) mainly relies on leu-
kemia-eliminating T cells that develop from adoptively
transferred donor peripheral blood mononuclear cells
(PBMCs) in vivo [1, 2]. Although this graft-versus-leukemia
(GvL) effect is impressive and a frequently observed clinical
event, it is strongly associated with unwanted and often
deleterious graft-versus-host (GvH) reactivity against non-
hematopoietic recipient tissues [3]. Current strategies to
separate the GvL from GvH effects include the adoptive
transfer of leukemia-reactive T-cell lines and clones isolated
from PBMCs of healthy donors by primary in vitro stimu-
lation [4]. Unfortunately, the precursor frequency of leuke-
mia-reactive T cells is very low in healthy individuals.
Amplifying these cells to numbers sufficient for adoptive
immunotherapy still requires extensive in vitro expansion
over several weeks. However, long-term culture of antigen-
specific T cells is accompanied by terminal differentiation
and functional exhaustion due to replicative senescence.
There is strong evidence from animal models and clinical
studies that T cells with such a late-stage phenotype fail to
persist upon adoptive transfer in vivo [5-7].

Considering the fundamental limitations of long-term
cultured T-cell populations, we proposed to set-up a novel
in vitro protocol allowing the reliable production of leu-
kemia-reactive CD8" T cells with an early differentiation
phenotype during a preferably short culture period. As a
source of T cells, we chose CD45RA™ naive precursors
from healthy donors because of their superior capability to
maintain cell division function compared to memory and
effector T cells [8]. We stimulated these naive CD8" T
cells with HLA-class I-matched primary acute myeloid
leukemia (AML) blasts using an allogeneic mini-mixed
lymphocyte-leukemia culture (mini-MLLC) approach [9].
The protocol includes IL-12 to facilitate priming of naive T
cells against leukemia antigens and to substitute Thl help.
While IL-12 is replaced on day 14 of culture by IL-2, the
homeostatic proliferation cytokines IL-7 and IL-15 are
used throughout the culture. In the current study, we have
added the common gamma chain receptor cytokine IL-21
to this protocol because it appears to promote the devel-
opment of antigen-specific T cells predominantly from
naive T cells [10]. We demonstrate herein in eight different
AML patient/donor pairs that naive CD45RA™ CD8" T
cells of healthy donors regularly contained numerous
precursors of cytolytic T lymphocyte (CTL) clones rec-
ognizing primary AML blasts in association with various
HLA-A/-B/-C alleles. The addition of IL-21 to the protocol
substantially increased the efficacy in generating these
CTLs in vitro. CTLs not only showed strong interferon-y
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(IFN-y) secretion and cytolytic activity, but also main-
tained a robust growth pattern and the expression of early
T-cell differentiation markers for several weeks.

Materials and methods
Donors and patients

The study was approved by the local ethics committee.
Informed consent was obtained from participants in
accordance with the Declaration of Helsinki. Patients were
diagnosed with M1 (MZ529), M4 (MZ169, MZ580,
MZ728, MZ987), and M5 (MZ201, MZ653) subtype AML
according to the French-American-British Cooperative
Group (FAB) classification. All patients except two
(MZ169, M728) had white blood cell count exceeding 10°
per puL at primary diagnosis, consistent with unfavorable
disease prognosis [11]. Further adverse prognostic factors
were refractory leukemia after induction chemotherapy
(MZ201, MZ728) and FLT3-ITD mutation (MZ529,
MZ580, MZ987). Patients MZ201, MZ653, and MZ728
died from treatment-refractory AML within few months.
Patients MZ529, MZ580, and MZ987 were transplanted
from HLA-matched unrelated donors, but died within
1 year because of leukemia relapse. Patient MZ169
remained disease-free until today. High-resolution HLA
typing was performed according to standard procedures.

Primary cells and cell lines

PBMCs and primary AML blasts were isolated by Ficoll
separation from buffycoats of healthy donors or from
leukapheresis products and peripheral blood samples of
patients at primary diagnosis, respectively. Epstein—Barr
virus (EBV)-transformed B lymphoblastoid-cell lines
(LCLs) and phytohemagglutinin (PHA)-activated T-cell
blasts were generated by standard in vitro protocols.
Monocytes were isolated from PBMCs using CD14-
Microbeads (Miltenyi Biotec, Bergisch-Gladbach, Ger-
many). Primary fibroblasts were isolated and expanded
from bone marrow aspirates of AML patients in vitro as
described [12]. The non-hematopoietic and stromal origin
was regularly confirmed by the surface phenotype CD457,
CD337, CD14~, CD90%, and D7-Fib" in flow cytometry
[12]. Fibroblasts regularly expressed strong levels of HLA-
class 1. Pretreatment of fibroblasts with 500 IU/mL IFN-y
before use did not lead to increased recognition by CTLs.

Isolation of naive CD8" T cells

Naive CD8" T cells were isolated from PBMCs using the
Naive CD8" T-Cell Isolation Kit (Miltenyi Biotec). Briefly,
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non-naive T cells and NK cells were first depleted on LD
columns using a cocktail of biotin-conjugated antibodies
against CD45RO, CD56, CD57, and CD244. Naive CD8™"
T cells were then selected using CD8-Microbeads and MS
or LS columns, respectively. Total CD8" T cells were
isolated from PBMCs by CD8 Microbeads with a purity of
>95% (Miltenyi Biotec).

Mini-mixed lymphocyte-leukemia cultures

Mini-MLLCs were started in 96-well plates in AIM-V
culture medium (GIBCO-BRL, Grand Island, NY, USA)
supplemented with 10% human serum [9]. Responder cells
were CD45RA™ naive CD8™ T cells or entire CD8™" T cells
(each 10* per well) isolated from healthy donors as
described above. Stimulators were allogeneic primary
AML blasts (10* per well) pre-cultured overnight and
irradiated with 35-60 Gy. Irradiated CD8-negative or non-
naive T cells (10* per well) of the same donor were used as
feeders. Medium was supplemented with 5 ng/mL IL-7,
1 ng/mL IL-12, and 5 ng/mL IL-15 (all R&D Systems,
Wiesbaden, Germany). To analyze the impact of IL-21 in
side-by-side MLLCs, the cytokine was added at 10-30 ng/
mL (Biomol, Hamburg, Germany) or omitted, respectively.
Mini-MLLC responders were weekly restimulated with
irradiated AML blasts. IL-12 was replaced by IL-2
(50-250 TU/mL; Chiron, Emeryville, CA, USA) on dl14.
Growing mini-cultures were expanded in 24-well plates
using 10° responders and 10° irradiated AML blasts per
well. Set-up of mini-MLLCs including functional and
phenotypic characterization of responding cultures is
illustrated in supplementary Figure 1. Depending on
available T-cell numbers, we initiated 0.5-2 96-well plates
per experimental condition.

IFN-y ELISpot assay

IFN-y enzyme-linked immunosorbent spot (ELISpot)
assays were performed over 20 h as described [13]. T cells
were seeded at 1 x 10%to 2 x 10 per well and target cells
at 5 x 10* per well. To analyze HLA-class I-restricted
reactivity of CTLs, the following murine monoclonal
antibodies (mAbs) were added at saturating concentration:
W6/32, an anti-HLA class I IgG2a, PA2.1, an anti-HLA-
A2 IgGl, GAP-A3, an anti-HLA-A3 IgG2a, B1.23.2, an
anti-HLA-B and -C IgG2a, SFR8-B6, an anti-HLA-Bw6
and -C IgG2b, and L243, an anti-HLA-DR IgG2a [13]. To
investigate reactivity of AML-reactive CTLs to known
leukemia-associated antigens (LAA) and minor histocom-
patibility antigens (mHag), HLA-A*02:01-restricted CTLs
were tested against A*02:01-expressing target cells T2 and
K562-A*02:01 loaded with 10 pg/mL of the following
peptides: WT1 pl126-134 (RMFPNAPYL), Proteinase-3

PR1 pl169-177 (VLQELNVTV), PRAME pl100-108
(VLDGLDVLL), HA-1 p166-174 (VLHDDLLEA). Spots
were counted by a computer-assisted image analyzer (KS-
ELISpot 4.9; Zeiss, Jena, Germany). Results represent
mean =+ standard deviation (SD) of duplicates. Data were
statistically analyzed with the Wilcoxon signed-rank test.

>!Chromium-release assay

Target cells (1 x 106) were incubated for 2 h with 100 pCi
of NaEICrO4 (Perkin Elmer, Rodgau, Germany) and 50 pL.
fetal calf serum. After washing, labeled targets were plated
at 1.5 x 10° per well in conical 96-well plates. T cells
were added at indicated effector-to-target (E:T) ratios.
After incubation over 5 h at 37°C, supernatant was mea-
sured in a Packard Cobra gamma counter (Perkin Elmer).
Percent specific lysis was calculated using the following
equation: % specific lysis = 100 x (experimental release —
spontaneous  release)/(maximum release — spontaneous
release). Data are mean &= SD of duplicates.

Flow cytometry analysis

Cells were stained with FITC-, PE-, APC-, PerCP-, PE-
Cy5-, or Horizon V450-conjugated mAbs (Immunotech/
Beckman Coulter, Marseille, France; BD Biosciences,
Heidelberg, Germany; R&D Systems, Wiesbaden, Ger-
many; Miltenyi Biotec). T-cell receptor (TCR) Vf chains
were determined using fluorescein-labeled mAbs recog-
nizing 24 different Vf families (IOTest BetaMark Kit,
Immunotech/Beckman Coulter). Analysis was performed
on a BD FACSCanto II flow cytometer. Software was BD
FACSDiva™ and EXP0O32™ for re-analysis. To evaluate
expression level of distinct markers, the relative fluores-
cence intensity was calculated from median fluorescence
intensity (MFI) values of relevant stainings divided by MFI
values of the respective IgG isotype control stainings. Flow
cytometric analyses of apoptotic and dead cells in T-cell
cultures were performed with Annexin-V and 7-AAD
stainings, respectively (BD Biosciences). Statistical data
analysis was conducted with SPSS-15.0 software. Mann—
Whitney U test was performed when appropriate.

Results

Reliable generation of leukemia-reactive CD8™ T cells
from naive CD45RA™ precursors and favorable

influence of IL-21

We initially compared the naive CD8" T-cell subset with

entire unseparated CD8" T cells as a source for generating
leukemia-reactive CTLs from healthy donors in vitro. Both
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cell populations were isolated from PBMCs by immuno-
magnetic beads. In phenotypic analysis, naive CD8" T
cells expressed CD45RA, CCR7, CD62L"eowH) " cpp7,
CD28, CD127, CXCR4, and were negative or low positive
for CD45RO, CD57 and CD95 (supplementary Fig. 2).
Naive and total CD8" T cells were both stimulated in 96-
well mini-MLLCs with primary AML blasts. Donors and
AML patients were selected on the basis of complete HLA-
class I match in donor-versus-patient direction at high
resolution (Table 1). Cultures were supplemented with
IL-7, IL-12 (until d14), IL-15, and IL-2 (from d14 on). To
investigate the influence of IL-21, half of cultures were
started with this cytokine. After two to three weekly AML
stimulations, aliquots of all responder populations were
used to screen for leukemia reactivity by split-well IFN-y
ELISpot assay. In three out of three AML patient/donor
pairs significantly higher numbers of leukemia-reactive T
cells were observed in cultures initiated with naive CD8" T
cells compared to unseparated CD8* T cells (P = 0.043;
Fig. 1a). Additional mini-MLLC experiments in one rela-
ted and six unrelated patient/donor pairs confirmed that
naive CD45RA™ T cells were a very reliable source for
producing leukemia-reactive CD8" T cells, and that the
efficiency of the procedure could be further increased by
IL-21 (Fig. 1b). Overall, this cytokine resulted in 1.1-3.3-
fold (mean 1.8-fold) higher numbers of AML-reactive
CD8™" T-cell populations compared to untreated cultures
[P =0.042, n =5 (10 ng/mL IL-21); P = 0.028, n =7
(30 ng/mL IL-21)].

Functional properties of AML-reactive CTLs

A total of 257 CD8" T-cell populations with strong AML
reactivity in the screening assay were transferred into 48-/

24-well plates and were expanded by weekly AML stim-
ulations. More than half of them (i.e. 150) showed HLA-
class I-restricted leukemia reactivity as well as sustained in
vitro expansion over several weeks (data not shown).
Interestingly, a higher fraction of such robust cultures was
isolated from plates treated with IL-21 (110 of 165; 67%)
versus those without IL-21 (40 of 92; 43.5%). Compre-
hensive analyses of several functional properties (i.e. HLA-
restriction element, cross-reactivity to other patient-derived
target cells and third-party target cells expressing shared
HLA alleles, cytolytic activity, TCR Vf§ usage) were per-
formed with 26 individual CD8" T-cell populations
selected from 6 different AML patient/donor pairs, in
which sufficient amounts of AML blasts were available.
All CD8" T-cell populations showed significant reac-
tivity in IFN-y ELISpot and cytotoxicity assays to either
AML blasts only or AML blasts and patient-derived LCLs.
Representative examples are described in Figs. 2 and 3.
None of CTLs were reactive to donor-derived LCLs and
natural killer target K562, suggesting that CTLs may rec-
ognize LAA or recipient mHag as target structures. A
single CTL with reactivity to patient AML (and not LCL)
showed also minor recognition of monocytes, suggesting a
myeloid-associated antigen overexpressed in AML as tar-
get (Table 2). Several CTLs reactive to patient’s AML and
LCL also recognized PHA-activated T-cell blasts of patient
origin, consistent with potential reactivity to recipient
mHag with hematopoiesis-restricted expression. Of 26
CTLs totally analyzed, 8 showed significant cross-reac-
tivity to patient’s stromal fibroblasts, suggesting that these
CTLs may recognize recipient mHag broadly expressed in
hematopoietic and non-hematopoietic cells. Interestingly,
three CTLs were isolated that recognized B-LCL but not
T-cell blasts from the same patient, potentially indicating

Table 1 AML patient/donor

pairs with complete HLA-class I Model FAB HLA-A HLA-B HLA-C

match MZ169-AML M4 01, 24 15(62), 41 03, 17
SIB donor 01, 24 15(62), 41 03, 17
MZ201-AML M5b #01:01, *02:01 #08:01, *56:01 #01:02, *07:01
Donor 168 #01:01, *02:01 #08:01, *56:01 #01:02, *07:01
Donor 650 #01:01, *02:01 #08:01, *56:01 #01:02, *07:01
MZ529-AML Ml #03:01, *11:01 #15:01, *#35:01 #03:04, *04:01
Donor 730 #03:01, *11:01 #15:01, #35:01 #03:04, *04:01
MZ580-AML M4 #01:01 #57:01 #06:02
Donor 931 #01:01, *02:01 #35:01, *57:01 #04:01, *06:02
MZ653-AML M5 #01:01, *30:01 #08:01, *13:02 #06:02, *07:01
Donor 069 #01:01, *30:01 #08:01, *13:02 #06:02, *07:01
MZ728-AML M4 #01:01, *02:01 #07:02, *08:01 #07:01, *07:02
Donor 284 #01:01, *02:01 #(07:02, *08:01 #07:01, *07:02
MZ987-AML M4 #02:01 #15:01, *15:17 #03:04, *07:01
Donor 940 #02:01 #15:01, *15:17 #03:04, *07:01
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Fig. 1 TL-21 promotes the generation of AML-reactive CD8" T cells
from naive CD45RA™ precursors. a Numbers of AML-reactive
cultures per 96 replicate wells obtained with purified CD45RA™
CD8* T cells or unseparated CD8"' T cells in three AML patient/
donor pairs with full HLA-class I match. Allogeneic mini-MLLCs
were initiated with (10 or 30 ng/mL) or without IL-21, respectively,
and were analyzed 5 days after the second (d14) or third (d21)

antigens with low or absent expression in the T-cell lineage
[14, 15]. Nineteen CTLs cross-reacted with a median
number of 4 (range 1-18) third-party primary myeloid
leukemias that expressed HLA-class I alleles shared with
patient’s AML. Donor’s PBMCs were recognized by a
single CTL only (Table 2). In addition to IFN-y production,
CTLs secreted TNF-« upon AML stimulation, as deter-
mined by ELISA in nine CTLs from six patient/donor pairs
(data not shown).

By using mAbs that cover allele-specific or shared HLA
epitopes, and by cross-reactivity tests on leukemia blasts
expressing HLA alleles matched with the original AML

antigen-specific restimulation for reactivity to primary AML blasts in
split-well IFN-y ELISpot assay. Wells considered as “positive” for
AML recognition had >5-fold higher spot numbers compared to
background level (i.e. spontaneous IFN-y production). b Numbers of
AML-reactive mini-cultures per 96 replicate wells generated from
naive CD45RA" CD8" T cells from seven HLA-class I-matched
AML patient/donor pairs

stimulator cells, HLA-AO1, -A02, -B13, -B15, -B57, -C03,
-C06, or -C0O7 were identified as potential restriction elements
for CTLs (Table 2). This information allowed us to screen
7 HLA-A*02:01-restricted CTLs for recognition of known
A*02:01-binding peptide epitopes encoded by LAA WT-1,
Proteinase-3, PRAME, and mHag HA-1. However, none of
them showed reactivity to these epitopes (data not shown).

In order to analyze the clonality of CTLs, we performed
flow cytometric stainings of TCR Vf chains. Of 26 CTLs
analyzed, 14 (i.e. 54%) expressed a single TCR Vf chain
suggesting monoclonality (Fig. 2; Table 2). Eight (i.e.
31%) CTLs showed expression of two to three different
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Fig. 2 HLA-class I restriction, cross-reactivity, in vitro expansion,
and TCR Vp chains of AML-reactive CD8" T-cell populations.
Shown are three representative CTL clones from three different AML
patient/donor pairs. a CTL 2D8 (MZ201-AML/Don.168) recognizing
exclusively patient’s AML blasts, b CTL 5HI11 (MZ580-AML/
Don.931) reacting to patient’s AML blasts as well as patient-derived
lymphocytes, ¢ CTL 7H1 (MZ529-AML/Don.730) recognizing
patient’s hematopoietic as well as non-hematopoietic cells. Left panel
cross-reactivity patterns to patient’s hematopoietic cells and stromal
fibroblasts as well as donor’s hematopoietic cells and the natural killer
cell-target K562 determined by IFN-y ELISpot assay. Note that anti-
HLA-class I mAb W6/32 inhibited recognition of AML blasts. Cross-
reactivity to fibroblasts, PHA-activated T-cell blasts, and donor
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PBMCs was defined as significant if values were >10% of AML
reactivity. Middle panel mini-MLLCs were initiated with 10* naive
CD45RA™ CD8' T cells and were stimulated once a week with
irradiated AML blasts. Numbers of expanding cells were weekly
determined as soon as cell counting was feasible (mostly d28—d35).
Right panel flow cytometric characterization of the TCR Vf chain
used by the CTLs that grew out of mini-MLLCs. CTL was defined as
monoclonal if >90% of cells expressed a single TCR Vf§ chain. *CTL
SHI11 cross-reacts with AML blasts from patient MZ946. Because
bone marrow aspirate from patient MZ580 (whose AML cells were
used for stimulation) was not available, stromal fibroblasts isolated
from patient MZ946 were used
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Fig. 3 IL-21 does not impact on cytolytic activity of AML-reactive
CTLs. CD8" T-cell populations were restimulated with AML blasts
over 2 weeks in the presence (gray 10 ng/mL, black 30 ng/mL) or
absence (white) of IL-21, and were subsequently tested in 5 h
5!Chromium-release assays for cytolytic activity against patient’s
AML cells, patient-derived LCL cells, donor-derived LCL cells, and
K562 cells. a CTL 2D8 (MZ201-AML/Donor168) originally gener-
ated with IL-21 and recognizing AML blasts. b CTL 7H1 (MZ529-

TCR Vf chains. Furthermore, the approach was unable to
detect the major TCR Vf chains in 4 CTLs (Table 2). By
weekly in vitro stimulations with AML blasts and cyto-
kines, CTLs could be easily expanded to cell numbers
exceeding 10® within few weeks (Fig. 2).

Influence of IL-21 on AML reactivity and expansion
rate of long-term cultured CTLs

Most AML-reactive CTLs retained IFN-) production and
cytolytic activity for at least 10 weeks of culture. In order

20 60

1 2 7 20 60 1 2 7 20 60
E:T ratio E:T ratio

AML/Donor730) originally generated with IL-21 and recognizing
AML blasts as well as patient-derived LCL cells. ¢ CTL 1E3
(MZ653-AML/Donor069) originally generated without IL-21 and
recognizing AML blasts. d CTL 2E8 (MZ529-AML/Donor730)
originally generated without IL-21 and recognizing AML blasts as
well as patient-derived LCL cells. Cytokines were not added to the
assay medium

to investigate the impact of IL-21 on these effector func-
tions, CTLs generated in the presence of IL-21 were
restimulated at later culture periods (>d42) in medium
supplemented with or without IL-21 for at least 2 weeks.
They were subsequently tested in °'Chromium-release
assays. Overall, in vitro presence or absence of IL-21 did
not induce clear differences in CTL-mediated cytolysis of
AML cells. Representative examples out of 12 CTLs
analyzed are shown in Fig. 3a, b. Only a single CTL-
mediated stronger lysis against AML if pre-cultured in IL-
21-containing medium (not shown). Also, when analyzing
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anti-AML CTLs that had been generated without IL-21, the
secondary use of this cytokine at later culture periods was
unable to further enhance cytolytic activity; four of five
CTLs analyzed demonstrated no significant difference in
cytotoxicity (representative examples shown in Fig. 3c, d).
A single CTL generated without IL-21 lysed target cells
stronger when IL-21 was added at later culture periods
preceding the cytotoxicity assay (data not shown). We
obtained similar results if IFN-y ELISpot instead of
>!Chromium-release were used as read-out assay.

Significantly lower numbers of AML-reactive CTLs were
isolated from mini-MLLCs started without IL-21 compared to
those with IL-21 during primary in vitro stimulation (Fig. 1).
However, single AML-reactive CTLs generated without IL-
21 (e.g. 2E8 and 1E3) could be expanded to comparably high
cell numbers than IL-21-exposed CTLs. Hence, we analyzed
the impact of IL-21 on the growth rate of AML-reactive CTLs
in more detail. At the earliest time point when cell counting of
each mini-culture was feasible (d28), we determined higher
total cell numbers in IL-21-treated cultures (median
2.6 x 10°% range 0.25-3.54 x 10% compared to cultures
started without IL-21 (median 1.3 x 10°; range 0.3-3.15 x
10°, P = 0.036). To analyze if IL-21 improved the viability of
T cells, mini-cultures (37-38 cultures each for +/— IL-21)
were randomly selected on d21-d28 in two patient/donor pairs
and were stained with Annexin-V and 7-AAD, respectively.
We detected a modest decrease in the percentage of apoptotic
and dead CD8" T cells in IL-21-treated mini-cultures
[Annexin-V: 7.7 vs. 4.0%, P = 0.037; 7-AAD: 6.1 vs. 3.7%,
P = 0.081 (data not shown)].

To also analyze the effect of IL-21 on proliferation
during long-term culture, frozen aliqouts of CTLs from
later culture periods (d35-d70) were thawed and restimu-
lated over 2-3 weeks with AML cells in the presence or
absence of IL-21. Weekly determination of growth factors
did not reveal a clear impact of IL-21 on T-cell expansion.
Briefly, 6 of 14 CTLs that had been generated in the
presence of IL-21 grew better at later culture periods if IL-
21 was applied. Each four CTLs, however, showed lower
or unaltered growth rates in these experiments. Four of five
CTLs that were originally cultured without IL-21 demon-
strated better growth at later culture periods if IL-21 was
added (data not shown). However, the IL-21 effect on these
CTLs could not be confirmed in a substantial proportion of
control experiments. We concluded that IL-21 did not have
a consistent influence on the expansion of AML-reactive
CTLs during late culture periods.

AML-reactive CTLs display markers of an early
differentiation phenotype

We next analyzed 49 AML-reactive CTLs for surface
expression of several markers of differentiation (CD45RA,

CD45RO, CD27, CD28, CD95, CD57), homing (CD62L,
CCR7, CXCR4) and responsiveness to cytokines (CD127).
CTLs were derived from seven patient/donor pairs and
were tested between day 21 and 91 of culture in two series
of experiments: early stainings from day 21 to 42 during
primary culture as well as stainings at later culture periods
(>d56) in CTLs generated in the presence or absence of IL-
21. In general, we observed that CTLs regularly expressed
the markers CD45RO, CD45RA, CD27, CD57, CD95, and
CXCR4 at intermediate to high levels during the whole
observation period. The homing molecule CD62L and the
chemokine receptor CCR7, necessary for trafficking of
CTLs to lymphatic organs, were expressed at intermediate
to low levels until day 28-35, although we still detected
CD62L expression on single CTLs up to day 70. The IL-7
receptor alpha chain (CD127) and the costimulatory mol-
ecule CD28 were consistently observed until day 49 to 56,
respectively. Representative data of a single CD45RA™-
derived anti-AML CTL are shown in Fig. 4a.

Further comparisons of CTLs isolated in three AML
patient/donor pairs with or without IL-21 and analyzed
from day 21 to 42 revealed that CD45RO was clearly lower
expressed (P < 0.02 at d35 and d42) on IL-21-treated
CTLs, consistent with concomitant higher expression of
CD45RA (Fig. 4b). CD62L showed increased expression
from day 28 to 35 on CTLs generated with IL-21. The
chemokine receptor CXCR4 was detectable at low to
intermediate level until day 70 on several CTLs, but from
day 35 to 42 with higher intensity (P < 0.03) on AML-
reactive CTLs generated without IL-21. In addition, we
measured stronger CD28 expression (P < 0.05) on CTLs
with IL-21 from day 21 to 35. This also applied to CD127,
which was detectable until day 49, with higher expression
between day 28 and 42 on IL-21-exposed CTLs (P < 0.04
at d28; data not shown). In contrast, we did not find an
enhancing effect of IL-21 on the expression levels of
CD27, CCR7, CD57, and CD95 during the entire obser-
vation period (data not shown). The data set of CD markers
on isolated naive CD8" T-cell subsets and related AML-
reactive CTL populations generated with IL-21 in three
patient/donor pairs is shown in supplementary Table 1.

In summary, we have shown that AML-reactive CTLs
generated from naive CD45RA™ CD8™" T cells of healthy
donors express CD27, CD28, CD127, and CD62L for at
least 4-5 weeks after primary in vitro stimulation. The
expression of several of these “early” phenotypic markers
is further promoted by the addition of IL-21 to the cultures.

Discussion

Clinical tumor remissions following adoptive immuno-
therapy with in vitro expanded tumor- and leukemia-
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Fig. 4 CD45RA"-derived leukemia-reactive CTLs retain markers of
an early differentiation phenotype, which is further promoted by IL-
21. a Flow cytometric characterization of CTL clone 4B2 (MZ653-
AML/Donor069) at d35 of culture. Shown are the stainings for
several T-cell differentiation markers (black lines) and the respective
isotype control (gray shadings), as well as the co-stainings for CD8
and TCR Vf 11. b Box plots showing the median expression level for
CD28, CD127, CD45RO, CD45RA, CD62L, and CXCR4 on 5-11

reactive T-cell lines and clones are frequently not durable
and may occur as mixed responses only at certain sites [16—
18]. Among other reasons, these observations can be
explained by insufficient persistence and homing of adop-
tively transferred T cells, which have reached a terminal
differentiation state during in vitro expansion over several
weeks. One potential strategy to overcome this limitation is
to improve the efficiency of in vitro protocols allowing
more leukemia-reactive T-cell precursors to grow during

@ Springer

CTLs per group (without/with IL-21) in three AML patient/donor
pairs analyzed at d35 of culture. Expression level is shown as relative
fluorescence intensity calculated from the median fluorescence
intensity (MFI) value of the relevant staining divided by the MFI
value of the respective IgG isotype control staining. All control
stainings had absolute MFI values in the range 0.2-0.8 depending on
the used fluorochrome, analyzed with EXPO32™ software. P values
were calculated with the Mann—Whitney U test

the primary stimulation phase. This may help to reduce the
number of cell cycles of each single precursor and should
translate into improved immune functions upon adoptive
transfer in vivo. Here, we introduce a very reliable and
efficient method for the generation of leukemia-reactive
CTLs from naive CD45RA™ CD8' T lymphocytes of
healthy donors during a comparably short culture period.
The approach allows the in vitro expansion of a large
diversity of HLA-class I-restricted CTLs with an early
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differentiation phenotype and sustained effector functions
toward AML blasts.

The set-up of allogeneic MLLCs with naive CD8" T
cells as responders has two major advantages: first, it
reduces the likelihood that leukemia-reactive CTLs rapidly
enter a status of terminal differentiation that is accompa-
nied by functional exhaustion and cell death. The superi-
ority of early differentiated (naive/central memory) CD8™
T-cell subsets in mediating antitumor and antiviral immu-
nity after adoptive transfer has been impressively demon-
strated in murine and primate models [6, 19, 20]. These
observations may be explained with less-shortened chro-
mosome telomeres in the naive subset (i.e. less cell division
cycles) of less-differentiated T cells that have not yet
reached replicative senescence, correlating with persistence
after adoptive transfer [8, 21, 22]. Second, the precursor
frequency of leukemia-reactive CTLs in PBMCs of healthy
individuals is very low [23]. Due to the high diversity of
their TCR repertoire, naive CD8" T cells contain the
majority of tumor-reactive CTL precursors in healthy
individuals [24-26]. The latter point was confirmed herein
for leukemia-reactive CTLs by detecting more precursors
in naive CD45RA™ compared to entire CD8" T cells.
Thus, by the use of naive CD45RA" CD8" T cells in
combination with limiting-dilution conditions and no IL-2
during the primary stimulation phase, we promote the
expansion of leukemia-reactive CTLs, and we avoid the
overgrowth with competing specificities, for example
virus-reactive memory T cells.

As stimulator cells in allogeneic MLLCs we used leu-
kemia blasts previously isolated from peripheral blood of
AML patients. This assures the in vitro stimulation of
donor T cells against hematopoietic mHag as well as LAA
presented by recipient AML cells. Cross-reactivity data
shown herein indicate that both of these proposed CTL
specificities are most likely expanded by our approach. In
contrast to other groups [18, 27], we did not use non-
malignant mononuclear cells or dendritic cells of patient
origin as stimulator cells, because it would restrict in vitro
reactivity exclusively to hematopoietic mHag. This dif-
ference in stimulation conditions may be an important
point, since the contribution of both antigen categories (i.e.
hematopoietic mHag and LAA) to the induction of effec-
tive GVL responses in vivo is still not fully understood
[28]. We also observed that one-third of leukemia-reactive
CTLs cross-reacted with stromal fibroblasts. This sug-
gested recognition of antigens ubiquitously expressed by
hematopoietic and non-hematopoietic recipient cells [15].
If such CTLs would be adoptively transferred into patients,
they might induce serious GvH reactivity and therefore
should be excluded from any therapeutic approach. How-
ever, additional work including the molecular definition of
CTL antigens and adoptive CTL transfer experiments in

AML-engrafted immunodeficient mice [9] are required
before CTLs generated by the described approach appear
safe enough to be investigated in pilot clinical trials.
Clinical testing would then definitely demonstrate if such
CTLs are capable of mediating sufficient GvL effects in the
absence of GvHD in vivo.

Another beneficial component of our protocol appears to
be the cytokine combination used during primary stimu-
lation. The common gamma chain cytokines IL-7 and IL-
15 are essential for the survival and homeostasis of naive
and memory T cells [29-32]. Furthermore, IL-15 has been
shown to favor the in vitro generation of leukemia-reactive
CDS8™ central memory T cells [33]. IL-12 is necessary as
“third signal” for efficient priming of naive CD8" pre-
cursors [34]. While we already described this favorable
cytokine combination in our previous study [9], the current
addition of IL-21 clearly improved the efficacy in gener-
ating leukemia-reactive CTLs. This was demonstrated in
eight different AML patient/donor pairs with remarkable
consistency. Our observation with leukemia-reactive CTL
clones is in accordance with earlier reports showing that
IL-21 promotes the priming of naive CD8" T cells and
enhances anti-tumor effects of antigen-specific CTLs [10,
35-38].

We confirmed previous data from Li et al. [10] showing
that the beneficial effect of IL-21 on the production of
antigen-specific CTLs can partly be attributed to decreased
apoptosis and increased survival of T cells in IL-21-treated
cultures. Consistent with the authors, however, we consider
antigen-specific CTL proliferation enhanced by IL-21 as
the primary cytokine effect. Although IL-21 clearly
improved the yield of AML-reactive CTLs during the first
weeks of MLLCs, it did not increase antigen-dependent
proliferation and effector functions during later culture
periods. This is not necessarily inconsistent with other
reports showing a synergistic positive effect of IL-15 and
IL-21 on proliferation and effector functions of tumor-
specific CTL at early time points of culture [39, 40]. First,
our approach also included IL-7 (throughout the culture)
and IL-2 (from d14 on), which might have enhanced the
expansion and effector functions of CTLs to a level where
the synergism of IL-15 and IL-21 is hard to detect. Beside
different cytokine settings, previous studies also differed in
several other important parameters (e.g. CTL bulk cultures,
stimulation with specific peptides, time point of testing)
from our work, making direct comparisons of findings very
difficult. Again, testing leukemia-reactive CTLs (4+/— IL-
21) in suitable immunodeficient animal models would be
helpful to finally determine the biological relevance of
CTLs as well as the impact of IL-21 on CTL effector
function in vivo.

After adoptive transfer into patients, leukemia-reactive
CTLs should survive and expand in vivo, migrate to end
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organs and exert strong effector functions. It is widely
assumed that these important properties are mediated by
cytokine receptors (e.g. CD127), homing molecules (e.g.
CD62L), chemokine receptors (e.g. CCR7, CXCR4), and
costimulatory molecules (CD27, CD28) [8, 41, 42].
Herein we show that several of these “early” (naive/
central memory) differentiation markers were expressed
by CD45RA"-derived CTLs over multiple weeks of in
vitro culture. In addition, CTL clones generated in pres-
ence of IL-21 demonstrated stronger expression of CD28,
CD127, CD62L, and CD45RA along with decreased
expression of CD45RO leading to a more “early” phe-
notype, which might promote the survival and homing of
T cells. These findings are consistent with previous
reports demonstrating the expression of central memory
markers on antigen-specific T-cell lines primed in the
presence of IL-21 [10, 38, 43-45]. In contrast to CD62L,
we did not observe the regular expression of CCR7
beyond 5 weeks of culture. Furthermore, although the
chemokine receptor CXCR4 was found at lower expres-
sion level on IL-21-treated CTLs, all of them expressed
this marker. Expression of CXCR4 has been suggested to
allow for the migration of T cells into the bone marrow
[46]. Thus CXCR4" CD62L* CTLs should be able to
home in lymphoid tissues and reach leukemia-infiltrated
marrow sites.

In summary, leukemia-reactive CTLs generated from
the naive CD45RA™ compartment could be promising
candidates for cellular immunotherapy because of their
relatively early differentiation phenotype and strong
capability of cell expansion, what might translate into
improved functions in vivo. We also showed that the
addition of IL-21 to the protocol enabled more precursors
to develop into potent leukemia-reactive CTLs, presum-
ably by its beneficial effects on cell survival and antigen-
specific proliferation during the first weeks of cultures.
The cytokine also strengthened the early stage phenotype.
Nevertheless, further preclinical work is required before
such CTLs appear safe enough to be investigated in pilot
clinical trials. The herein described allo-MLLC approach
with in vitro “programmed” naive CTL precursors of
healthy donors independent of a HSCT setting is a
valuable alternative to the conventional method of iso-
lating in vivo primed donor CTLs out of patients after
transplantation [18, 47]. This would make leukemia-
reactive CTLs already available at the time point of
HSCT, when residual leukemia disease is minimal and the
chances for complete leukemia eradication are high.
Although the translation of the entire approach into a
good manufacturing practice protocol is challenging, the
use of certain components (e.g. naive CD8" T cells,
cytokine combination) might improve other methods to
generate tumor antigen-specific T cells for clinical

@ Springer

application. Furthermore, leukemia-reactive CTLs effec-
tively expanded by this in vitro protocol can be used as
screening populations to define candidate LAA and mHag
for antigen-specific immunotherapy.
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