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Abstract

Introduction: Myeloid leukaemic blasts can be converted
into leukaemia-derived dendritic cells (DCe,), characterised
by the simultaneous expression of dendritic- and leukaemia-
associated antigens, which have the competence to prime
and enhance (leukaemia-specific) immune responses with
the whole leukaemic antigen repertoire. To display and fur-
ther specify dendritic cell (DC)- and DCje,-mediated immune
responses, we analysed the interferon gamma (IFNy) secre-
tion of innate and adaptive immune cells. Methods: DC/
DCjey Were generated from leukaemic whole blood (WB)
with (blast)modulatory Kit-1 (granulocyte-macrophage colo-
ny-stimulating factor [GM-CSF] + Picibanil [OK-432]) and Kit-
M (GM-CSF + prostaglandin E1) and were used to stimulate
T cell-enriched immunoreactive cells. Initiated anti-leukae-
mic cytotoxicity was investigated with a cytotoxicity fluorol-
ysis assay. Initiated IFNy secretion of T, NK, CIK, and iNKT cells
was investigated with a cytokine secretion assay (CSA). IFNy
positivity was additionally evaluated with an intracellular cy-
tokine assay (ICA). Recent activation of leukaemia-specific

cells was verified through addition of leukaemia-associated
antigens (LAA; WT-1 and Prame) Results: We found Kit-l and
Kit-M competent to generate mature DC and DCe, from leu-
kaemic WB without induction of blast proliferation. Stimula-
tion of immunoreactive cells with DC/DCe, regularly result-
edin anincreased anti-leukaemic cytotoxicity and increased
IFNy secretion of T, NK, and CIK cells, pointing to the signifi-
cant role of DC/DC, in leukaemia-specific alongside anti-
leukaemic reactions. Interestingly, an addition of LAA did
not further increase IFNy secretion, suggesting an efficient
activation of leukaemia-specific cells. Here, both the CSAand
ICA yielded comparable frequencies of IFNy-positive cells.
Remarkably, the anti-leukaemic cytotoxicity positively cor-
related with the IFNy secretion in TP3*, TCD4+ TCD8+ 3ng
NKCP>6+ cells. Conclusion: Ultimately, the IFNy secretion of
innate and adaptive immune cells appeared to be a suitable
parameter to assess and monitor the efficacy of in vitro and
potentially in vivo acute myeloid leukaemia immunothera-
py. The CSA in this regard proved to be a convenient and
reproducible technique to detect and phenotypically char-
acterise IFNy-secreting cells. In respect to our studies on DC-
based immunomodulation, we were able to display the po-
tential of DC/DCe, to induce or improve leukaemia-specific

and anti-leukaemic activity. ©2021 The Author(s)
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Introduction

Acute myeloid leukaemia (AML) is a malignant disor-
der of haematopoietic stem cells characterised by the un-
controlled clonal expansion of abnormally differentiated
myeloid blasts. Displacing the physiological haematopoi-
esis, the accumulation of leukaemic blasts causes typical
complications such as erythrocytopenia, thrombocytope-
nia, and leukocytopenia [1, 2]. Standard therapy for AML
consists of chemotherapy with or without allogeneic hae-
matopoietic stem cell transplantation [3, 4]. With overall
5-year survival rates of 28.7%, mainly due to infections
and relapses initiated by leukaemic stem cells and resid-
ual blasts, the outcome though remains unsatisfactory
[5-7].

In recent years, immunotherapeutic approaches in the
treatment of AML have gained attention. Different strat-
egies have been developed with the attempt to redirect the
immune system in order to overcome the leukaemic im-
mune escape and enforce a tumour-specific immune re-
sponse. One of the most auspicious approaches in this
regard involves the use of dendritic cell (DC)-based vac-
cines [8-11]. DCs are some of the most potent antigen-
presenting cells of the immune system. As they link the
innate and the adaptive immune system, they are pivotal
in initiating and regulating an antigen-specific immune
response [12, 13]. As such, DCs can be exploited to pres-
ent tumour antigens in order to induce a potent anti-tu-
mour immunity.

DCs can be generated ex vivo from leukaemic myeloid
blasts resulting in mature leukaemia-derived DC (DCj,,)
[14-16], characterised by the simultaneous expression of
dendritic cell antigens, leukaemia-specific antigens, and
CCR7 as maturation and migration marker [17, 18].
Thus, presenting the whole leukaemic antigen repertoire,
mature DCy,, have the competence to activate T cells and
likely natural killer cells (NK cells), cytokine-induced kill-
er cells (CIK cells), and invariant natural killer cells
(iNKT) to (re)gain leukaemia-specific activity [15, 16,
18-20].

Leukaemia-specific activity or rather cytotoxicity im-
plies a complex synergy of the innate and adaptive cellular
immune system as well as the humoral immune system.
Cytotoxicity is exerted by various innate and adaptive im-
mune cells via different mechanisms: through the (rather
early and fast) release of the cytolytic molecules perforin
and granzyme by degranulation, through the (rather late
and slow) interaction with the Fas ligand (FasL) and
TNF-related apoptosis-including ligand (TRAIL), and/or
through the secretion of tumour necrosis factor alpha
(TNFa) and interferon gamma (IFNy) [21-23]. Especial-
ly the latter, IFNy, has a wide-ranging role: it is not only
essential to regular immunity, promoting innate and
adaptive immune responses and thereby licensing im-

IFN Gamma Secretion of
Leukaemia-Specific Cells

mune cells to exert cytotoxicity, but also strongly associ-
ated with anti-tumour immunity, promoting tumour
surveillance, recognition, and elimination [24]. However,
it has been noted before that under certain circumstances
IFNy can also stimulate immune-suppressive mecha-
nisms in tumour cells, including upregulation of indole-
amine 2,3-dioxygenase and of checkpoint inhibitors such
as programmed cell-death ligand 1, leading to immune
escape [25, 26].

In the early phase of an immune response, IFNy is
mainly secreted by innate immune cells such as NK,
iNKT, DC, and macrophages upon activation [27, 28]. It
not only stimulates innate immune cells by enhancing
their effector mechanisms and IFNy secretion, but also
facilitates tumour recognition and elimination. By up-
regulation of the major histocompatibility complex
(MHC) class I and II antigen- and cross-presentation
pathways, as well as the MHC-II expression on classi-
cally non-MHC-II-expressing cells, it increases the per-
ceptibility of tumour cells to adaptive immune cells.
Moreover, by up-regulation of the expression of FasR,
FasL, TRAIL, caspase-1, -3, -7, -8, and BIM and down-
regulating the expression of survivin, it increases the sus-
ceptibility of tumour cells to extrinsic and intrinsic path-
ways of apoptosis [25, 26, 29-33]. Importantly, by pro-
moting the differentiation, proliferation, and activation
of helper T cells type 1 (Th1) and cytotoxic T cells (T¢c),
IFNy links the innate and adaptive immunity, thereby
commencing the advanced phase of an immune re-
sponse. Moreover, it inhibits the differentiation of helper
T cells type 2 (Th2) and regulatory T cells [26-28, 34]. In
the advanced phase of an immune response, IFNy is
mainly secreted by adaptive immune cells such as Thl
and Tc cells upon primary activation by DC or secondary
activation by its specific antigen. IFNy thereupon not
only stimulates adaptive immune cells by enhancing
their effector mechanisms and IFNy secretion, but also
innate immune cells [27, 28, 35]. That way, IFNy creates
a positive feedback loop and, together with further cyto-
kines, is able to stimulate and sustain an effective im-
mune response, incorporating both innate and adaptive
immune cells.

IFNy is considered as sine qua non for the immune
system. It is an important mediator of the innate and
adaptive immunity and plays a pivotal role in anti-tu-
mour immunity. A blockade of this critical cytokine re-
strains an effective immune defence [36, 37]. This insepa-
rable connection between IFNy and cell-based immunity
has lead us to hypothesise that IFNy could be a suitable
parameter to display leukaemia-specific activity and cy-
totoxicity. Particularly in respect to future applications,
IFNy readouts might have the potential to be a conve-
nient parameter to assess and monitor the efficacy of
AML immunotherapy.
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Table 1. Patients’ characteristics

Patient Age Sex FAB Stage Blast phenotype (CD) IC Cyto-, molecular genetics Source Conducted experiments
No. type blasts, %
AML
1489 55 f p-MO dgn 13, 33,34, 65,117 61 46, XX; FLT3-ITD mut, NMP1 mut MNC DCC, MLC, CTX, CSA
1490 65 m s-M? dgn 15,33,56,65 46 46, XY; del(20) (q12q13)[12]; NPM1 wt  MNC DCC, MLC, CTX, CSA
1509 60 m p-M2 dgn 13,33,34,65,117 48 46, XY; FLT3-TKD wt, NPM1 mut WB DCC, MLC, CTX, CSA, ICA
1511 78 m p-M4 rel 13,15, 33, 34, 65, 117 54 FLT3-ITD mut, RUNX1 mut WB DCC, MLC, CTX, CSA
1514 68 m s-M? dgn 33,56,117 36 46, XY; FLT3-TKD wt, NPM1 mut WB DCC, MLC, CSA
1515 67 f p-M2 dgn 33,34, 65,117 80 46, XX; FLT3-TKD wt, NPM1 mut WB DCC, MLC, CSA
1518 83 f p-M5 dgn 14,15, 34,65 72 46, XX; FLT3-TKD wt, NPM1 mut WB DCC, MLC, CSA, ICA
1521 56 m p-M4 dgn 13,15,33,34,65, 117 72 46, XY; FLT3-TKD mut, NPM1 mut WB DCC, MLC, CTX, CSA
1525 77 m p-Ml dgn 13,15,33,34,117 78 46, XY; FLT3-ITD wt, FLT3-TKD mut, WB DCC, MLC, CSA
NPMI1 mut
1526 74 f p-M? dgn 15,33, 34,56, 65,117 59 46, XX; FLT3-TKD wt, NPM1 mut WB DCC, MLC, CSA
1527 42 m p-M2 dgn 7,13,15,33,34,65,117 51 46, XY; FLT3-ITD mut, NPM1 mut WB DCC, MLC, CTX, CSA, ICA
1531 71 m p-M4/5 dgn 13,33,34,117 24 n.d. WB DCC, MLC, CSA, ICA
1536 61 m p-M5 dgn 14,34,56 73 46, XY; NPM1 mut WB DCC, MLC, CTX, CSA
1562 37 m p-Ml dgn 2,7,13,34,117 82 46, XY; del(2) (q21), der(14) t(2; 14) WB DCC, MLC, CTX, CSA
(921; 32)[71/46,XY[3]; FLT3-TKD mut,
RUNXI mut
1565 62 f p-M4 dgn 13,15,34,65,117 31 46, XX WB DCC, MLC, CTX, CSA
1567 98 f p-M? dgn 14,15,34,56 57 46,XX del(5q31), del(5q32-33), MECOM WB DCC, MLC, CTX, CSA
rearrangement inv(3) (q21q26.2)/t(3; 3)
(q21;926.2); FLT3-TKD wt, NPM1 wt
1568 29 m p-M? dgn 10,13,33,34 79 46, XY WB DCC, MLC, CTX, CSA
1570 36 f p-M? dgn 7,13,14,33,34,117 33 46, XX; NPM1 mut WB DCC, MLC, CTX, CSA
1572 64 f p-M? dgn 13,33,34,65,117 50 46, XX; RUNX1 mut, EZH2 mut, BCOR WB DCC, MLC, CTX, CSA, ICA
mut, U2AF1 mut, ASXL1 mut
Healthy
1486 57 f MNC CSA
1499 21 f MNC, WB DCC, MLC, CSA
1505 22 m MNC, WB DCC, MLC, CSA
1523 17 m WB DCC, MLC, CSA

The aim of the study was to generate DC/DCy, with
immunomodulatory Kit-I and Kit-M (DC/DCj,-Kit-I
and DC/DCy,-Kit-M) from leukaemic whole blood
(WB) and therewith stimulate autologous T cell-en-
riched immunoreactive cells. We investigated the result-
ing anti-leukaemic cytotoxicity with a cytotoxicity fluo-
rolysis assay (CTX) and the resulting IFNy secretion of
innate and adaptive immune cells with a cytokine secre-
tion assay (CSA). IFNy production was additionally
evaluated with an intracellular cytokine assay (ICA). Ul-
timately, we correlated the IFNy secretion with the anti-
leukaemic cytotoxicity of DC/DCj,-stimulated immu-
noreactive cells.

Material and Methods

Sample Collection

Sample collection was conducted after obtaining written in-
formed consent of the blood donor and in accordance with the
World Medical Association Declaration of Helsinki and the ethic
committee of the Ludwig Maximilian University Hospital Munich
(vote No. 33905). Samples in form of heparinised peripheral WB
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were provided by the University Hospitals of Augsburg, Olden-
burg, and Munich.

Patients’ Characteristics

Blood samples were obtained from AML patients (n = 19)
with a mean age of 62.2 years (range 29-98 years) and a female-
to-male ratio of 1:1.4, and from healthy volunteers (n = 4) with a
mean age of 29.3 (range 16-57 years) and a female-to-male ratio
of 1:1. AML patients were characterised by the French-Ameri-
can-British (FAB) classification (M1-M?7), the aetiology (primary
AML, secondary AML), the stage of disease (first diagnosis, re-
lapse), the blast phenotype, the blast frequency in peripheral
blood, and the cyto- and molecular genetics. An overview is giv-
en in Table 1.

AML patients presented in WB/mononuclear cells (MNC)
with an average of 57.6/53.6% leukemic blasts (range 23.7-
80.4/45.9-61.2%), 11.4/1.4% TP cells (range 0.9-19.4/0.5-
2.2%), 3.3/7.6% BCPY* cells (range 0.1-3.9/0.7-14.6%), 2.8/0.7%
NKEP5¢* cells (range 0.3-8.1/0.5-0.9%), and 5.3/2.7% monocy-
tesCP14* (range 0-16.3/1.6-3.7%). In cases with aberrant expres-
sion of T, B, NK, or monocytoid antigens, proportions were not
included in the analyses.

Cell Characterisation by Flow Cytometry
Flow cytometric analyses were implemented to evaluate and
quantify frequencies, phenotypes, and subsets of leukaemic blasts,

Klauer et al.



Table 2. Cells and cell subsets as evaluated by flow cytometry

Abbreviation Surface marker Referred to Abbreviation Ref.
of subgroups
Blast cells
Blasts BLA BLA* (CD15%, CD34*, WB or MNC BLA/WB or/MNC [17]
CD65%, CD117%)

Proliferating blasts BLAr01 BLA*DC CD71* BLA BLAo//BLA [39]
Dendritic cells
Dendritic cells DC DC* (CD80*, CD206%) WB or MNC DC/WB [17]
Leukaemia-derived DC DCieu DC*BLA™ WB or MNC DCieo/WB or /MNC [17]

DC DCy/DC

BLA DCjeo/BLA
Mature DC DCpat DC*CCR7* WBor MNC  DCp,/WB or /MNC [18]

DC DC,./DC
Mature DCje, DChatleu DC'BLA*CCR7* WB or MNC DCleu-mat/ WB or /MNC

D Cleu D Cleu-mat/ DCleu

DCmat Dcleu—mat/DCmat
Monocytoid cells
CD14* monocytes monocytes®P4*  CD14* WB monocytes®P14/WB [18]
T cells
CD3* pan T cells TCD3+ CD3* WB or MNC TCP3/WB or MNC [75]
CD4*-coexpressing T cells TCD4+ CD3*CD4* CD3* TCP4/CD3* [75]
CD8*-coexpressing T cells TCD8+ CD3*CD8" CD3* TCP8+/CD3* [75]
Naive T cells Toaive CD3*CD45RO" CD3* Thaive/ CD3* [41]
Non-naive T cells Thon-naive CD3*CD45RO* CD3* Thon-naive/ CD3" [41]
Central (memory) T cells Tem CD3*CD45RO*CCR7* CD3* Ten/CD3* [41]
Effector (memory) T cells Tem CD3*CD45RO*CCR7~ CD3* Tem/CD3* [41]
Proliferating T cells - early Tprol-carly CD3*CD69* CD3* Tprol-carly/ CD3" [75]
Proliferating T cells - late Tprol-late CD3*CD71* CD3* Tprol-lae/ CD3* [75]
B cells
CD19" B cells BCDIO+ CD19* WBor MNC  BEPY¥*/WB or /MNC [20]
CIK cells
CD3*CD56* CIK cells CIKCP36+ CD3*CD56* WB or MNC CIKCP56+/WB or /MNC [20]
CD3*CD161" CIK cells CIKCP1ot CD3*CD161* WBor MNC  CIKCPIM/WB or /MNC
NK cells
CD3-CD56" NK cells NKCDS6+ CD3-CD56* WBor MNC  NKCP56+/WB or /MNC [20]
CD3°CD161* NK cells NKCDP161+ CD3-CD161* WB or MNC NKCP16+/WB or /MNC
iNKT cells
6B11" iNKT cells iNKT 6B11+ WB or MNC iNKT/WB or /MNC [20]
IENy-secreting cells
IFNy-secreting CD3* pan T cells CD3*IFNy* CD3* TCPHTENy*/TCP3*
IFNy-secreting CD4*-coexpressing T cells CD3*CD4'IFNy* CD3*CD4* TCEPHIENy/TCP4
IFNy-secreting CD8*-coexpressing T cells CD3*CD8'IFNy* CD3*CD8" TCDSIENy*/TCD8*
IFNy-secreting CD3*CD56" CIK cells CD3*CD56TFNy* CD3*CD56" CIKCD%*IFNy*/ CIKCP36+
IFNy-secreting CD3*CD161* CIK cells CD3*CD161"IFNy* CD3*CD161*  CIKCPIOMIFNy*/CIKCPIo1*
IFNy-secreting CD3-CD56* NK cells CD3-CD56'IFNy* CD3-CD56* NKCPS6+IFNy*/NKCP>6+
IFNy-secreting CD3"CD161* NK cells CD3"CD161'IFNy* CD3°CD161*  NKCPIHIENy*t/NKCPIo
IFNy-secreting 6B11* iNKT cells 6B117IFNy* 6B11* iNKT*IFNy*/iNKT*

Surface marker combinations for flow cytometric staining and analysis.

DCs, monocytes, B cells, T cells, NK cells, CIK cells, and iNKT
cells. Abbreviations of all cell types are given in Table 2.
Cellswere stained with various monoclonal antibodies (moAbs)
labelled with fluorescein isothiocyanate (FITC), phycoerythrin
(PE), phycoerythrin-cyanine7 tandem conjugate (PE-Cy7), or al-
lophycocyanin (APC). Antibodies were provided by Beckman
Coulter* (Krefeld, Germany), Becton Dickinson® (Heidelberg,
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Germany), Miltenyi Biotec® (Bergisch Gladbach, Germany), Bio-
Legend? (Koblenz, Germany), and Santa Cruz Biotechnology®
(Heidelberg, Germany). For analyses FITC-conjugated moAbs
CD3" CD14% CD15% CD45R0? CD65% CD71% CD161°, IPO38;
PE-conjugated moAbs CD3?, CD4P, CD34% CD56%, CD65¢, CD80?,
6B11°, TFNy%; PE-Cy7-conjugated moAbs CD3?, CD4% CD14,
CD33% CD34% CD65¢, CD117?%, CD197° APC-conjugated moAbs
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Table 3. DC/DCleu-generating protocols

DC/DCey DC/DCe, Composition (total) Time of Time of culture Reference
protocol source addition
Pici-pgr1 MNC GM-CSF 500 U/mL do 9 days (38]
IL-4 250 U/mL do
OK-432 10 pg/mL 7
PGE, 1 pug/mL d7
Kit-I WB GM-CSF 800 U/mL do, d2-3 7-8 days [Unpublished data]
OK-432 10 pg/mL do, d2-3 European Patent No.
15801 987.7-1118
Kit-M WB GM-CSF 800 U/mL do, d2-3 7-8 days [Unpublished data]
PGE, 1 pg/mL do, d2-3 European Patent No.
15801 987.7-1118
Mode of action GM-CSF Induction of myeloid and DC differentiation [16, 38]
IL-4 Induction of DC differentiation
OK-432 Danger signalling, stimulation of DC differentiation
PGE, Danger signalling, stimulation of DC maturation and

migration (via CCR7 expression)

GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-4, interleukin 4; OK-432, Picibanil; PGE,, prostaglandin E,; d day.

CD3? CD14% CD19% CD34% CD56% CD69", CD117¢, CD206",
6B11¢ were used. Non-viable cells were detected with 7AADP.

In preparation of staining, erythrocytes in WB samples were
lysed using lysing buffer (Becton Dickinson) according to the
manufacturer’s instructions. Staining was performed by a 15-min
incubation of cells with the corresponding moAbs in the dark at
room temperature using a staining medium containing 95% PBS
(Biochrom, Berlin, Germany) and 5% FCS (Biochrom). Intracel-
lular staining (e.g., IPO38, IFNy) was performed with the
FIX&PERM Cell Fixation and Cell Permeabilisation Kit (Thermo
Fisher Scientific, Darmstadt, Germany).

Stained cells were analysed with the fluorescence-activated cell
sorting flow cytometer FACS Calibur (Becton Dickinson) and the
acquisition and analysis software CellQuestPro (Becton Dickin-
son). Isotype controls were conducted according to the manufac-
turer’s instructions.

Sample Preparation

MNC were isolated from WB by density gradient centrifuga-
tion using the Ficoll-Hypague technique and a separating solution
with a density of 1.077 g/mL (Biocoll, Biochrom). T cells were iso-
lated from MNC using the MACS microbead and column-based
immunomagnetic cell separation technology (Miltenyi Biotec) via
positive selection of CD3* cells according to the manufacturer’s
instructions. Purity of isolated T cells was on average 80.5% (range
57.7-95.3%). MNC and T cells, unless directly used, were frozen
with 70% RPMI-1640 medium (Biochrom), 20% human serum
(HealthCare Europa GmbH, Vienna, Austria), 10% dimethyl sulf-
oxide (Sigma Aldrich Chemie GmbH, Steinheim, Germany),
stored at —80°C and thawed when required.

Dendritic Cell Culture

The generation of DC/DC, was performed by the stimulation
of MNC or WB with specific response modifiers, including granu-
locyte-macrophage colony-stimulating factor (GM-CSF) (Sanofi-
Aventis, Frankfurt, Germany), interleukin 4 (IL-4) (PeproTech,
Berlin, Germany), Picibanil (OK-432) (Chugai Pharmaceutical Co.,
Kajiwara, Japan), and prostaglandin E1 (PGE;) (PeproTech). Com-
positions of DC/DC,-generating protocols are given in Table 3.
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DC/DCj, from healthy and leukaemic MNC were generated
with the DC/DCj,,-generating protocol Pici-pgg; [38]. For this,
3-4x 10 MNC were cultured in 12-multiwell culture plates (Ther-
moPFisher Scientific) and diluted with 2 mL x-vivo 15 medium
(Lonza, Basel, Switzerland). Response modifiers were added to the
cultures (further referred to as MNCPC®) according to the proto-
col. A culture without added response modifiers served as negative
control (MNCPC(Centroly A half-medium exchange was carried
out every 2-3 days. Cells were harvested after 9 days.

DC/DCj, from healthy and leukaemic WB were generated
with the DC/DC,-generating protocols Kit-I and Kit-M [unpub-
lished data] [38]. For this, 500 uL WB (corresponding to 5.0-30.3
x 10° MNC) were cultured in 24-multiwell culture plates (Ther-
moFisher Scientific) and diluted with 500 pL x-vivo 15 medium.
Response modifiers were added to the cultures (further referred to
as WBPCW, WBPCM) according to the protocol. Likewise, a cul-
ture without added response modifiers served as negative control
(WBPC(Control)y "Cells were harvested after 7-8 days.

DC cultures as well as subsequent mixed lymphocyte cultures
(MLC) were incubated at 37°C, 21% O,, and 5% CO,. In some
cases, additional cultures were incubated simultaneously in hy-
poxia-like conditions (37°C, 10% O,, 10% CO5).

Flow cytometric analyses of leukaemic blasts, DC, DCj,, and
DCyx were performed before and after dendritic cell culture

Fig. 1. Flow cytometric analyses. A Conversion of myeloid blasts
into DCy,, through blastmodulatory Kit-I and Kit-M. Exemplary
plots show DCj,, characterised by the co-expression of the blast
marker CD117 and the DC marker CD206, in uncultured WB,
WRBPC(Control) - WBDCM) - and WBPCM, B Gain of maturation
through Kit-I and -M. Exemplary plots show DC,,,, characterised
by the co-expression of the DC marker CD206 and the maturation
marker CCR7, in WBPC(Control) yyBDCM) and WBPCM), € Gating
of IFNy-secreting T®P3* (CD3*IFNy"), T°P4* (CD3*CD4*IFNy"),
and TCP$* (CD3*CD47IFNy*) cells as detected by CSA.
D Comparison of IFNy-secreting T°P** (CD3*IFNy") cells in
WBDC(Control)-MLC) WBDC(M)-MLC’ and WBDC(I)-MLC. Abbreviations
of all cell types are given in Table 2.

(For figure see next page.)
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(DCC) using a refined gating strategy [unpublished data] [16, 17,
39]. DCy,, were analysed by the co-expression of at least one blast
marker (CD15, CD34, CD65, CD117) including lineage-aberrant
markers (CD 56) and one DC marker that had not been expressed
on naive blasts (CD80, CD206; of which CD80 qualified in 82.4%,
CD206 in 94.1%, and both CD80 and CD206 in 76.5% of cases).
Maturation of DC/DCy,, was analysed by the further co-expression
of CCR?7 (Fig. 1A, B). Premise for DC subgroup analyses was the
presence of 5% DCs in the total cell fraction.

We conducted preliminary experiments to assess the feasibility
and comparability of DC/DCj, generation in different settings. As
these experiments and previous studies [unpublished data] [38,
40] affirmed the feasibility and comparability with Pici-pgg; in
healthy and leukaemic MNC, with Kit-I and Kit-M in healthy and
leukaemic WB, as well as under hypoxia-like and normoxia-like
conditions (data not shown), further experiments were conducted
on leukaemic WB to adapt to more physiological conditions, un-
der normoxia-like conditions.

Mixed Lymphocyte Culture

Consecutive generation of T cell-enriched immunoreactive
cells was performed by the stimulation of autologous T cells with
DC/DC,-containing MNCP® or WBPC,

Based ona MNC model, 1 x 10T cells and a fraction of MNCP€
containing 0.25 x 10° DC/DCj,, were co-cultured in a 24-multiwell
culture plate (total cell count 1.7-4.8 x 10 MNC) and diluted in 1
mL RMPI-1640 medium containing 100 U/mL penicillin (Bio-
chrom) and 15% human serum. 50 U/mL IL-2 were added on da
0 and day 2-3 to all cultures (further referred to as MNCPC(P)-MLC,
MNCP(Control-MLC) ' A half-medium exchange was carried out ev-
ery 2-3 days. Cells were harvested after 7-9 days.

Based on a WB model, 1 x 10° T cells and a fraction of WBP¢
containing 0.25 x 10 DC/DC, were co-cultured in a 24-multiwell
culture plate (total cell count 1.8-9.4 x 105 MNC) and diluted in
1 mL RMPI-1640 medium containing 100 U/mL penicillin. 50 U/
mL IL-2 were added on day 0 and day 2-3 to all cultures (further
referred to as WBDC(I)-MLC, WBDC(M)-MLC, WBDC(Control)-MLC). Cells
were harvested after 6-7 days.

Flow cytometric analyses of T-cell subsets were performed be-
fore and after MLC using a refined gating strategy [18, 19, 41].

We conducted preliminary experiments to assess the feasibility
and comparability of DC/DCj,, stimulation on immunoreactive
cells and its resulting anti-leukaemic cytotoxicity in different set-
tings. As these experiments affirmed the feasibility and compara-
bility in (healthy and) leukaemic MNC and WB (data not shown),
further experiments were conducted on leukaemic WB to adapt to
more physiological conditions.

Cytotoxity Fluorolysis Assay

A fluorolysis assay was performed to analyse the lytic activity
of T cell-enriched immunoreactive cells against leukaemic blasts
(further referred to as anti-leukaemic cytotoxicity) of MNCPC-MLC
and WBPCMLC [18]. Therefore, a fraction of MNCPSMLC and
WBPCMLC containing 1 x 10° T cells (effector cells) and 1 x 10°
thawed autologous leukaemic blasts (target cells) were co-cultured
(total cell count 2.3-6.0 x 10° MNC) diluted in 1 mL RMPI-1640
medium containing 100 U/mL penicillin and 15% human serum
for 3 and 24 h at 37°C, 21% O,, 5% CO,. Target cells were stained
with FITC-, PE-, or APC-conjugated blast-specific moAbs before
culture, and with 7AAD and a defined number of fluorosphere
beads (Beckman Coulter) after culture when harvested. All assays
were performed in combination with a control, for which effector
and target cells were cultured analogously but separated and only
merged prior to flow cytometric analyses.
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Flow cytometric analyses were performed using a refined gat-
ing strategy [18]. Achieved anti-leukaemic cytotoxicity is de-
scribed as “blast lysis” defined as the percentual difference of viable
target cells between the effector-target cell culture and the control,
“cases with blast lysis” defined as the proportion of cases with blast
lysis >0%, “improved blast lysis” defined as the percentual differ-
ence of the blast lysis of WBPCI-MLC op WBPCM-MLE 554
WRBPC(ControDMLC 3 d “cases with improved blast lysis” defined as
the proportion of cases with improved blast lysis >0%.

Cytokine Secretion Assay

For the detection of IFNy-secreting cells in MNC, MNCP¢
MLE WB and WBPCMLC, an TFNy secretion assay (Miltenyi Bio-
tec) was performed. According to the manufacturer’s instruc-
tions, cells were firstly labelled with an IFNy Catch Reagent
(Miltenyi Biotec), a bi-specific moAB directed against the pan-
leukocytic marker CD45 and IFNy. By connecting to leukocytes
during a non-IFNy-secretion period (10 min, on ice), followed by
connecting to IFNy during an IFNy-secretion period (45 min,
37°C), IENy could be bound to the positive secreting cells. For
detection by flow cytometry, cells were secondly labelled with an
IFNy-specific PE-conjugated IFNy Detection Antibody (Milte-
nyi Biotec).

In some cases, an additional stimulation of MNC, MN
WB, and WBPCMLC was performed prior to the CSA, for which
cells were incubated for 4 h with a leukaemia-associated antigen
(LAA) suspension containing 50 ug/mL WT-1 (Miltenyi Biotec)
and 50 pg/mL PRAME (Miltenyi Biotec) or with 1 ug/mL staphy-
lococcal enterotoxin B (SEB, Sigma Aldrich Chemie GmbH).

For flow cytometric analyses of IFNy-secreting cells, cells were
co-stained with FITC-, PE-Cy7-, and APC-conjugated moAbs.
Analyses of IFNy-secreting T, NK, CIK, and iNKT cells were per-
formed with a gating strategy described in Figure 1C, D.

We conducted preliminary experiments to assess the feasibil-
ity of the CSA in different settings. As these experiments af-
firmed the feasibility in uncultured and cultured, healthy and
leukaemic, MNC and WB, as well as under hypoxia-like and nor-
moxia like conditions, with comparability in MNC and WB and
under hypoxia-like and normoxia-like conditions (data not
shown), further experiments were conducted on leukaemic WB
to adapt to more physiological conditions, under normoxia-like
conditions.

DC-ML
C C C,

Intracellular Cytokine Assay

For the detection of intracellular IFNy in WB and WBPS-MLC,
an intracellular cytokine assay was performed. To avoid cytokine
secretion during the assay, cells were firstly incubated with brefeld-
in A (1000X, BioLegend) concentrated at 1:1,000 for 15 h. Intracel-
lular staining of IFNy subsequently was procured using the
FIX&PERM Cell Fixation and Cell Permeabilisation Kit according
to the manufacturer’s instructions. For flow cytometric analysis of
IFNy-producing cells, cells were co-stained with FITC-, PE-Cy7-,
and APC-conjugated moAbs. Analyses of IFNy-secreting T, NK,
CIK, and iNKT cells were performed with the same gating strategy
as used for the CSA.

Statistical Methods

Data is presented as mean + standard deviation (SD). Statistical
comparisons for two groups were performed using the two-tailed
t test and the Pearson correlation coefficient. Significance was de-
fined as “not significant” (n.s.) with p values >0.10, as “borderline
significant” with p values 0.10 to 0.05, and as “significant” with p
values <0.05. Correlation was defined as “negligible” with r values
0.00 to 0.30 (—=0.00 to —0.30), as “low” with r values 0.30 to 0.50
(—0.30 to —0.50), as “moderate” with r values 0.50 to 0.70 (—0.50 to
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-0.70), and as “high” with r values 0.70 to 1.00 (-0.70 to —1.00).
Statistical analyses and figures were implemented with GraphPad
Prism 8 (GraphPad Software, California, USA) and Pages 8.2 (Ap-
ple, California, USA).

Results

Generation of Mature DC/DCy,,, from Leukaemic WB

without Induction of Blast Proliferation

We were able to generate significantly higher frequen-
cies of DC/WB and DCy.,/WB with Kit-I and Kit-M com-
pared to control, with significantly higher frequencies in
WBPCW than WBPCM), Differentiating DC, in its sub-
groups showed significantly higher frequencies of DCy,,/
BLA as well as of DC;.,/DC in WBP®®W and WBPCM)
compared to WBPC(Contro) - Erequencies of DCj,/BLA

and DCy./DC did not differ significantly in WBPCW
compared to WBPCM (Fig, 1A, 2A, B).

We furthermore evaluated the maturation of DC and
found significantly higher frequencies of DC,,,,/WB and
DCat1eo/ WB and no significantly different frequencies
of DCpp/DC in WBPC® and WBP®™ compared to
WBPC(ControD " Differentiating DCppay.1eu in its subgroups
showed no significantly different frequencies of
DCatten/DCiat @and no significantly different frequen-
cies of DCpatien/DCley in WBPCWD and WBPCM) com-
pared to WBPC(Controh) - Erequencies of DCp, and
DCpat 1eq in depicted cell groups did not differ significant-
lyin WBPCO compared to WBPCM) (Fig. 1B, 2A, B).

Reviewing the effect of Kits on the proliferation of
non-converted blasts during DCC, we found no signifi-
cant shift of BLA,,,;//BLA in WBP“® and WBP“™) com-
pared to WBPC(Control) (Eig 2 A),
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Fig. 3. Stimulatory effect of DC/DC, on the composition of immunoreactive cells. Given are the mean +
SD of T-cell subsets in the CD3" cell fraction before (WBPC(ControDy ang after (WBPCUD-MLC
WBPCM)-MLE ypDC(Contro)-MLCY D C/DCy,, stimulation. Statistically significant (p values <0.05) and borderline
significant (p values 0.10 to 0.05) differences are given. Abbreviations of all cell types are given in Table 2.

Fig. 4. Stimulatory effect of DC/DCy, on the cytotoxic activity of immunoreactive cells as measured by CTX.
Given are the proportions of cases with blast lysis (“% cases with blast lysis”) and the mean + range of lysed blasts
(“% lysed blasts”) in WBPCWH-MLC 3y BDCM)-MLC 3y WBDPC(Control)-MLC 4fter 3 b (A) and 24 h (C), and the “best”
achieved blast lysis after 3 h or 24 h (E); the proportions of cases with an improvement in blast lysis (“% cases
with improved blast lysis”) and the mean + range of improved lysed blasts (“% improved lysed blasts”) in WBP¢®-
MLC and WBPCM-MLE i relation to WBPC(Contro)-MLC after 3 1 (B) and 24 h (D), and the “best” achieved improve-

ment in blast lysis after 3 h or 24 h (F).
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Stimulatory Impact of DC/DCy,,, on T Cell-Enriched

Immunoreactive Cells

DC/DC, and IL-2 Stimulation Increases T-Cell

Activation

To assess the potential stimulating effect of generated
DC/DCy, on immunoreactive cells in the presence of
IL-2, T-cell compositions were compared before
(WBDC(Control)) and after (WBDC(I)—MLC’ WBDC(M)—MLC,
WBDC(Control)—MLC) MLC. Frequencies of TCD4+, TCD8+’
Tprol—early: Tprol—late: Tnaive) Tnon—naive: Tcm> and Teff cells were
analysed in reference to T°P3* cells.

We noticed a generally higher activation status of
cells in WBPCH-MLC WBDCMI-MLC a5 well as in
WBPC(ControD-MLC compared to WBPC(Control - character-
ised by a significant increase of early and late proliferating
T cells, a significant shift from naive to non-naive T cells,
and a (significant) increase of central and effector
memory T cells. TP** and TP8* cells did not show any
significant ~ transformations. =~ When  comparing
WBDC(I)—MLC’ WBDC(M)—MLC, and WBDC(Control)-MLC, no
significant differences in T cell compositions could be
found (Fig. 3).

DC/DC, Stimulation Increases Anti-Leukaemic

Cytotoxicity

We analysed the lytic activity of WBPCM-MLC
WBPCM)-MLE apnd WBPC(ControD-MLE throyugh CTX after 3
h and 24 h of incubation of effector and leukaemic target
cells, to assess the anti-leukaemic cytotoxicity of DC/
DCe,-stimulated immunoreactive cells.

As early as 3 h, we could observe a lysis of target cells
in WBPCM-MLC 34 wvell as WBPCMI-MLC jn about a quarter
of the cases, but in WBPC(Contro)-MLC 53 ahout a half of
the cases. Average frequencies of lysed blasts were (n.s.)
higher in WBPCO-MIC than in WBPCM-MLC apg
WBPC(Control-MLC (Ejg 4A). After 24 h, more cases of
WBPCH-MLC - apnd  WBPCMI-MLC byt less cases of
WRBPC(Controh)-MLC attained lysis. Average frequencies of
lysed blasts decreased (n.s.) in WBPCOD-MLC apnd
WBDPC(Contro)-MLC {4t jncreased (n.s.) in WBPCM)-MLC
whereby frequencies in WBPCW-MLC apd WBPCM)-MLC
were (n.s.) higher than in WBPC(Contro)-MLC (Ejg  4C),
Notably, in cases without lysis, frequencies of blasts
showed no significant difference between WBPCM-MLC
WBDC(M)-MLC’ and WBDC(Control)—MLC'

Concerning the lysis of target cells in WBPC(-MLC apd
WBPCM-MLE i relation to WBPC(Contro)-MLC 4 fier 3 h,
we could observe an improvement in lysis in WBP¢()-MLC
as well as WBPCM)-MLC ip about half of the cases. Average
improved lysed blasts were (n.s.) higher in WBPC(-MLC
than in WBPCM)-MLC (Fig 4B). After 24 h, more cases of
WBPC-MLE 3nd WBPCM)-MLE jttained an improvement
in lysis. Average improved lysed blasts in WBPC(M)-MLC
thereby increased (n.s.) to levels of WBPC(I)-MLC (Fig 4D).
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Notably, in cases without an improvement in lysis, fre-
quencies of blasts showed no significant difference be-
tween WBPCW-MLC apd WBPCM)-MLC,

Overall, choosing the best anti-leukaemic cytotoxicity
after 3 or 24 h, we found higher numbers of cases with
lysis in WBPCMIMLE thap jn  WBPCWMLE  apd
WBPC(Control)-MLC = Average frequencies of lysed blasts
were (n.s.) higher in WBPCW-MLC and WBPCM)-MLC thap
in WBPC(ControD)-MLC ' yith equal averages in WBPC(-MLC
and WBPCMI-MLC (Fjg  4F). WBPC-MLC  apd
WBPCM)-MLC attained equal proportions of cases with an
improvement in lysis and equal averages of improved
lysed blasts (Fig. 4F). There was no significant difference
in the frequencies of blasts in cases without lysis between
WBDC(I)—MLC) WBDC(M)—MLC’ and WBDC(Control)-MLC and in

cases without an improvement in lysis between
WBDC(I)—MLC and WBDC(M)—MLC.

Stimulatory Impact of DC/DCj,,, on the IFNy Secretion

of T Cell-Enriched Immunoreactive Cells Detected via

CSA

Analysis of IFNy Secretion

The IFNy secretion of innate and adaptive immune
cells was determined through CSA before (uncultured
WB) and after (WBPC-MLC \BDCIM-MLC
WBPC(Control-MLCY DC/DCy,, stimulation. Frequencies of
IFNy—secreting TCD3+, TCD4+, TCD8+’ CIKCD56+, NKCD56+’
CIKCP161+ NKEPI6+ and iNKT cells were analysed.

No Spontaneous Activation of Immunoreactive Cells

during DCC and MLC

We compared frequencies of IFNy-secreting immu-
noreactive cells in uncultured WB to WBPC(Contro)-MLC 4,
assess the effect of cultivation (DCC and MLC). We found
low frequencies of IFNy-secreting cells in uncultured
WB. Comparing uncultured WB to WBPC(Control)-MLC
showed no significant differences, besides significantly
lower frequencies of NKCPOMIENy*/NKCPOF ip
WBDC(Control)—MLC (Fig. 5)‘

DC/DC, Stimulation Increases IFNy Secretion of

Adaptive and Innate Immunoreactive Cells

To assess the effect of DC/DC, stimulation on the se-
cretion of IFNy, we compared frequencies of IFNy-
secreting immunoreactive cells in WBPC-MLC

WBPCM-MLC 4 yncultured WB  as
WBDC(Control)—MLC‘

well as to

Regarding cells of the adaptive immune system, we
found significantly higher frequencies of T¢P3*IFNy*/
TCP3* in WBPCO-MLC 3pnd WBPCMI-MLC  compared
to uncultured WB and WRBPC(Contro)-MLC (e
WBPCW-MLC holding significantly higher frequencies
than WBPCMIMLE Moreover, we could detect signif-
icantly higher frequencies of TP*IFNy*/TP* and

Klauer et al.
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TCD8+IFNY+/TCD8+ in WBDC(I)—MLC and WBDC(M)—MLC
compared to uncultured WB and WBPC(Control)-MLC
Frequencies of both cell groups were (n.s.) higher in
WBPCH-MLE compared to WBPCM)-MLE (Fig, 1C, 5).

Regarding cells of the innate immune system, we
found (significantly) higher frequencies of NK“P>*TFNy*/
NKCDS6+ and NKCD161+IFNY+/NKCD161+ in WBDC(I)-MLC
and WBPCMMLC compared to uncultured WB and
WBDC(Control)—MLC’ beside NKCD161+IFNY+/NKCD161+
showing no significant difference compared to uncul-
tured WB and WBPC(Contro)-MLC 'yith (n.s.) higher fre-
quencies in WBPC-MLC than WBPCM-MLC Moreover,
we could detect (significantly) higher frequencies of
CIKCDS6*TFNy*/CIKCPS6*  and ~ CIKCDIS+IENy*/
CIKCP161+ jn WBPCID-MLE 3 WBPCM)-MLC compared to
uncultured WB and WBPC(Contro)-MLC ' with (n.s.) higher
frequencies in WBPCW-MLC than WBPCM-MLC N sig-
nificant differences could be found in the frequencies of
iNKT*IFNy*/iNKT* in WBPCW-MLC apd WBPCM)-MLC
compared to WBPC(ControD-MLC though compared to un-
cultured WB (Fig. 5).

IFN Gamma Secretion of
Leukaemia-Specific Cells

No Impact of Age, Sex, and Blast Frequency on

Stimulation of IFNy Secretion

Overall, the stimulation of IFNy secretion was possible
with both DC/DC,-Kit-I and -Kit-M and independent
from patients’ age, sex, or blast frequency (data not shown).

LAA Stimulation Does Not Further Increase IFNy

Secretion of DC/DCj,-Stimulated Immunoreactive

Cells

To assess whether DC/DCy,-stimulated adaptive im-
munoreactive cells have been subject to LAA-dependent
activation, we added the two LAA WT-1 and PRAME to
uncultured WB, WBPCO-MLC WRDCM)-MLC ™ apnd
WBPC(Contro)-MLC The addition of LAA did (n.s.) increase
frequencies of IFNy-secreting cells in uncultured WB and
WBPC(Contro)-MLC '\whereas it did not further increase fre-
quencies of IFNy-secreting cells in WBPCW-MLC and
WBPCM)-MLC (data not shown).

Positive Correlation of IFNy-Positive Immunoreactive

Cells Obtained by CSA and ICA

In order to validate frequencies of IFNy-producing
immunoreactive cells obtained by CSA, we performed
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Fig. 6. Correlation of the IFNy production of immunoreactive cells
(TCD3+, TCD4+ TCD8+ CTKED6+ NKCP6+ iNKT cells) obtained by
CSA and ICA. Statistically significant (p values <0.05) correlations
are given. Abbreviations of all cell types are given in Table 2.

parallel ICAs and correlated the results. There was a sig-
nificantly high positive correlation (r = 0.793) between
frequencies obtained by CSA and frequencies obtained by
ICA (Fig. 6). Both the CSA and ICA hereby yielded com-
parable frequencies of IFNy-positive TCP3*, TCD4+ TCD8+
CIK®P36*, NKP*¢*, and iNKT cells.

Positive Correlation of IFNy Secretion and Anti-
Leukaemic Cytotoxicity of DC/DC,,,-Stimulated
Immunoreactive Cells

To assess the relationship between the IFNy secretion
and anti-leukaemic cytotoxicity of DC/DC,-stimulated
immunoreactive cells, we correlated the absolute im-
provement of IFNy secretion with the relative im-
provement of blast lysis (= improved blast lysis) in
WBPCM-MLC i proportion to WBPC(Contro)-MLE 1y
fortunately, both groups could not be correlated in
WBPCU-MLE due to low case numbers.

The IFNy secretion did not correlate with anti-leukae-
mic cytotoxicity after 3 h, but after 24 h: within the adaptive
immune cells, we found a significantly moderate positive
correlation between TCP**TFNy*/T¢P3* and blast lysis (r =
0.600) and between TP TFNy*/TP8* and blast lysis (r =
0.596), and a significantly high positive correlation between
TCPHIENY*/ TP and blast lysis (r = 0.716) (Fig. 7A-C).
Moreover, within the innate immune cells, we found a sig-
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nificantly high positive correlation between NK“P>¢*TFNy*/
NKCP%¢* and blast lysis (r = 0.976). Other innate immune
cells showed no further significant correlations (Fig. 7D).

Discussion

DC-Based Immunotherapy for AML

Based on the realisation that the immune system can
be exploited to take control over AML, different immu-
nological strategies have been developed to prompt a po-
tent anti-leukaemic immunity. Here, targeted immuno-
therapeutic strategies relying on antibodies, engineered
T-cell receptors and T cells engineered to express chime-
ric antigen receptors have shown promising results [42-
44]. Targeted immunotherapy, however, depends on a
competent target antigen to assure on-tumour effectivity
but prevent off-tumour toxicity. Yet, selecting a proper
leukaemic target antigen proves to be difficult due to a
pervasive expression pattern overlapping with healthy
tissues and haematopoiesis [10, 43, 45, 46]. However,
there are strategies which are able to overcome this ob-
stacle, most notably DC-based strategies. DCs generated
from myeloid leukaemic blasts (DCy,,) are able to simul-
taneously express dendritic- and leukaemia-specific anti-
gens and thereby prime and enhance leukaemia-specific
immune responses with the whole leukaemic antigen rep-
ertoire ex and in vivo [11, 47-52], breaking the burden of
finding an appropriate target antigen.

DC/DC,,,, Generation and Their Stimulatory Impact

on the Anti-Leukaemic Activity of T Cell-Enriched

Immunoreactive Cells

We generated DC and DCy,, from leukaemic WB ex
vivo with immunomodulatory Kit-I and Kit-M. Frequen-
cies of DC and DC,, were significantly higher in WBPC(™
and WBPCD compared to WBPC(Control) yyith significant-
ly higher frequencies in WBP¢® than WBP¢™), Both DC
and DC, showed a significant proportion of mature DC.
This stimulation of maturation and CCR7-dependent
migration to lymph nodes, as achieved by Kit-I and Kit-
M, is essential for DC and DC, to activate T cells and
other immunoreactive cells [53-55]. Though both Kits
are able to generate significant frequencies of DC/DCje,
it appears that the combination of GM-CSF + Picibanil
(OK-432) in Kit-I has a stronger danger signalling and
stimulatory impact on DC differentiation than the com-
bination of GM-CSF + PGE, in Kit-M, but a similar stim-
ulatory impact on DC maturation. Importantly, the pro-
liferation of non-converted leukaemic blasts was not in-
duced by Kit-I and Kit-M during DCC. All these findings
have already been demonstrated in larger studies [unpub-
lished data] [38, 39]. Comparable results were found un-
der hypoxia-like conditions [40].

Klauer et al.



A TP IFNy* / TCP3* vs blast lysis B

TCP4H [FNy* / TCP#* vs blast lysis

r=.600 p=.09 r=716 p=.046
50 50—
g g
£ 40 g 40
2 g
> > *
£ 30 £ 301
g E *
£ 20 E 20-
s s
3 * e
£ 10- g 10-
s % x X e % x
) -]
0 v. T T T 3T* T T T 1

1 T
100 0 25 50 75 100

% improvement blast lysis

0 25 50 75
% improvement blast lysis % improvement blast lysis
C TCP¥ [FNy* / TCP® vs blast lysis D NKCP56* [ENy* / NKCP56* vs blast lysis
r=.59 p=.09 r=.976 p=.001
50+ 50—
@ 404 2 40
$ $
z z
£ 307 £ 30
g g
£ 20 * £ 20- *
g g
=% (=%
E 104 * E
S ¥ S
0 1 1 I I I I 1 1 I
0 25 50 75 100 0 25 50 75 100

% improvement blast lysis
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Through the stimulation of immunoreactive cells with
DC/DCie, we could observe a generally higher activation
status in WBPCI-MLC WRBDCM-MLC ™ a5 well  as
WBPC(ControD)-MLC compared to WBPC(ControD - character-
ised by a significant increase of proliferating T cells, a sig-
nificant shift from naive to non-naive T-cell subsets, and
a (significant) increase of central and effector memory T
cells. This general transformation is most likely caused by
the addition of IL-2 to all MLCs, as IL-2 triggers the pro-
liferation and differentiation of T cells as well as the acti-
vation and differentiation of other immunoreactive cells
[56]. In addition to that, previous larger studies, however,
have found an increase of TP#* cells and a corresponding

IFN Gamma Secretion of
Leukaemia-Specific Cells

decrease of T®P#* cells in WBPC(-MLE 3pd WBPCM)-MLC
compared to WBDC(Control)—MLC and WBDC(Control) [38].
Even though the stimulation of immunoreactive cells
with DC/DCj,, had no impact on the composition of T-
cell subsets, it had an impact on the anti-leukaemic activ-
ity. We could demonstrate that the anti-leukemic cyto-
toxicity of immunoreactive cells could be notably im-
proved through the stimulation with DC/DC,-Kit-I and
-Kit-M in most of the cases. Interestingly, some cases
achieved lysis or improved lysis after 3 h and some cases
only after 24 h, whereas average lysis was the highest in
WBPCO-MLE after 3 h and in WBPCM-MLC after 24 h. This
occurrence might be due to different killing mechanisms
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of the immunoreactive cells: the early and fast-acting per-
forin-granzyme pathway and the late and slow-acting
Fas/FasL pathway, which can run separately or synergisti-
cally [21, 22]. WBPCI-MLC hereby appears to perform via
the former pathway, while WBPCM-MLE appears to oper-
ate via the latter pathway. Overall, pooling the best anti-
leukaemic cytotoxicity after 3 or 24 h, DC/DCy,-Kit-I
and -Kit-M, however, appear to be equally efficient. Tak-
en together, the CTX allows to quantify the acquired anti-
leukaemic cytotoxicity, but it does not display participat-
ing cells of the immune response, like the CSA does.

Stimulatory Impact of DC/DC,,, on the IFNy Secretion

of T Cell-Enriched Immunoreactive Cells

DC/DCje, activate adaptive immune cells (
by presenting leukaemia-specific antigens over MHC class
IandII[35] and presumablyinnate immune cells (NK¢P%¢*,
NKCP16I+ | CIKCP6+ CIKCP16!* | iNKT) by yet unknown
MHC-unrestricted mechanisms [57, 58], thereby enhanc-
ing their effector mechanisms and IFN secretion, the latter
also resulting in cross-stimulation. An increase of IFNy se-
cretion upon DC/DCy, stimulation can hence display
functionally active leukaemia-specific cells.

With the CSA we were able to detect and phenotypically
characterise IFNy-secreting adaptive and innate immunore-
active cells, and thereby evaluate the effect of DC/DC,
stimulation. Uncultured leukaemic WB, as a starting point,
already showed low frequencies of IFNy-secreting cells rep-
resenting a physiological (and conceivably partially leukae-
mia-specific) immunological base activity. Through stimu-
lation of immunoreactive cells by DC/DCi,-Kit-I and -Kit-
M, we were able not only to increase the anti-leukaemic
cytotoxicity, but also to significantly increase the IFNy secre-
tion of adaptive immune cells (TCP3*, TCP4, TP cells) in
WBPCI-MLC and WBPCM-MLE compared to uncultured
WB as well as WBPC(Contro)-MLC Eyrther, the IFNy secretion
of innate immune cells (CIKC®P?0*, NKCP>6+ CIKCPIolH
NKCPI61* cells) was (significantly) increased in WBPC(D-MLC
and WBPCM-MLC compared to uncultured WB as well as
WRBDPC(Control-MLC hegide NKCPI61* cells showing no signifi-
cant difference compared to uncultured WB and iNKT cells
showing nossignificant difference compared to WBPC(Controb-
MLC The IFNy secretion induced with DC/DCje,-Kit-1 here-
by emerged to be greater than with DC/DCy,-Kit-M. Note-
worthy, the stimulation of IFNy secretion was independent
from patients’ age, sex, or blast frequency. Overall, we found
an increased immunological activity of innate and adaptive
immunoreactive cells after DC/DCj, stimulation, pointing
to an induction of leukaemia-specific cells.

Moreover, we compared frequencies of IFNy-se-
creting cells in uncultured WB and cultured
WBPC(Control-MLE ¢4 agsegs the effect of cultivation on the se-
cretion of IFNy. We could not find significant differences in
any cell types, besideslower levels of [FNy-secreting NK“P161*

TCD4+, TCD8+)
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cells after cultivation. This might be due to an IL-2-induced
expression of lectin-like transcript 1 (LLT1) on various cells,
as cross-linking of LLT1 and CD161 on NKCPe!* cells re-
sults in an inhibition of IFNy production and cytotoxicity
[59, 60]. However, it seems that cells stimulated with DC/
DCie,-Kit-I and -Kit-M can slightly compensate this effect.
In regard to future clinical application, we suppose the effect
of IL-2-induced NK®P'¢!* inhibition by LLT1 in vitro to be
negligible in vivo, as IL-2 was supplemented. Overall, these
findings show that no spontaneous activation of immunore-
active cells during DCC and MLC occurs.

We furthermore investigated the effect of LAA (WT-1
and PRAME) stimulation on DC/DC,,-stimulated adap-
tive immunoreactive cells. We hypothesised, that the ad-
dition of LAA can only increase the IFNy secretion of cells
that have not been subject to LAA-dependent activation.
Conformably, the addition of WT-1 and PRAME did
(n.s.) increase frequencies of IFNy-secreting cells in un-
cultured WB and WBPC(Contro)-MLC 1p contrast, the addi-
tion of LAA did not further increase frequencies of IFNy-
secreting cells in WBPCWMLC qpnd WBPCM-MLC 4 ffjrm-
ing that these immunoreactive cells have been subject to
activation through leukaemia-specific antigens presented
by DCy,-Kit-I and -Kit-M, in this case the known LAAs
WT-1 and PRAME, whereby no further effect was pos-
sible. Remarkably, WT-1 and PRAME are only two of
hundreds of leukaemic blast antigens presented by DC,,,
giving DCj,, the exceptional potential to initiate a com-
prehensive leukaemia-specific immune response.

Correlation of IFNy-Positive Cells Obtained by CSA

and ICA

In order to validate frequencies of IFNy-producing
immunoreactive cells obtained by CSA, we performed
parallel ICAs and correlated the results. We found a sig-
nificantly high correlation of obtained frequencies be-
tween both methods. Both the CSA and ICA yielded com-
parable frequencies of IFNy-positive T¢P3+, TCP4+ TCD8+
CIKCP36+ NKP%6+ and iNKT cells.

Correlation of IFNy Secretion and Anti-Leukaemic

Cytotoxicity of DC/DCy,,-Stimulated Immunoreactive

Cells

We conclusively correlated the IFNy secretion with the
anti-leukaemic cytotoxicity in WBPCM)-MLC and found a
significantly positive correlation between the IFNy secre-
tion of TCDP3+, TCD4+ TCD8+ 5q wwell as NKCP6* cells and the
24-h anti-leukaemic cytotoxicity. Though the other im-
mune cells (NKCP161+ CIKCP6+ CIKCP161+ cells) did not
show a direct correlation to cytotoxicity, they showed a
(n.s.) increased secretion of IFNy pointing towards an in-
creased activity, which may contribute indirectly to the
overall leukaemia-specific activity. Ultimately, cytotoxicity
remains dependent on the great interaction of various cells,
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cytokines, and other factors [12, 35]. Nevertheless, IFNy
can reflect the cytotoxic activity of TCP3+, TCD4+ TCD8+
and NKCP>¢* cells. With this knowledge, we suppose that
IFNy readouts of these specific cell groups are sufficient to
assess and monitor the efficacy of AML immunotherapy.

Evaluation of the CSA

There are various techniques to investigate the cyto-
kine production of immune cells on a single cell level, in-
cluding the CSA, ICA, and Elispot technology. The cen-
tral technique used in this study was the CSA, which al-
lowed us to detect and phenotypically analyse
IFNy-secreting immunoreactive cells on a single cell lev-
el and moreover display DC/DCj,-induced leukaemia-
specific activity and cytotoxicity. It hereby presented it-
self as a convenient, valid, and reliable method [61].

The ICA has, like the CSA, the potential to detect and
phenotypical characterise IFNy-producing cells, howev-
er, potentially with a lower sensitivity than the CSA, es-
pecially when dealing with low frequencies of IFNy-pos-
itive cells [61-64]. Overall though, we and others found
the IFNy production obtained by the CSA and ICA high-
ly correlating [65]. Notably, the ICA holds the capacity to
simultaneously analyse further cellular markers like
TNFa, but, contrary to the CSA, is more time consuming
and inevitably kills analysed cells [66]. The Elispot tech-
nology, an enzyme-linked cytokine capture assay, enables
the detection of IFNy-producing cells with a high sensi-
tivity, but lacks their phenotypical characterisation if cells
are not previously sorted into cellular subsets of interest
[67]. Noteworthily, the CSA, contrary to the ICA and the
Elispot, holds the potential to isolate viable IFNy-express-
ing cells, if the interest lies in expansion, further func-
tional analyses (e.g., MHC/peptide-tetramer staining), or
cell therapy (e.g., adoptive T-cell transfer) [68, 69].

With IFNy assays being able to display leukaemia-spe-
cific cells as well as anti-leukaemic cytotoxicity, they are
in advantage of regular cytotoxicity assays. Assays like
fluorochrome-labelled assays, 51CR-labelled assays, de-
granulation assays, and LDH assays only allow the evalu-
ation of achieved cytotoxicity but lack the characterisa-
tion of overall participating (leukaemia-specific) cells
[70-72]. However, they best depict functionally active Tc,
as they directly measure the lysis of target cells [73].
Nonetheless, these assays are often very labour-intensive
and unsuited for upscaling as needed in clinical applica-
tions. A more specific identification of Tc can only be ac-
complished by MHC/peptide-tetramer staining, yet this
method requires a specific target antigen, in contrary to
IFNy and cytotoxicity assays, and does not assure the
functionality of the specific T-cell receptor [73, 74].

Allin all, the CSA technology holds multiple advantag-
es compared to other cytokine and cytotoxicity assays, es-
pecially by combining characterising and functional data.

IFN Gamma Secretion of
Leukaemia-Specific Cells

Conclusion

We were able to describe the potential of DC/DCy, to
induce or improve leukaemia-specific and anti-leukaemic
activity through the detection of IFNy-secreting innate
and adaptive immune cells ex vivo. The CSA in this regard
proved to be a convenient and reproducible technique to
detect and phenotypically characterise IFNy-secreting
cells. As such, we believe that IFNy could become a very
valuable parameter to assess and monitor the efficacy of
AML immunotherapy in future clinical applications.
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