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Aims of the study

1. Aims of the study

Zoledronate is currently the most potent and widely prescribed nitrogen-containing
bisphosphonate (N-BP), which can directly influence tumour biology and may show
indirect antitumour effects. N-BPs inhibit farnesyl pyrophosphate (FPP) synthase, a
key enzyme in the mevalonate pathway. The mevalonate pathway provides
isoprenoid building blocks, which include cholesterol and protein prenylation. Already
decades ago it was demonstrated that upstream accumulation of isopentenyl
pyrophosphate (IPP) due to zoledronate-mediated FPP interference specifically
activates yd T cells. However, consequences of zoledronate interference with the
mevalonate pathway and the resulting depletion of the downstream intermediates
have been investigated and understood poorly so far. In the present master thesis |
have focused on early upregulation of surface markers and cytokine production as

well as yd T-cell expansion.

Specific Aims:

e How does downstream depletion of the prenyl pyrophosphates influence the
cytokine response?

e How does downstream depletion of the prenyl pyrophosphate affect yo T-cell

proliferative response?
e What would be the effect of supplementation with prenyl pyrophosphates?

e How can yd T-cell expansion be improved?
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2. Introduction

2.1 Mevalonate metabolism

The mevalonate pathway, which is present in all higher eukaryotes and many
bacteria, provides isoprenoid building blocks, which include cholesterol, constituent of
membrane structures; dolichol, required for N-glycosylation; and the farnesyl- and
geranyl groups necessary in the protein prenylation step (1). First in the mevalonate
pathway, the hydroxymethyl-glutaryl coenzyme A (HMG-CoA) reductase converts
HMG-CoA to mevalonate, which is further converted to IPP and dimethylallyl
pyrophosphate (DMAPP). The FPP synthase converted FPP by DMAPP and two
units of IPP. Further gernalygeranyl pyrophosphate (GGPP) is generated from FPP
by the GGPP synthase (Fig. 3). FPP is the isoprenoid precursor of cholesterol and
other sterols (2). Moreover the two intermediates GGPP and FPP serve as
substrates for prenylation, a posttranslational modification. Thereby the protein
prenyltransferase catalyses the attachment to these prenyl groups on different
proteins in the cell, mainly on small GTPases such as Ras, Rho and Rac (3).
Imbalances within this pathway can result in diseases such as cancer and
cardiovascular disease. A previous study provided evidence that the mutant form of
p53 can significantly upregulate the mevalonate pathway-activity, which can
contribute to malignancy. These observations confirm the fact that the mevalonate

pathway is an important therapeutic target (4), (5).
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2.2 Nitrogen-containing bisphosphonates (N-BPs)

There are two groups of bisphosphonates; the non-nitrogen bisphosphonates, like
etidronate and clodronate and the more potent N-BPs, such as pamidronate,
risedronate, ibandronate, alendronate and zoledronate [Fig. 1, (6)]. FPP synthase
can be inhibited by N-BPs, also referred to as aminobisphosphonates, resulting in the
accumulation of IPP that can be generated into a novel ATP analogue 1-adenosin-5'-
yl ester 3-(3-methylbut-3-enyl) ester (Apppl) and leads to depletion of FPP and
GGPP (7), (8).

OH
N/\ O\\ OH \ O\\

Zoledronate Risedronate

Ibandronate

Figure 1: Chemical structure of the most potent N-BPs in clinical use:
zoledronate, ibandronate and risedronate. [figure adapted from (9)]

The loss of FPP and GGPP can prevent protein prenylation and thus attachments of
signaling proteins to the cell membrane leading to defects in signaling pathways and
to apoptosis (10). Osteoporosis and other similar bone diseases are major
applications of N-BPs since osteoclasts take up N-BPs, which leads to cell death.
This effect is also exhibited in tumour cells (11), (12). Therefore the anticancer effect
of N-BPs is also established for treatment of metastatic bone disease of multiple
myeloma (13), breast (14) and prostate cancer (15).
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During bone resorption the osteoclasts take up N-BPs concentrated in the mineral
bone which leads to cell death. The apoptotic effect is caused by the inhibition of
protein prenylation and the accumulation of the pro-apoptotic ATP analogue Apppl
(12).

The N-BPs interfere with the mevalonate pathway (Fig. 3) as they are analogues of
prenyl pyrophosphates, which are highly resistant to enzymatic hydrolysis due to the
P-C-P backbone instead of P-O-P structure [ (10), (Fig. 2)].

OH OH OH R' OH
| | | |
O=P—-0O-P=0 O=P-C-P=0
| | | |
OH OH OH R" OH
Pyrophosphate Bisphosphonate

Figure 2: The structure of pyrophosphates compared to the structure of
bisphosphonates: The bisphosphonate structure with the central carbon is more
stable compared to the structure of the pyrophosphate with the central oxygen
atom (10). [figure from (16)]
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Figure 3: Scheme of the mevalonate pathway: First in the mevalonate pathway the
HMG-CoA reductase converts HMG-CoA to mevalonate, which can be inhibited by
statins. Mevalonate can be further metabolized to IPP and DMAPP. The FPP
synthase can be inhibited by N-BPs, resulting in accumulation of IPP that can be
converted to Appl and leads to depletion of FPP and GGPP (7). The mevalonate
kinase deficiency is a rare inborn metabolism error leading to an autoinflammatory

syndrome (17).
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Through the inhibition of the FPP synthase y& T cells can be activated by the
accumulation of IPP and its stereoisomer DMAPP (12), (18). [Figure from (2)]

2.3 T cell receptor and yd T cells

T cells, alongside with B cells, represent the second effector cell type of the adaptive
immune system. These cells can be divided into two groups: the a T cells,
belonging to the adaptive immune system and the yd T cells, which have innate-like
functions as they rapidly secrete cytokines and also exhibit cytotoxic effects. Both af
T cells and yd T cells express a CD3-associated T-cell receptor [TCR, (19), (20),
(21)].

In the human body 3 to 5 % of the lymphocytes are yd T cells, which generate the y®
TCR using a variety of different V(D)J recombinations via the recombination
activating gene (RAG). Most of these cells, which typically develop in the thymus,
have a Vy9Vd2 TCR [>70 %, (22), (23)]. The yd T cells are rarely localized in the
spleen, lymph node parenchyma, Peyer’s plaques and thymus. However they are
abundantly found in the intestine as intraepithelial lymphocytes (IELs). In the skin of
mice they are commonly found as dendritic epidermal T cells [DETC, (24), (25)].y0 T
cells can sample various non-peptide-antigens and expand clonally. Through their
readily activation, large numbers of yd T cells can rapidly be provided for defense
against pathogens and tumour cells by clonal expansion. Furthermore the
monoclonal or oligoclonal use of the TCR is an important crossover of adaptive and
innate immune functions (23).

y® T cells have cytolytic functions and produce a variety of cytokines, which promote
activation of macrophages, neutrophils and lymphocytes. In addition, y& T cells have
structural as well as antigen-binding characteristics. They acquire antigen feature
properties and therefore can present antigens and enable adaptive immune response

as well as they are able to regulate inflammation (26), (27).
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Surface markers of yd T cells

Whereas peripheral ap T cells usually express either CD4 or CD8 on their surface,
which are elements of major histocompatibility complex (MHC) peptide presentation,
most of the peripheral yd T cells are double negative for CD4 and CD8 (28), (24).
This consists with the fact that yd T cells do not recognise MHC associated peptides
(18). Vy9Vd2 T cells in adults exhibit a pre-activated (“memory”) phenotype as they
express a CD45R0O surface marker, whereas most of the Vy9Vd2 T cells in the cord
blood lack CD45R0O.

Similar to af T cells, Vy9Vo2 T cells are divided into four different groups based on
their surface markers CD45RA and CD27, which belong to the TNF receptor family
and have costimulatory effects (19), (29):
a.) naive T cells (Tnaive), Which express both CD45RA and CD27,
b.) central memory T cells (Tcm), which lack CD45RA but are still CD27 positive
c.) effector-memory T cells (Tgy), which are double negative for CD45RA and
CD27
d.) terminally differentiated T cells (Temra), Which re-express CD45RA but lack
CD27.

Antigen recognition

As yd T cells control the barrier surfaces in an innate-like manner, they have to react
immediately against pathogens and initiate an inflammatory response (30).

While a8 T cells recognise peptide antigens bound to MHC it is still unknown how yd
T cells are stimulated by these small non-peptide antigens such as foreign IPP or
bacterial products such as (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate [HMB-
PP, (18)]. Nevertheless, yd T cells recognise antigens without the requirement of
antigen presenting cells (APCs), e.g. dendritic cells (DCs) and these antigens do not
have to be presented by MHC molecules (27).
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2.4 The immune stimulatory effect of N-BPs on yd T cells

N-BPs exhibit immune stimulatory effects, which were first identified as a side effect
during the treatment of bone diseases resulting in a higher percentage of yo T cells in
peripheral blood (31). yd T cells can be activated early by viral glycoproteins
generated from herpes viruses, and by phosphoantigens, the intermediates either
from the non-mevalonate pathway generating HMB-PP, which are produced by a
variety of microorganisms (32) or from the mevalonate pathway. In the mevalonate
pathway through the inhibition of the FPP synthase, yd T cells can be activated by
the accumulation of IPP and its stereoisomer DMAPP, both ligands of the Vy9Vd2 T
cells (12), (18). As IPP is an intermediate of the mevalonate pathway of higher
eukaryotes and many bacteria, the human Vy9Vd2 T cells have a cross-reactivity
between foreign and self phosphoantigens (23).

The stimulation of Vy9Vd2 T cells against tumour cells can be improved in
combination with synthetic phosphoantigens, tumour cells or APCs like monocytes
and DCs (12). Moreover, it has been reported that the activation of Vy9Vd2 T cells is
improved by interactions between Vy9Vé2 T cells and monocytes through soluble
factors, contact-dependent interactions and monocyte survival as well as
differentiation into DCs (33).

Despite this, it is still not known whether yd TCR recognises antigens independently
or if phosphoantigens are presented in the context of an unknown surface molecule.
The adaptive TCR specificities of yd TCR through the variety length of the yd TCR
complementarity-determining region 3 (CDR3) loops is conferred by the architecture
of the TCRD locus. It has been claimed that through the diversity in length of the
CDR3 loops, the yd TCR recognises antigens, which do not necessarily have to be
presented by some specific presenting element (23).

It might be possible that the yd TCR binds antigens using conserved parts in their
CDR3 and therefore are only activated by a few numbers of antigens (34).
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2.5 Tumour biology and immuntherapy using yd T cells

It has been observed that IPP is accumulated in malignant cells and yo T cells
recognise these cells quickly with their TCR. Additionally, these lymphocytes can also
react to the natural killer group 2, member D (NKG2D) ligands such as F1-ATPase,
to stress molecules like MHC class | chain-related molecules A and B (MICA and
MICB), to UL16-binding protein (ULBP) 1 - 4 as well as to retinoic acid early
transcript 1. These molecules appear on the surface of infected, stressed or
malignant cells (35).

Immunotherapy using yd T cells is promising as cancer therapy because of their high
potential to produce interferon-y (IFN-y), pronounced cytoxicity and their MHC
independent recognition of a variety of stress signals associated with tumours (36).
The effect of yd T cells and their anti-tumour function has been tested in vivo in
clinical trials with the most potent N-BPs (zoledronate) either alone or in combination
with low-dose interleukin 2 (IL-2), as IL-2 can enhance different effector functions of
yo T cells (29).

It has been shown that treatment with zoledronate stimulates yd T cells more potently
as well as it results in more IFN-y production, which might have strong anti-tumour
effects (37). Although these effects have been described for inducing high yd T-cell
expansion, in these trials zoledronate failed to induce large numbers of robust yd T
cells (29), (38). In another study it has been reported for the first time that the amount
of Vy9Vd2 T cells and their production of tumour necrosis factor-a (TNF-a) and IFN-y
is decreased in melanoma patients and therefore indicative of immunodeficiency in
these cancer patients. Therefore decreased number of yd T cells may lead to lower
immune defense against melanoma cancer cells (39). However, in another study it
has been demonstrated that the impaired function of y& T cells in patients with solid
tumours could be restored by zoledronate activated Vy9Vé2 T cell-based
immunotherapy (40).

The effect of N-BPs has been also tested in various different in vitro experiments.
Castella et al. for example have reported that the treatment with zoledronate
increased the sensitivity of myeloma and B cell lymphoma cells to Vy9Va2 T cells
(12).
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Kunzmann et al. showed that pamidronate-treated yd T cells mediate cytotoxicity
against lymphoma (Daudi) and myeloma cell lines (RPMI 8226, U266). Furthermore,
plasma cell survival was reduced from cultures derived from multiple myeloma
patients by pamidronate-activated yd T cells. The authors hypothesised that
treatment with N-BPs might stimulate yd T cells through the accumulation of IPP (41).
This hypothesis was proved by Gober et al. who confirmed that N-BPs stimulate
Vy9Vo2 T-cell activation through the accumulation of IPP (indirect pathway) rather

than by structural homology with natural phosphoantigens [direct pathway, (42)].

2.6 Cytokines and costimulatory signals involved in yd T-cell
biology

Work from our group has shown that the depletion of isoprenoid pyrophosphates
downstream of the mevalonate pathway results in inflammatory responses (in vitro
and in vivo) by the IL-1 converting enzyme caspase-1, which cleaves pro-IL-1 and
pro-IL-18 to generate the active cytokines IL-13 and IL-18 (2), (43). IL-1pB is the
predominant form of the cytokine IL-1 and is released mainly by monocytes and
macrophages. IL-18, which was first identified to induce IFN-y in immune cells, is
also a member of the IL-1 cytokine family and is released by macrophages, DCs and
keratinocytes (44), (45). The activation of caspase-1 not only influences IL-2 primed
natural killer cells (NK cells), but also results in y® T-cell activation (46). IL-18 has
been shown to promote y® T-cell expansion, which is stimulated by zoledronate and
IL-2 (47). The cytokine IL-2, which was first identified as T-cell growth factor, is
involved in the activation and proliferation of most T cells, NK cells and B cells (48).
The granulocyte macrophage colony-stimulating factor (GM-CSF) is known to
support DC development in vitro as well as to induce the differentiation in DCs from
monocytes and human/mouse hematopoietic progenitor cells (49). IL-17 triggers the
mobilization and expansion of neutrophils and is involved in regulation of
inflammation and is produced by different cell types such as T helper cells (Th) 17,
the third subset of Th cells, CD8" T cells, NK cells and y& T cells (50). IL-17 further
supports the in vitro production of the cytokines IL-13 and TNF-a as well as

neutrophil chemoattractants.
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In addition IL-17 is involved in intercellular adhesion molecule 1 (ICAM-1) expression
and chemokine production (51).

Tsuda et al. suggested that CD56"9"CD11c* NK cells are involved in the IL-18
mediated effect during zoledronate-induced yd T-cell expansion. IL-18 might have a
stimulating effect on CD56"9"CD11c" cells, which correlates with efficient yd T-cell
expansion (52).

As mentioned before, phosphoantigens stimulate y® T cells but it needs to be
explored whether other receptors (beside the TCR) are involved in activation or if
there are other signals or costimulatory factors, which promote TCR dependent
expansion. The coreceptor CD27 for af TCR is also used to classify developmental
stages. Thereby it has been shown that the CD70-CD27 interaction contributes to
phosphoantigen induced yd T-cell activation and has influence on their proliferation,
survival and cytokine production (53). In addition, Vy9Vd2 T cells lack CD28, which is
involved in ap T-cell activation. However, it has also been shown that B7-CD28

interaction enhances the activation of yd T cells (54).
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3. Material and Methods

3.1 Material

3.1.1 Laboratory material and equipment

Centrifuges: company: Thermo Fisher Scientific; model: Sorvall RT-7 Plus and
Thermo Sorvall RT 6000B

COz-Incubators: company: Thermo Fisher Scientific; model: Forma Water Jacketed
CO; Incubator, 37°C, CO,: 0.5%

Flow Cytometry: company: BD Bioscience; model: FACSCanto Il; software: BD
FACSDiva™ 6.1.2, BD FlowJo Version 7.2.5, FCAP Array 1.0.1

Laminar Flow Sterile Working Bank: company: LAF; model: VFRS 1206
Microscope: company: Olympus; model: CK 2 INVERTED MICROSCOPE;

equipped with a digital camera: company: Jenoptik; model: ProgRes CT3; software:

ProgRes CapturePro 2.5

3.1.2 Isolation of peripheral blood mononuclear cells (PBMCs)

Product Company Stock concentration | Volume Order-No.
or stock volume

Heparin (15 Lovenox 40 mg per 0.4 m| 195 pl (pharmacy)

U/ml) ampule

Ficoll (LSM PAA 500 mi 90 ml J15-004

1077

Lymphocyte

Separation

Medium)

Table 1: Material used for isolation of PBMCs
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Buffer A per 500 ml flask:

Product Company Stock concentration | Volume Order-No.
or stock volume

HBBS Lonza 500 ml 500 ml BE10-527F

FBS (0.5 %) HyClone 500 ml 2.5 ml SH30070.03

Table 2: Components of buffer A

Buffer B per 500 ml flask:

Product Company Stock concentration | Volume Order-No.
or stock volume

PBS (without Lonza 500 ml 500 mi BE17-516F

Ca2+/MgZ+)

FBS (0.5 %) HyClone 500 ml 2.5 ml SH30070.03

EDTA (2 mM) BiochromeAG | 1 % wiv 34 ml L2113

Versen

Table 3: Components of buffer B

3.1.3 Cryo cell preparation

Freezing Container: company: Thermo Scientific; model: Nalgene® Mr. Frosty® Cryo
1°C Freezing Containers, Order No.: 5100-0001

Freezing media per cryotube 1 ml:

Product Company | Stock Volume Order No.
concentration
or stock
volume
RPMI 1640 Lonza 500 mi 500 pl BE12-167F
(50 %)
FBS (40 %) HyClone | 500 ml 400 pl SH30070.03
DMSO (10 %) | SIGMA 100 ml 100 pl D2650-100ML
Table 4: Freezing media
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3.1.4 Magnetic Activated Cell Sorting (MACS®)

Product Company Order-no. Supplementary
characteristics

MACS® Multi Milteny Biotec 130-042-303

Stand

MACS® MIDI Milteny Biotec 130-042-302

MACS Magnet

Isolation Columns | Milteny Biotec 130-042-401

(LS)

Depletion Columns | Milteny Biotec 130-042-901

(LD)

CD14 MicroBeads, | Milteny Biotec 130-050-201 Isotype: mouse

human IgG2a

CD56 MicroBeads, | Milteny Biotec 130-050-401 Isotype: mouse

human IgG1

HLA-DR Milteny Biotec 130-046-101 Isotype:mouse

MicroBeads, IgG1

human

TCRy/5" T Cell Milteny Biotec 130-092-892 Isotype: mouse

Isolation Kit, human IgG1

Table 5: Material used for MACS®

MACS buffer (per 500 ml flask):

Product Company Stock concentration | Volume Order No.
or stock volume

PBS (without Lonza 500 ml 500 mi BE17-516F

Ca2+/MgZ+)

FBS (0.5%) HyClone 500 ml 2.5 ml SH30070.03

EDTA (2 mM) BiochromeAG | 1% wl/v 34 ml L2113

Versen

Intratect Biotest 50 g/l 0.5 ml 624 050 030

(1:1000)

human poly

IgGs

Table 6: Components of the MACS buffer
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3.1.5 Cell culture reagents, media and buffers

Product Company Stock Order No. Supplementary
concentration characteristics

Caspase | ALEXIS 200 mM 260-016-M005 | solved in
Inhibitor V DMSO
(YVAD)
GGPP Echelon 1.99 mM [-0220 solved in

A. dest.
Proleukin ® Novartis 100.000 U/ml (pharmacy) solved in
(IL-2) A. dest.
rhu IL-18 MBL 25 pug/ml B-001-5 solved in

A. dest.
Zoledronic acid | Sigma-Aldrich | 1 mg/ml SML 0223- solved in
monohydrate (= 3.6 mM) 10MG A. dest.
rhu IL-1B/IL- R&D 5 pg/mi 201-LB solved in PBS
1F2
Leukine® (GM- | Berlex 80.000 U/ml (pharmacy) solved in PBS
CSF)
Table 7: Cell culture reagents
Cell culture media (RPMI plus 10% FBS per 500 ml flask):
Product Company | Stock concentration | Volume Order No.

or stock volume

RPMI 1640 Lonza 500 ml 500 mi BE12-167F
Hepes-buffer 10 mM | Lonza 1M 5.5 ml BE17-737E
FBS (10%) HyClone 500 mi 50 mi SH30070.03
GlutaMAX™ GIBCO 100 x 5.5 ml 35050-079
Na-Pyruvate Lonza 100 mM 5.5 ml BE13-115E
NEAA Lonza 100 x 5.5mil BE13-114E
Penicillin/Streptavidin | PAA 100 x 5.5ml P11-010

Table 8: Cell culture media
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Cell culture material

Product

Company

Order No.

PBS (without
Ca2+/MgZ+)

Lonza

BE17-516F

FBS

HyClone

SH30070.03

Trypan Blue (0.4%
solution); sterile
filtered

Sigma

T8154

Counting chamber
(depth: 0.1 mm,
Neubauer improved)

MARIENFELD

0640010

eFluor 780 (Fixable
Viability Dye)

eBioscience

65-0865

Costar 96 well cell
culture plates (round
bottom with lid, tissue
culture treated,
nonpyrogenic,
polystyrene, sterile)

Corning

3799

Table 9: Cell culture material

FACS-buffer (per 500 ml flask):

Product Company Stock concentration | Volume Order No.

or stock volume
PBS (without Lonza 500 ml 500 ml BE17-516F
Ca2+/MgZ+)
FBS (0.5%) HyClone 500 mi 2.5 ml SH30070.03
Intratect Biotest 50 g/l 0.5 ml 624 050 030
(2:2000) human (= 1:1000)
poly 1gGs

Table 10: Components of the FACS buffer
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FIX- Buffer (1.85 % Formaldehyde solution per 500 ml flask):

Product Company Stock concentration | Volume Order No.

or stock volume
HBBS Lonza 500 ml 475 ml BE10-527F
FBS (0.5 %) HyClone 500 mi 2.5ml SH30070.03
Formaldehyde | Merck 37 % 25 ml 8187081000
solution

Table 11: Components of the FIX buffer

Flow cytometer reagents:

Product Company Order No.
BD FACSFlow™ BD Bioscience 342003
BD FACS™ Cleaning Solution | BD Bioscience 340345
BD FACS™ Shutdown BD Bioscience 334224
Solution

Table 12: Flow cytometer reagents (BD Bioscience FACSCanto II)
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3.1.6 Antibodies

Product Company Volume/Test Order No. Supplementary
characteristics
CD14-APC BD Bioscience |1 ul 345787 Clone: M®P9
(mouse anti Isotype: 1gG2b
human)
CD14-FITC BD Bioscience | 10 pl 345784 Clone: MOP9
(mouse anti Isotype: 1gG2b
human)
CD25-PE BD Bioscience | 10 ul 341011 Clone: 2A3
(mouse anti Isotype: 1gG1,k
human)
CD27-APC BD Bioscience | 10 pl 558664 Clone: M-T271
(mouse anti Isotype: 1gG1,k
human)
CD3-Per-CP- BD Bioscience | 10 ul 332771 Clone: SK7
Cy5.5 Isotype: 1gG1
(mouse anti
human)
CD56-APC Beckman 10 ul IM2474 Clone: N901
(mouse anti Coulter (NKH-1)
human) Isotype: 1gG1,k
CD56-PE Beckman 10 ul AQ7788 Clone: N901
(mouse anti Coulter (NKH-1)
human) Isotype: 1gG1,k
TCR V32-FITC | Beckman 10 PN IM1464 Clone: IMMU
(mouse anti Coulter 389
human) Isotype: 1gG1
IFN-y-PE BD Bioscience | 10 ul 559327 Clone: B27
(intracellular Isotype: IgG1
staining)

Table 13: Antibodies used for flow cytometric stainings
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3.1.7 Cytometric Bead Array (CBA) material

Product Company Order No.
BD CBA Human Soluble BD Bioscience 558264
Protein Master Buffer Kit

BD Cytometer Setup & BD Bioscience 641319
Tracking beads

BD CBA Human IFN-y - Flex | BD Bioscience 558269
Set

BD CBA Human TNF — Flex BD Bioscience 560112
Set

BD CBA Human IL-2 - Flex BD Bioscience 558270
Set

BD CBA Human IL17-A — Flex | BD Bioscience 560383
Set

BD CBA Human GM-CSF- BD Bioscience 558335
Flex Set

BD CBA Human IL-1P3 - Flex BD Bioscience 558279

Set

Table 14: CBA reagents

3.1.8 Enzyme-linked immunosorbent assay (ELISA)

Product

Company

Order No.

Human IL-18 ELISA Kit

MBL

Code No. 7620

Table 15: ELISA Kit for IL-18 measurements

3.1.9 Intracellular cytokines staining

Product Company Order No.
Brefeldin A (BFA) Solution BD Bioscience 346049

FIX & PERM® AN DER GRUB GAS-002
Intratect (1:1000) human poly | Biotest 624 050 030
IgGs

PBS (without Ca**/Mg~*") Lonza BE17-516F

Table 16: Products for intracellular cytokine staining
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3.2 Methods

3.2.1 Isolation of peripheral blood mononuclear cells (PBMCs)

The buffy coats were kindly provided by the Central Institute of Blood Transfusion
(University Hospital of Innsbruck). The PBMCs were isolated from buffy coats
obtained from healthy donors, which gave written informed consent to use of their
residual buffy coats, with approval from the University Hospital of Innsbruck Review
Board.

At first 130 ml of buffer A (Table 2) were filled into a cell culture flask followed by
adding 15 U/ml Heparin (195 pl Heparin). Then the blood (50 ml) was carefully
transferred into the cell culture flask followed by cautious mixing. Next the diluted
blood was gently layered (30 ml) onto 15 ml Ficoll in a 50 ml tube (altogether 6 tubes)
and centrifuged (2300 RPM, 10 min, at RT, without a brake). After the centrifugation
step the tubes were carefully removed from the centrifuge while not disturbing the
layering. Then the PBMCs were isolated from the interphase (Fig. 4) of the Ficoll
solution (between the erythrocytes and the plasma) and transferred into a new 50 mli
tube up to the 25 ml graduation (altogether 3 - 4 tubes). Subsequently, the tubes
were filled up with ice cold buffer B (Table 3) and centrifuged (1200 RPM, 10 min, O
°C, with a brake). The supernatant was discarded down to the 7 ml graduation and
the pellet resuspended. Subsequently the cells were collected in one tube by
pipetting the resuspended cells from tube to tube. The empty tubes were rinsed by
pipetting 5 ml of buffer B (Table 3) to recover all cells. In order to wash the cells the
tube was filled with ice cold buffer B (Table 3) and centrifuged (1200 RPM, 10 min,
0°C, with a brake). The washing step was repeated until the supernatant was getting
clear. Finally the pellet was resuspended in 30 ml of buffer A (Table 2) and the cell
number was determined by Neubauer-counting chamber (stained in the appropriate
volume with Trypan Blue solution 0.4 %).
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Plasma + dilution
buffer

Interphase -
peripheral blood
mononuclear cells
(PBMCs)

Ficoll solution

Erythrocytes,
granulocytes, dead
| cells

Figure 4: Scheme after first centrifugation step of PBMC preparation: The
interphase of the PBMCs is concentrated in barrier layer between the Ficoll
solution and the plasma/buffer solution. (The picture was kindly provided by

Hubert Gander).
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3.2.2 Cryopreservation

Freezing

The PBMCs were centrifuged, the supernatant discarded and the pellet resuspended
in the freezing medium (Table 4) either with 100 x 10° cells/cryotube or 30 x 10°
cells/cryotube. In the end the PBMCs were immediately frozen in a freezing container
at -80 °C, which allows controlled rate of cooling (-1°C/minute). After a few days the

PBMCs were finally stored in nitrogen liquid storage cell bank.

Thawing

The buffy coats (PBMC: 100 x 10° cells or 30 x 10°), stored in nitrogen liquid storage
cell bank, were thawed in a water bath at 37 °C. Next the cells were transferred into a
50 ml tube followed by rinsing the cryotube with PBS plus 0.5 % FBS to recover all
cells. In order to get rid of the toxic DMSO the thawed cells were washed by dropwise
adding PBS plus 0.5 % FBS into the tube containing the cell suspension up to the 15
ml graduation while gently shaking. The stepwise dilution of DMSO avoids the
osmotic stress. Then the tube was immediately filled up with PBS plus 0.5 % FBS
and centrifuged (1200 RPM, 10 °C) for 10 min. In the end the pellet was
resuspended in the appropriate volume in cell culture media (Table 8) for the immune
monitoring assay and the final cell number was determined by Neubauer-counting
chamber (stained in the appropriate volume with Trypan Blue solution 0.4 %).

Note: In order to do a MACS® cell separation as fast as possible the cell number was
determined at a volume of 15 ml. In the meantime the cells were filled up with PBS
plus 0.5 % FBS and then centrifuged (1200 RPM, 10 °C) for 10 min followed by the
steps of the MACS® cell separation [3.2.3 Magnetic Activated Cell Sorting (MACS®)].
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3.2.3 Magnetic Activated Cell Sorting (MACS®)

CD14" cell isolation using MACS® cell separation

The CD14 MicroBeads are used for positive selection of human monocytes from
PBMCs. Therefore the cells were centrifuged (1200 RPM, 10 °C) for 10 min, the
supernatant aspirated and the pellet resuspended in MACS buffer (Table 6, 80 pl per
1 x 10’ cells). Then the MicroBeads conjugated to monoclonal anti-human CD14
antibodies (20 pl per 1 x 107 cells) were added in a ratio of 4:1 and incubated for 20
min at 4 °C (light protected). Afterwards the cells were washed with 2 ml MACS
buffer (Table 6) per 1 x 107 cells and centrifuged (1200 RPM, 10 °C, 10 min). The
supernatant was aspirated and subsequently the pellet was resuspended to achieve
a cell concentration of 1 x 10° cells (max. number of total cells 2 x 10°) in 500 pl
degassed, ice-cold MACS buffer (Table 6). Meanwhile the MACS Isolation Column
(LS), which was placed with the column wings to the front into the magnetic field of
the MACS Seperator, was calibrated by rinsing with 3 ml of the degassed, ice-cold
MACS buffer (Table 6). After the buffer was run through the PBMC cells were applied
to the prepared LS column. The empty tube was first rinsed with 500 ul ice-cold
MACS buffer (Table 6) and then the recovered cells also applied to the LS column.
The unlabeled cells pass through the column and were collected in a sterile 50 mi
tube. The column was washed by adding 3 x 3 ml of the prepared degassed MACS
buffer (Table 6), which were each time applied once the column reservoir was empty.
After the last run-through the column was removed from the separator and was
placed on a new collection tube. Finally, 6 ml of the MACS buffer (Table 6) were
applied to the LS column and then the fraction with the magnetically labeled cells
(CD14" cells) was flushed out by firmly inserting the plunger supplied with the LS
column. In the end the cells were centrifuged (1200 RPM, 10 °C, 10 min), the
supernatant was aspirated and the pellet resupended in cell culture media (Table 8)
and stored on ice.

Note: A sample (~ 100.000 cells) of the isolated cells was collected for phenotype
analysis on day 0 (3.2.5 Phenotypic analyses). The cell purity had to be >95% for

further cell preparations.
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HLA-DR" cell depletion using MACS®cell separation

All accessory cells (antigen presenting cells) were depleted using MicroBeads
conjugated to monoclonal mouse anti-HLA-DR antibody and the MACS Depletion
Column (LD) by the same procedure as described in the CD14" cell isolation section.
In contrast, the cell depletion is performed with LD columns (max. number of labeled
cells 1 x 108, max. number of total cells 5 x 10°) instead of LS columns and the LD
columns were calibrated by applying 2 ml of the degassed, ice-cold MACS buffer
(Table 6). The column was washed by adding 2 x 1 ml of the prepared MACS buffer
(Table 6) and the unlabeled cell fraction was collected as it contained the cells of

interest (HLA-DR' cells) while labeled cells were retained in the LD column.

CD56" cell depletion using MACS® cell separation

The CD56" cells were depleted using MicroBeads conjugated to monoclonal anti-
human CD56 antibodies and an LD column (max. number of labeled cells 1 x 108,
max. number of total cells 5 x 10°) by the same procedure as described in the HLA-

DR’ cell depletion section.

CD14" cell depletion using MACS® cell separation

The CD14" cells were depleted using MicroBeads conjugated to monoclonal anti-
human CD14 antibodies and an LD column (max. number of labeled cells 1 x 108,
max. number of total cells 5 x 10°) by the same procedure as described in the HLA-

DR" cell depletion section.

y3 T-cell isolation using MACS® cell separation

The TCR y/d" T-cell Isolation Kit was used to isolate untouched yd T cells by
depletion of non-TCR y/d" cells. Therefore the non-TCR y/d" cells were first labeled
with a cocktail of biotin-conjugated monoclonal antibodies and then in a second step

labeled with streptavidin MicroBeads.
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The unlabeled yd T cells pass through the column, whereas the labeled non-TCR
y/&* cells were retained on the LS column (max. number of labeled cells 1 x 102,
max. number of total cells 2 x 10%). In order to start the MACS® cell separation,
PBMCs were centrifuged (1200 RPM, 10 °C) for 10 min, the supernatant was
aspirated and the pellet was resuspended in MACS buffer (Table 6, 80 pl per 1 x 10°
cells). Then the cocktail of biotin-conjugated monoclonal anti-human antibodies
against antigens not expressed by yd T cells (20 pl per 1 x 107 cells) was added in a
ratio of 4:1 and incubated for 10 min at 4 °C (light protected). Afterwards the cells
were washed with 2 ml MACS buffer (Table 6) per 1 x 10’ cells and centrifuged (1200
RPM, 10 °C). Next the supernatant was aspirated and subsequently the pellet
resuspended in MACS buffer (Table 6, 80 pl per 1 x 10’ cells). Then the streptavidin
MicroBeads (20 pl per 1 x 10’ cells) were added in a ratio of 4:1 and incubated for 20
min at 4 °C (light protected) followed by the same procedure as described in the
HLA-DR" cell depletion section

3.2.4 Cell culture and stimulation

The cell number was determined by Neubauer-counting chamber (stained in the
appropriate volume with Trypan Blue solution 0.4 %) and subsequently diluted with
cell culture medium (Table 8) for immune monitoring assays (total PBMCs, subset-
depleted PBMCs [1.5 x 10%/ml] and purified y3 T cells [5 x 10* cells/ml or 5 x 10°
cells/ml]). The cells were stimulated with IL-2 (100 U/ml) plus zoledronate (10 uM, 30
KUM) either alone or combined with GGPP (10 uM) in 96-well round-bottom plates (0.2
ml) and placed in a CO,-incubator. Moreover some cultures were also treated with IL-
18 (200 ng/ml), IL-113 (5 ng/ml), caspase-1 inhibitor YVAD (200 uM) and IL-18
neutralising antibody (5 pg/ml). Every 2 - 3 days fresh IL-2 (100 U/ml) was added to
the cultured cells. Depending on the cell growth the cell culture medium of the
cultured cells had to be changed after 3 - 5 days. Therefore 100 ul of the supernatant
were carefully harvested without disturbing the cell aggregation. The supernatant was
either used for cytokine measurements or discarded. Then 100 pl of fresh cell culture
medium (Table 8) containing fresh IL-2 to achieve a final IL-2 concentration of 100

U/ml were added to each well.
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When the cells have reached a certain cell density, the cells were split by passaging
100 pl of the resuspended cells to another well. Finally 100 pl of fresh medium (Table
8) plus fresh IL-2 (final concentration 100 U/ml) were added to each well. For
cytokine measurements the supernatants were harvested after 1 — 3 days by
pipetting gently 100 pl/well without disturbing the pellet. Then the tubes were
centrifuged (1200 RPM, 10 °C, 5 min) and carefully approximately 90 pl of the cell
debris-free supernatant were transferred into a new tube. The supernatants were
finally stored at — 20 °C for further analysis [3.2.6 Cytometric Bead Array (CBA)].
The different cellular growth was documented with an Olympus CK2 microscope
equipped with a ProgRes CT3 digital camera and ProgRes CapturePro 2.5 software
(Jenoptik).

3.2.5 Phenotypic analysis

The cultured cells were harvested by resuspending the cells per well and the cell
number was determined by Neubauer-counting chamber (stained in the appropriate
volume with Trypan Blue solution 0.4%). Both the freshly isolated cells (day 0) as well
as cultured cells harvested at the time indicated were washed with PBS plus 0.5 %
FBS (1200 RPM, 10 °C) for 10 min. The pellet was resuspended in 500 pl PBS and
then treated with 1 pl of the 1:10 predilution (diluted with DMSO) of eFluor 780
Fixable Viability Dye (1:5000), tightly vortexed and incubated for 3 min at RT (ligtht-
protected) followed by the next washing step with FACS buffer (Table 10, 1200 RPM,
10 °C) for 10 min. Subsequently the pellet was resuspended in 30 ul FACS buffer
(Table 10) and the cells were stained with fluorochrome-conjugated monoclonal
antibodies (according to the manufacturer) either with TCRV&2, CD3, CD27, CD25,
CD56 and/or CD14 for 30 min on ice (light-protected). Then the cells were washed
again with FACS buffer (Table 10, 1200 RPM, 10 °C, 10 min) and then finally fixed
by resuspending the pellet with 200 ul FIX-buffer (sterile filtered, Table 11). In the
end the cells were analysed with a FACSCanto Il flow cytometer and BD
FACSDiva™ software.
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3.2.6 Cytometric Bead Array (CBA)

Levels of cytokines (IFN-y, IL-13, TNF-a, GM-CSF, CCL2 and IL-17-A) were
determined on day 3 — 5 in culture supernatants using the Cytometric Bead Array
(CBA) Human Soluble Protein Master Buffer Kit from BD Bioscience and CBA
Human Cytokine Flex Sets. The protocol of the Instruction Manual of BD Cytometric
Bead Array (CBA) Human Soluble Protein Master Buffer Kit was adapted.

First a TOP standard was prepared by transferring the lyophilized standard spheres
from each analyte from the BD CBA Human Soluble Protein Flex Set in a
polypropylene tube (e.g. 15 ml Falcon tube), which was labeled “TOP standard”. The
standards were reconstituted with 4 ml of Assay Diluent and were equilibrated for 15
min (light-protected, at RT) followed by gentle mixing via pipetting. Then 10 tubes (12
X 75 mm) for a serial dilution were labeled and arranged in following order: Top
Standard (Std.) 2500 (tube 1), Std. 1250 (tube 2), Std. 625 (tube 3), Std. 312 (tube
4), Std 156 (tube 5), Std. 80 (tube 6), Std. 40 (tube 7), Std. 20 (tube 8), Std. 10 (tube
9), Std. 0 (tube 10). First 300 pl of Assay Diluent were transferred to the tubes 2 — 10.
In the second step a serial dilution was performed by transferring 300 pl of the TOP
standard to tube 2 (Std. 1250) followed by thorough mixing via pipetting. The serial
dilution was continued by transferring 300 ul of tube 2 (Std. 1250) to tube 3 (Std. 625)
and so on continued making the serial dilution until tube 9 (Std. 10). As a negative
control (tube 10 = ZERO standard, Fig. 5) served a tube, which only contained Assay
Diluent (O pg/ml).

Later on a master mix consisting of Capture Beads and Detection Reagent of each
cytokine was prepared in a 15 ml tube. Therefore the number of tests of the
experiment (standard, samples and diluted samples) had to be determined. In order
to start the preparation of the master mix each Capture Bead Reagent stock vial had
to be vortexed for at least 15 seconds to resuspend the beads thoroughly before
transferring them. Then the total volume of diluted beads and total volume for
Capture beads needed for the experiment was determined. Each sample required 25
pl of diluted beads and 0.5 pl of Capture beads.
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The total volume of diluted beads can be calculated by multiplying 25 pl by the
number of tests. The same calculation had to be made for the volume of Capture
Beads, which was calculated by multiplying 0.5 ul by the number of tests. Then the
volume of Capture Bead Diluent and Detection Reagent Diluent needed to dilute the
beads was determined. Therefore, the volume of each bead tested was subtracted
from the total volume of diluted beads needed to perform the assay.

Example for the whole calculation:

53 tests x 25 pl of diluted beads = 1350 pl
53 tests x 0.5 pl of each Capture Bead = 26.5 pl
1350 pl total volume of diluted beads — 26.5 pl for each bead (analyte) = volume of
Capure Bead Diluent.
e.g.
¢ if testing one analyte: 1350 pl — (26.5 pl x 1) = 1323.5 ul Capture Bead Diluent
e if testing six analytes: 1350 pl — (26.5 pl x 6) =1166 pl Capture Bead Diluent

Then the Capture Bead Diluent and the Capture Beads were also transferred into a
tube labeled with “Master Mix”.

Assay Preparation

Afterwards 50 pl of the master mix were transferred into each assay FACS-tube (10 x
standard tubes plus sample tubes). Then 25 pl of each sample or 25 pl of the
standard were added to the corresponding assay tube under gentle vortexing
following by an incubation step of 3 hours at RT (light-protected). In the meantime the
Wash Buffer (1 ml per test tube) was prepared by sterile filtering the buffer (0.2 pM)
with a 60 ml injection syringe. After the incubation step, in order to wash the sample,
1 ml of the Wash Buffer were added to each sample tube and centrifuged for 7 min at
RT (1300 RPM).The supernatant was carefully aspirated and discarded and 200 pl of

the Wash Buffer were added in order to resuspend the pellet.
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Just before being analysed the samples were vortexted for 3 — 5 seconds. The
samples were analysed using FACSCanto Il system, BD FACSDiva™ software. The

final concentrations of the individual cytokines were determined with the FCAP Array
1.0.1 software from BD Bioscience.

300pl  300pl  300pl 300p  300pl 300pl 300pl 300w

AR )

1:2 1:4 1:8 1:16 1:32 1:64

1:128 1:256 ZERD
standard

TOP
standard

Figure 5: CBA - Concentration-row of standards: First 300 pl of the TOP standard
were pipetted in tube 2 thoroughly mixed via pipetting and then the same amount
transferred to tube 3 and so on until tube 9 in order to prepare the serial dilution:
TOP standard (tube 1), 1:2 (tube 2), 1:4 (tube 3), 1:8 (tube 4), 1:16 (tube 5), 1:32
(tube 6), 1:64 (tube 7), 1:128 (tube 8), 1:265 (tube 9) and zero standard (tube
10). [This figure was adapted from the Instruction Manual of BD Cytometric Bead
Array (CBA) Human Soluble Protein Master Buffer Kit].

3.2.7 ELISA

The levels of IL-18 were determined in culture supernatants using the Human IL-18
ELISA Kit from MBL based on the instruction manual.
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3.2.8 Intracellular cytokine staining

The cells (1.5 x 10%/ml) were cultured in cell culture medium (Table 8) and stimulated
with IL-2 (100 U/ml) or IL-2 plus zoledronate (30 uM) and placed in a CO»-incubator
for 20 hours (day 1). During the last 3 — 4 hours the cells were treated with 10 pl 1:10
predilution of brefeldin A and finally harvested and washed with PBS plus 0.5 % FBS
(300 g, 5 min, 4 °C). The pellet was resuspended in 500 ul PBS and then treated with
1 pl of the 1:10 predilution (diluted with DMSO) of eFluor 780 Fixable Viability Dye
(1:5000), tightly vortexed and incubated for 3 min at RT (light-protected) followed by
the next washing step with FACS buffer (Table 10). Subsequently the pellet was
resuspended in 40 pl FACS buffer (Table 10) and the cells were stained for surface
antigens with fluorochrome-conjugated monoclonal antibodies (according to the
manufacturer’s instructions) for TCRVd2, CD3 and CD14 for 30 min on ice (light-
protected), washed again with FACS buffer (Table 10, 300 g, 4°C, 5 min) and then
fixed with 100 ul FIX-medium (reagent A) for 15 min (light-protected). After the
incubation step the cells were washed twice with PBS (300 g, 4°C, 5 min). The pellet
was resuspended in 100 pl PERM-medium (reagent B, 1:1000 with Intratect) and 20
ul of the fluorochrome-conjugated monoclonal anti-IFN-y antibody (or antibodies
against other cytokines) were added. After 20 min incubation at RT (light-protected)
the cells were washed twice with PBS plus 0.5 % FBS (300 g, 4 °C, 5 min) and the
pellet resuspended in 200 pl FIX buffer (Table 11). In the end the cells were
analysed with FACSCanto Il flow cytometer and BD FACSDiva™ 6.1.2 as well as

with BD FlowJo Version 7.2.5 software.

3.2.9 Statistical analyses

For statistical analyses the experiments were always performed as duplicates or
even sextuplicates and repeated at least two times. The Student t test was used to
determine the group comparison for paired samples and the P values were
statistically significant if they are equal to or less than 0.05. The experiment data

were calculated using Microsoft Excel and SPSS software (SPSS Inc).
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4. Results

The zoledronate-mediated inhibition of FPP synthase results in upstream
accumulation of IPP and downstream deprivation of the prenyl pyrophosphates FPP
and GGPP of the mevalonate pathway (Fig. 3). Previous studies have shown that the
depletion of the isoprenoid pyrophosphates results in inflammatory responses.
Caspase-1 subsequently cleaves pro-IL-1B and pro-IL-18 and provides bioactive
forms of those cytokines, which amplify IFN-y production (2). The caspase-1 inhibitor
YVAD blocked the zoledronate-induced IFN-y release in NK cellsaswellasinyd T
cells. Moreover, experiments with IL-18 costimulation have shown that this cytokine
acts as a strong mediator during zoledronate-induced yd T-cell expansion (55), (46),

).

4.1 Phenotypic analyses of yd T cells stimulated with zoledronate

As IL-2 is involved in T-cell activation and is expressed on activated lymphocytes (48)
we first concentrated on the ligand-specific IL-2 receptor a chain (IL-2Ra, CD25)
expression. Therefore we performed experiments with zoledronate treated PBMCs or
with monocyte-depleted PBMCs (CD14  PBMCSs) either alone or in combination with
a neutralising antibody against endogenous IL-18. For phenotype analysis the cells
were harvested after 20 hours and stained with anti-CD3, anti-Vd2 and anti-CD25
antibodies.

In zoledronate-treated PBMCs, the expression of CD25 was induced. However,
CD25 expression on the surface of yd T cells was reduced by neutralization of
endogenous IL-18. Subsequently, we depleted the monocytes (CD14" cells), as
monocytes are known to be one of the sources of both IL-18 and IL-1 (56), (57).
Depletion of CD14" cells reduced zoledronate-induced CD25 upregulation, however,
addition of exogenous IL-18 to monocytes-depleted PBMCs resulted in enhanced
CD25 expression (Fig. 6).
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Figure 6: Upregulation of CD25 on yd T cells by zoledronate-induced IL-18.
PBMCs (1.5 x 10%/ml) were treated for 20 hours with zoledronate (30 uM) either
alone or in combination with the neutralising antibody against endogenous IL-18
(5 pg/ml) in 96-well plates. The CD14° PBMCs were stimulated for 20 hours with
zoledronate (30 pM) either alone or in combination with recombinant IL-18 (200
ng/ml). All cells were stained for CD3, TCRV2 and CD25. The cells were
measured by flow cytometry and finally the V&2* T cells were gated and
selectively analysed for CD25 expression (CD25 expression: filled histogram,
isotype control: open histogram, zol: zoledronate) with the BD FACSDiva™

software. Copyright 2013. The American Association of Immunologists, Inc.
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4.2 Analyses of cytokine response

The release of IL-18 in response to stimulation of zoledronate was studied in CD14"
PBMCs by ELISA. IL-2 enhances the IL-18 effect, which is known for its stimulating
activity of IFN-y production (44), (45). Therefore experiments were performed with
CD14" PBMCs either without stimulation or with IL-2 and zoledronate treated cells
each alone or combined with GGPP or YVAD, which is a specific inhibitor of
caspase-1 (58). As shown in Fig. 7 zoledronate induced IL-18 secretion at low level.
IL-2 alone had no effect. In presence of GGPP, which might restore protein
prenylation, IL-18 was not detectable. The bio active form of IL-18 is generated by
caspase-1, which can be inhibited by YVAD (58). In the presence of YVAD no IL-18
production was measured. The DMSO solvent control showed no effect (Fig. 7).

CD14*PBMCs
x .
80 |5 I
80 |-
71.0
70 |-
o
60 |-
3
50 |4
& * *
o 40 |
)
- 30 |4
20 |-
10 |- *k *k
0 0.0 0.0 0.0 0.0
-f= IL-2 zol zol zol+IL-2 zol+IL-2 zol+IL-2
+IL-2 +GGPP +Y¥VAD +DMSO

Figure 7: Addition of GGPP and YVAD abolished IL-18 secretion in
CD14'PBMCs. CD14*PBMCs (1 x 10°/ml) were either left unstimulated or
treated for 20 hours with zoledronate (30 uM) and IL-2 (100 U/ml) either alone or
in combination with GGPP (10 uM) or caspase-1 inhibitor YVAD (200 puM).
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The DMSO treated cells in combination with zoledronate + IL-2 served as a
solvent control for YVAD. IL-18 was analysed from culture supernatants by
ELISA. In Fig. 7 one experiment, which is representative of three independent
experiments, is presented. The error bars are SD. * p < 0.05, zol: zoledronate.

Copyright 2013. The American Association of Immunologists, Inc.

We further conducted experiments with two different donors, which have either low
(0.6%) or high (10%) yd T cell frequencies. Therefore PBMCs or monocyte-depleted
PBMCs (Fig. 8) were stimulated with IL-2 either alone or in combination with
zoledronate as it is described that the induction of IFN-y by IL-18 is enhanced in
combination with IL-2 (45). The cells were incubated for 20 hours in a CO,-incubator
and finally stained for the surface marker CD3 and for intracellular IFN-y. In the
absence of monocytes (CD14" cells) the production of intracellular IFN-y was
reduced or abrogated (Fig. 9).

PBMCs CD14-PBMCs

CD3

CD14

Figure 8: Flow cytometric control of depleted monocytes (CD14%).CD14" cells
were depleted from PBMCs and stained for CD3 and CD14, checked on day 0 by

flow cytometry. Copyright 2013. The American Association of Immunologists,
Inc.
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Figure 9: The early IFN-y response induced by zoledronate plus IL-2 depends

on monocytes. Two different donors either with high (donor 1: 10%) or low

(donor 2: 0.6%) yd T cells starting frequency were examined for intracellular IFN-

v staining. Therefore PBMCS (1.5 x 10%/ml) or monocyte-depleted PBMCs
(CD14 PBMCs, 1.5 x 10°/ml) were treated with IL-2 (100 U/ml) either alone or in

combination with zoledronate (30 uM) in 96-well plates. The cells were incubated

for 20 hours in a CO»-incubator, stained for intracellular IFN-y and surface CD3

and finally measured with FACS Canto Il flow cytometer, zol: zoledronate.

Copyright 2013. The American Association of Immunologists, Inc.

We further performed experiments with PBMCs or with monocyte-depleted PBMCs

(CD14 PBMCs). The cells were stimulated with IL-2 or zoledronate either alone, or

both together in combination or without IL-18 neutralising antibody. Followed by a 20

hours incubation period, culture supernatants were harvested and analysed by CBA

flex sets.

45




Results

We have observed that zoledronate together with IL-2 induced an early cytokine
response (IFN-y, TNF-a, GM-CSF, IL-113), whereas after depletion of monocytes no
or low amounts of cytokines were measured (p < 0.01). We also found that the
monocyte chemoattractant protein-1 (MCP-1) was also induced by zoledronate
treatment. MCP-1 is also referred to as chemokine (C-C maotif) ligand 2 (CCL2) to
attract monocytes, neutrophils, T cells and NK cells (59), (60). However, as in Fig. 10
demonstrated, the chemokine CCL2 upregulation is dependent on monocytes. The
treatment of zoledronate plus IL-2 in combination with IL-18 neutralising antibody

reduced the production of each analysed cytokine (Fig 10).
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Figure 10: Early cytokine response in PBMCs induced by zoledronate
treatments. PBMCs (1.5 x 10°/ml) or monocyte-depleted CD14'PBMCs (1.5 x
10°%ml) were stimulated for 20 hours either with IL-2 (100 U/ml) alone or in
combination with zoledronate (30 uM) alone or combined with I1L-18 neutralising
antibody (5 pg/ml). The upregulation of the different cytokines was analysed in
culture supernatants using CBA flex sets. In Fig. 10 one experiment, which is

representative of three independent experiments, is presented.
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The error bars are SD. * p < 0.05, ** p < 0.01, zol: zoledronate. Copyright 2013.

The American Association of Immunologists, Inc.

4.3 Analysis of yd T-cell proliferation

Compared to the cytokine response and CD25 upregulation, which occurred within
the first 20 hours, the yd T-cell expansion was delayed. Kinetic experiments
demonstrated that yd T-cell proliferation does not start until day 4 to day 5 (Fig. 12).
Furthermore the delay was further increased when the monocytes were depleted.
The delay of zoledronate could be explained by zoledronate-mediated inhibition of
FPP synthase leading to downstream depletion of prenyl pyrophosphates, which
serve as donor substrates for prenylation (2), (3). Further experiments have
demonstrated that GGPP seems to be the main target of zoledronate-induced
deprivation of prenyl pyrophosphates (46). Therefore we examined kinetic
experiments with PBMCs and monocyte-depleted PBMCs (CD14'PBMCs, Fig. 11),
which were stimulated with zoledronate plus IL-2 either alone or in combination with
GGPP. yb T-cell proliferation was analysed on day 1, day 3, day 5 and day 7 of
incubation. It was shown that addition of GGPP (10 uM), which is described as a
poor antigen [300-fold less potent than the antigen IPP (10)], resulted not only in a
higher proliferation but also in an earlier start of yd T-cell expansion (Fig. 12).

PBMCs CD14-PEMCs
Depletion

CD3

Figure 11: Flow cytometric control of depleted monocytes (CD14").CD14" cells
were depleted from PBMCs and stained for CD3 and CD14, checked on day 0 by
flow cytometry. Copyright 2013. The American Association of Immunologists,

Inc.
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Figure 12: Addition of GGPP leads to earlier start of yd T-cell- expansion and to
a higher proliferation rate. The kinetic experiment was performed with PBMCs
(1.5 x 10%/ml) and monocyte-depleted (CD14") PBMCs (1.5 x 10%ml) in 96-well
plates. The cells were treated with zoledronate (10 uM) + IL-2 (100 U/ml) either
alone or in combination with GGPP (10 uM). The cells were either stained on day
1, day 3, day 5 or day 7 for surface CD3 and TCR-Vé2 and the yd T-cell
expansion was determined by flow cytometry. The cells were analysed by the BD
FACSDiva™ software. The total numbers of yo T cells in the individual cell
cultures were derived from absolute cell numbers considering yo T-cell frequency
and used to quantify yd T-cell expansion, zol: zoledronate. Copyright 2013. The

American Association of Immunologists, Inc.
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4.4 The role of accessory cells in zoledronate-induced yd T-cell
activation

yo T cells recognise antigens without the requirement of APCs, e.g. DCs (27).
Nevertheless, it is still not known if yd T cells require costimulations, which are
induced by APCs. In order to examine the role of accessory cells in IL-18 stimulated
yo T cells we designed experiments with cell cultures depleted of all accessory cells
including monocytes, DCs, B cells and activated T cells. Moreover, as previous
studies have shown that IL-18-mediated proliferation of yd T cells might have effects
on CD56”"9" NK cells (52), also CD56" cells were also depleted (Fig. 13). The cells
were stimulated with IL-2 plus zoledronate in combination with the pyrophosphate
GGPP either alone or in combination with IL-18 for 7 days. Finally, the cells were
stained for surface CD3 and TCR-Vd2. The loss of yd T-cell proliferation (expansion
factors < 0.13-fold) in HLA-DR'CD56° PBMCs was due to the toxic effects of
zoledronate, which can be prevented by addition of GGPP. The stimulation of GGPP
in combination with IL-18 showed a strong induction of yd T-cell proliferation
(expansion factor >30 fold), which was not achieved by stimulation with GGPP alone
(expansion factors of 1.3 fold). The expansion of yd T cells was also achieved
independently of CD56" cells, which leads to the conclusion that IL-18 stimulates y&
T cells directly. In addition, the less effective expansion in the presence of CD56"

cells may be due to IL-18-mediated activation of NK-cell cytotoxicity (Fig. 14).
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Figure 13: Flow cytometric control of PBMC subset depletion. PBMCs were
depleted either of HLA-DR™ cells or of HLA-DR*CD56" cells. The cells were

stained for surface HLA-DR and CD56 and the purification was checked on day O

by flow cytometry. Copyright 2013. The American Association of

Immunologists, Inc.
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Figure 14: Addition of GGPP and IL-18 enhances the expansion of zoledronate

plus IL-2 mediated yd T cell expansion in the absence of any other

accessory cells. All accessory cells (HLA-DR") and NK cells (CD56%) were

depleted.
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The cells (1.5 x 10%ml) were stimulated in 96-well plates with zoledronate (10
UM) + IL-2 (100 U/ml) in combination with GGPP (10 uM) either alone or in
combination with IL-18 (200 ng/ml). As a control HLA-DR" and HLA-DR'CD56°
cells were stimulated with IL-2 + zoledronate without other stimulation
components. On day 7 the cells were stained for surface CD3 and TCR-V$2 and
y® T-cell expansion was determined by flow cytometry and the cells were
analysed by the BD FACSDiva™ software. The total numbers of yd T cells in the
individual cell cultures were derived from absolute cell numbers considering yo T-
cell frequency and used to quantify yo T-cell expansion, zol: zoldronate.

Copyright 2013. The American Association of Immunologists, Inc.

Moreover, the several cellular growth of the HLA-DR" PBMCs or HLA-DR'CD56°
PBMCs was documented on day 7 and it was shown that in the presence of
zoledronate and IL-2 the cells did not aggregate and no expansion of yd T cells could
be observed (Fig. 15).

IL-2 + zol control + GGPP + GGPP + IL-18

HLA-DR-

HLA-DR-
CD56-

Figure 15: Different cell aggregation of HLA-DR and HLA-DR CD56" cells.
All accessory cells (HLA-DR") and NK cells (CD56") were depleted.The cells (1.5
x 10°/ml) were stimulated with zoledronate (10 uM) + IL-2 (100 U/ml) in
combination with GGPP (10 uM) either alone or in combination with IL-18 (200
ng/ml).
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As a control HLA-DR™ and HLA-DR'CD56" cells were stimulated with IL-2 +
zoledronate without other stimulation components. The different cellular growth
was documented with an Olympus CK2 microscope (magnification: 4x10)
equipped with a ProgRes CT3 digital camera and ProgRes CapturePro 2.5
software (Jenoptik) The scale bar is 500 um, zol: zoledronate. Copyright 2013.

The American Association of Immunologists, Inc.

Previous studies have revealed that CD56" yd T cells show a higher resistance to
Fas-ligand-mediated apoptosis as well as chemically-induced apoptosis and to be
more cytotoxic, have stronger antitumour effects (61). We therefore also studied the
CD56 expression on yd T cells by staining the cells for CD3, TCR-Vd2 and CD56.
This led to the finding that treating with IL-18 enhanced the number of CD56" yd T
cells (Fig 16).

control
o | W £
E ] ﬁ E :
i ” IL-18
VB2 TCR ] 1

CD56

Figure 16: IL-18 enhanced the CD56 expression on yd T cells. PBMCs (1.5 x
10%/ml) were stained on day 5 for CD3 and TCR-V32 and surface CD56.
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The cells were examined by FACS Canto Il flow cytometry and finally the V62" T
cells were gated and selectively analysed for CD56 expression by the BD
FACSDiva™ software. Copyright 2013. The American Association of

Immunologists, Inc.

4.5 Expansion of highly purified yd T cells

Previous experiments (Fig. 14) have shown that yd T-cell expansion, induced by
zoledronate plus IL-2 required no APCs when GGPP and IL-18 were present. Hence,
we designed experiments with yd T cells highly purified by negative isolation (Fig.
17). Highly purified yd T cells were treated with IL-2 plus zoledronate either with
GGPP alone or in combination with IL-18 costimulation. The toxic effect of
zoledronate was measured by incubating the cells with eFluor 780 Fixable Viability
Dye and analysed by flow cytometry. Only 8.6 % of the cells were viable after
zoledronate treatment, however, supplementation with GGPP resulted in a much
higher viability (> 75%). The effect of IL-18 in combination with GGPP slightly raised
the cell viability to > 79% (Fig. 18).
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Figure 17: Flow cytometric control of highly purified y& T cell. yo T cells were
highly purified from PBMCs by negative selection. The cells were stained for CD3
and V&2 and the purification checked on day 0 by flow cytometry. The cells were
finally analysed with the BD FACSDiva™ software. Copyright 2013. The

American Association of Immunologists, Inc.
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Figure 18: Supplementation with GGPP and IL-18 resulted in a much higher
viability of highly purified y& T cells. yd T cells were highly purified from
PBMCs by negative selection. The cells (10° cells per 96 well) were treated with
zoledronate (10 puM) + IL-2 (100 U/ml) either with GGPP (10 uM) alone or in
combination with IL-18 (200 ng/ml). Zoledronate toxicity was analysed using
eFluor 780 Fixable Viability Dye, which irreversibly labels dead cells. Finally, the
cells were determined by flow cytometry. In the end, the cells were analysed by
BD FACSDiva™ software. The viable cells exclude eFluor and increase the
forward scatter (FSC) during activation, zol: zoledronate. Copyright 2013. The

American Association of Immunologists, Inc.

Additionally, the cell growth of the highly purified yd T cells was documented on day 3
and day 6. Thereby it was shown that the cell aggregation of the yd T cells was
enhanced by addition of GGPP on day 3 and was increased on day 6 (Fig. 19).
Moreover, the supplementation with IL-18, showed little influence on the cell viability
(Fig. 18), but highly boosted the yd T-cell proliferation, also in a time-dependent-way.
On day 7 the cells were stained for CD25. Stimulation with IL-18 induced an

enhanced expression of CD25 on their cell surfaces (Fig. 19).
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Figure 19: IL-18 enhances the yd T-cell aggregation time-dependently and
generated yd T cells with high CD25 expression. Highly purified yo T cells
(10° per 96 well) were stimulated with zoledronate (10 pM) + IL-2 (100 U/ml) in
combination with GGPP (10 puM) either alone or in combination with I1L-18 (200
ng/ml). As a control served yo T cells, which were stimulated with IL-2 +
zoledronate without other stimulation components. The different cell aggregation
was documented on day 3 and day 6 with an Olympus CK2 microscope
(magnification: 4x10) equipped with a ProgRes CT3 digital camera and ProgRes
CapturePro 2.5 software (Jenoptik) The scale bar is 500 um, zol: zoledronate.
The yd T cells were stained for surface CD25 on day 7 and analysed by flow
cytometry using BD FACSDiva™ software. CD25 expression: filled histogram,
isotype control: open histogram, zol: zoledronate. Copyright 2013. The American

Association of Immunologists, Inc.

In order to analyse the time-dependent upregulation of CD25 we performed kinetic
experiments with PBMCs. The cells were stimulated with IL-2 plus zoledronate in
combination with GGPP either alone or in combination with IL-18. The cells were

stained for CD25 on day 2, day 4, day 7 and were analysed using flow cytometry.
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Whereas GGPP had no visible influence on CD25 expressing yd T cells, IL-18
strongly enhanced the time-dependent upregulation of CD25 (Fig. 20).

IL-2 + zol + GGPP + GGPP +IL-18
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Figure 20: Time-dependent generation of yd T-cell expressing high levels of
CD25 by IL-18 stimulation. PBMCs (1.5 x 10%/ml) were stimulated with
zoledronate (10 uM) + IL-2 (100 U/ml) in combination with GGPP (10 uM) either
alone or in combination with IL-18 (200 ng/ml). For phenotype analysis the yo T
cells were stained for CD25 on day 2 (d2), day 4 (d4), day 7 (d7) and measured
by FACS Canto Il flow cytometer. Finally, V62" T cells were gated and selectively
analysed for CD25 expression (CD25 expression: filled histogram, isotype
control: open histogram, zol: zoledronate) with the BD FACSDiva™ software.

Copyright 2013. The American Association of Immunologists, Inc.
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We further determined the different expansion of pure yd T cells. The cells were
treated with zoledronate plus IL-2 in combination with GGPP either alone or in
combination with IL-18 costimulation. As a control yd T cells were treated with
zoledronate plus IL-2. The cells were stained on day 10 and the factor of expansion
was calculated. The yd T-cell expansion from yd T cells, which were treated with
zoledronate plus IL-2, was not evaluable due to the toxicity of zoledronate. However,
in combination with the prenyl pyrophosphate GGPP, abrogating the toxic effect of
zoledronate, yd T-cell proliferation was enhanced (expansion < 4-fold). In
combination with GGPP and by costimulation with IL-18, the yd T-cell proliferation
was strongly amplified (expansion > 13-fold). Therefore, GGPP and IL-18 are
necessary in order to achieve a high yd T-cell expansion and to prevent the toxic
effect of zoledronate stimulation (Fig. 21).

V52T cells
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IL-2 + zol (control) + GGPP + GGPP +[L-18

Figure 21: GGPP and IL-18 are required for high yd T-cell-expansion in
response to treatment with zoledronate plus IL-2. Highly purified yo T cells
(10° per 96-well plate) were stimulated with zoledronate (10 pM) + IL-2 (100
U/ml) in combination with GGPP (10 uM) either alone or in combination with IL-
18 (200 ng/ml). As a control yo T cells were stimulated with IL-2 + zoledronate
without other stimulation components. On day 10 the cells were stained for
surface CD3 and TCR-V42 and the yd T-cell expansion was determined by flow
cytometry. Finally, the cells were analysed by the BD FACSDiva™ software.
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The total numbers of yd T cells in the individual cell cultures were derived from
absolute cell numbers considering yé T-cell frequency and used to quantify yo T-
cell expansion. In Fig. 21 one experiment, which is representative of three
independent experiments, is presented. The error bars are SD. * p < 0.05, zol:

zoledronate. Copyright 2013. The American Association of Immunologists, Inc.

Previous studies have examined the relation between cell density and normal human
T-cell expansion in vitro. Thereby, they have demonstrated that activated T cells
undergo apoptosis at a low cell density of 1 x 10* cells and that PBMCs have to be
seeded at high cell density (= 1 x 10%/ml) for optimal T-cell activation (62). In our
study we stimulated highly purified y8 T cells (Fig. 22) at low cell density (10* cells
per well) with zoledronate plus IL-2 either alone or in combination with GGPP. Some

cells were further stimulated with anti-IL-18 either alone or in combination with IL-113.

Figure 22: High resolution image of low y&-T cell density on day 0. Highly
purified yd T cells (10* cells per 96-well plate) were freshly seeded in 96-well
plates. The cells were documented on day 0 with an Olympus CK2 microscope
(magnification: 4x10) equipped with a ProgRes CT3 digital camera and ProgRes
CapturePro 2.5 software (Jenoptik) The scale bar is 500 um. Copyright 2013.

The American Association of Immunologists, Inc.

59



Results

At low cell density zoledronate killed more or less all yd T cells due to toxic effects,
whereas the addition of GGPP and IL-18 recovered yd T cells also in critical cell

density. No significant effect was observed with IL-113 (Fig. 23).

IL-2 + zol control + GGPP + GGPP
+IL-18 +IL-18+IL-1B

eFluor

Figure 23: Low density yd T cells were rescued by addition of GGPP plus IL-18.
y® T cells were highly purified from PBMCs by negative selection. The cells were
seeded at low cell density (10* cells per 96-well plate) and were treated with
zoledronate (10 pM) + IL-2 (100 U/ml) either with GGPP (10 pM) and IL-18 (200
ng/ml) alone or combined with IL-18 (5 ng/ml). The zoledronate toxicity was
analysed on day 15 using eFluor 780 Fixable Viability Dye, which irreversibly
labels dead cells. Finally, the cells were analysed by flow cytometry. The viable
cells exclude eFluor and increase the forward scatter (FSC) during activation, zol:
zoledronate. Copyright 2013. The American Association of Immunologists, Inc.
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The low density yd T cells were stained on day 15 for CD3 and TCR-V&2 to confirm
yd T-cell expansion. Our results demonstrated that supplementation of GGPP and IL-
18 resulted in strong yd T-cell expansion (~ 60 fold expansion), which could modestly
be enhanced by the addition of IL-11 [> 80 fold expansion, (Fig. 24)].
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Figure 24: Addition of GGPP and IL-18 resulted in strong y® T-cell expansion
even at low cell density. Highly purified yd T cells (10* cells per 96-well plate)
were stimulated with zoledronate (10 uM) + IL-2 (100 U/ml) in combination with
GGPP (10 uM) and IL-18 (200 ng/ml) either alone or in combination with IL-113 (5
ng/ml). As a control yé T cells were stimulated with IL-2 + zoledronate without
other stimulation components. On day 15 the cells were stained for surface CD3
and TCR-Vd2. The yd T-cell expansion was determined by flow cytometry and
the cells were finally analysed by the BD FACSDiva™ software.
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The total numbers of yd T cells in the individual cell cultures were derived from
absolute cell numbers considering yé T-cell frequency and used to quantify yo T-
cell expansion. In Fig. 24 one experiment, which is representative of three
independent experiments, is presented. The error bars are SD. * p < 0.05, zol:

zoledronate. Copyright 2013. The American Association of Immunologists, Inc.

yo T cells, even at low density, showed a time-dependent cell aggregation on day 3
and even higher aggregation on day 6. The costimulatory effect of IL-18 at critical cell
density resulted in higher cell aggregation of yd T cells and could be enhanced by
supplementation with IL-113 (Fig. 25).

+ GGPP + GGPP

IL-2 + zol control +IL-18 +IL-18+IL-1PB

day 3

day 6

Figure 25: IL-18 costimulation resulted in higher cell aggregation of yd T cells
at low cell density. Highly purified y& T cells (10* cells per 96-well plate) were
stimulated with zoledronate (10 puM) + IL-2 (100 U/ml) in combination with GGPP
(10 uM) either alone or in combination with IL-18 (200 ng/ml). As a control y6 T
cells were stimulated with IL-2 + zoledronate without other stimulation

components.
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The different cell aggregation was documented on day 3 and day 6 with an
Olympus CK2 microscope (magnification: 4x10) equipped with a ProgRes CT3
digital camera and ProgRes CapturePro 2.5 software (Jenoptik). The scale bar is
500 um, zol: zoledronate. Copyright 2013. The American Association of

Immunologists, Inc.

4.6 Regulation of memory y® T-cell differentiation

We have shown that addition of GGPP plus IL-18 resulted in higher yd T-cell
expansion by zoledronate plus IL-2 treated yo T cells (Fig. 24). To examine the cell
surface markers present on expanded yd T cells, we performed experiments with
highly purified yd T cells. The cells were stimulated with IL-2 plus zoledronate in
combination with either GGPP alone or with IL-18 costimulation, or with GGPP plus
IL-18 plus IL-1R for 14 days. Finally, the cells were stained for surface CD3, TCR-
V62, CD45RA and CD27. The yd T-cell population on day 14 contained mainly Tgy
cells. However, costimulation with IL-18 enhanced yd T-cell expansion as well as
differentiation of yd Tcwm cells. The final yd T-cell population consisted of
approximately equal numbers of Tcy and Tey cells (n = 4, p < 0.05). The effect of IL-
18 was not further enhanced by addition of IL-113 (Fig. 26).
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Figure 26: Phenotype analyses of highly purified yd T cells treated with IL-2
plus zoledronate in combination with GGPP and IL-18. Highly purified yo6 T
cells (10 cells per 96-well plate) were stimulated with zoledronate (10 pM) plus
IL-2 (100 U/ml) in combination with GGPP (10 uM) either alone or in combination
with IL-18 (200 ng/ml) or IL-2 plus zoledronate in combination with GGPP plus IL-
18 and IL-113 (5 ng/mL). On day 14 the cells were stained for surface CD3, TCR-
Vo2, CD45 RA and CD27 and the phenotypes yd T cells were determined by flow
cytometry and analysed using BD FACSDiva™ software.
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The phenotype of different cells: central memory T cells (Tcy, CD45RA'CD27Y),
effector memory T cells (Tem, CD45RA'CD27"), terminally differentiated T cells
(Temra, CD45°CD27), naive T cells (Thave, CD45°CD277) (17), (26), yo T cells
(CD3*/V52"). Bottom panel: For isotype control y& T cells were treated with
zoledronate plus IL-2 in combination of GGPP plus IL-18 and IL-1R. The cells
were stained for CD27 (IgG1) and CD45RA (IgG2b). In Fig. 26 one experiment,
which is representative of four independent experiments, is presented, zol:

zoledronate. Copyright 2013. The American Association of Immunologists, Inc.

4.7 Analyses of cytokine response of highly purified yd T cells

Recent studies have indicated that if yd T cells were stimulated with I1L-18, the
cytokines TNF-a,, GM-CSF and IFN-y were produced at higher levels (47). The
production of the effector cytokines IFN-y and GM-CSF was examined. Highly
purified yd T cells were treated with zoledronate plus IL-2 in combination with GGPP
either alone or with costimulation by IL-18 with or without IL-13. As a control yd T
cells were treated with zoledronate plus IL-2. The cells were stained on day 7 and the
cytokine levels were determined in cell culture supernatants by CBA flex sets. In
zoledronate plus IL-2-stimulated y& T cells and in the presence of GGPP and IL-18,
IFN-y was upregulated. In the absence of IL-18, IFN-y could not be detected. In
addition we analysed the amount of the cytokine GM-CSF, which acts as an
important cytokine for DC differentiation from monocytes and is therefore involved in
adaptive afp T-cell immune activation (49) (63). Interestingly, yd T cells, which were
incubated with IL-2 plus zoledronate with IL-18, showed high production levels of
GM-CSF (Fig. 27). However, IL-17 was not detected in the culture supernatants
(data not shown) even in combination with IL-13, which is supportive for
differentiation into IL-17-producing human Vy9Vod2 T cells (64).
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Figure 27: High levels of the cytokines GM-CSF and IFN-y were determined in
low density y® T-cell cultures stimulated by zoledronate plus IL-2 in the
presence of GGPP and IL-18. Highly purified y3 T cells (10* cells per 96-well
plate) were stimulated with zoledronate (10 uM) + IL-2 (100 U/ml) in combination
with GGPP (10 uM) either alone or in combination with IL-18 (200 ng/ml), or
GGPP plus IL-18 plus IL-18 (5 ng/ml). As a control yo T cells were stimulated
with IL-2 + zoledronate without other stimulation components. The cytokines
were analysed on day 7 in culture supernatants using CBA flex sets. In Fig. 27
one experiment, which is representative of three independent experiments, is
shown. The error bars are SD. * p < 0.05; n.s.: not significant, zol: zoledronate.

Copyright 2013. The American Association of Immunologists, Inc.
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5. Discussion

The effect of zoledronate-induced inhibition of the FPP synthase in the mevalonate
pathway seems to have two major effects: (i) the upstream accumulation of IPP and
(ii) the deprivation of FPP and GGPP downstream of the mevalonate pathway (2).
The upstream accumulation of IPP, which is recognised as an antigen by the Vy9vd2
TCRon yd T cells (18), (65), has immune stimulatory effects. This effect can be
enhanced through the upregulation of the IL-2Ra on the surface of yd T cells.
Further, this results in a higher stimulatory effect of the cytokine IL-2, the T-cell
growth factor (48).

The expression of IL-2Ra was induced by zoledronate plus IL-2 and mediated yd T-
cell proliferation. The depletion of monocytes, which are known to be one of the
sources of both IL-18 and IL-1B (56), reduced the expression of the IL-2Ra.
However, the addition of exogenous IL-18 could restore this effect and led to
enhanced IL-2Ra expression. This finding led us to conclude that IL-18 is one of the

major mediators of IL-2Ro upregulation.

However, the downstream depletion of the mevalonate intermediates FPP and GGPP
showed also inhibitory effects. These two prenylpyrophosphates serve as substrates
for prenylation on different heterotrimeric G-proteins, such as Ras, Rho and Rac (3).
The inhibition of FPP (unpublished data) and especially GGPP via zoledronate
treatment in combination with IL-2 resulted in an early cytokine response including
IFN-y, TNF-o, GM-CSF and IL-13. However, after depletion of monocytes, almost no
or low amounts of the cytokines could be analysed. Moreover, zoledronate also
mediated the upregulation of the chemokine CCL2 (MCP-1), which has not been
shown before. It has recently been reported that the human and mouse yd T cells,
stimulated with CCL2/CCR2 migrate into tumour lesions, which had been observed
by in vivo infiltration in murine tumour models (66). In addition the upregulation of

these cytokines was enhanced in the presence of IL-18 costimulation.
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Therefore it might be possible that zoledronate-related stress induction in
combination with IL-18 costimulation upregulates CCL2 and therefore might
orchestrate yd T-cell migration to stressed tissues such as tumours. Additionally, the
inhibitory effect of the downstream depletion of pyrophosphates resulted in a delayed

yd T-cell expansion, which was further enlarged if the monocytes were depleted.

Monocytes are generally suggested to be involved in zoledronate-mediated Vy9V62
T-cell activation, as they serve as a source of IPP/DMAPP (67) and are also known
to be a source of costimulatory cytokines like IL-18 and IL-1B (56). Roelofs et al.
hypothesised that N-BPs are internalised by monocytes via their high endocytic
activity. The internalisation further leads to accumulation of the antigen IPP and its
stereocisomer DMAPP in order to activate Vy9Vd2 T cells. In this study they used
guantitative mass spectrometry to analyse human PBMC cultures treated with
zoledronate for 2 hours. Whereas no IPP/DMAPP accumulation was detected in
untreated cells, zoledronate triggered the accumulation of IPP/DMAPP in monocytes.
They further demonstrated that zoledronate-treated monocytes enhanced the IFN-y
release and additionally increased the V&2 T-cell number (67).

Our results demonstrated that monocytes rather are a source of the cytokine IL-18,
after zoledronate stimulation resulting in caspase-1 activation (2), (43). The depletion
of monocytes resulted also in a decrease production of cytokines. Moreover,
zoledronate plus IL-2 mediated cytokine response was reduced in presence with an
IL-18 neutralising antibody.

Treatments with zoledronate plus IL-2 in combination with IL-18 neutralising antibody
reduced the production of all analysed cytokines. Depletion of monocytes, which
serve as a source of IL-18 (56), led to reduced expression of the IL-2Ra on the
surface of yd T cells. The importance of IL-18 was confirmed by the upregulation of

IL-2Ra through addition of exogenous IL-18 in absence of any accessory cells.
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The delayed response of zoledronate-mediated yd T-cell expansion due to
downstream depletion of the prenyl pyrophosphates was skipped by addition of
GGPP (10 uM). Supplementation with GGPP also enhanced yd T-cell expansion,
which was further amplified by costimulation with IL-18. These findings lead us to
examine the role of accessory cells including monocytes, DCs, B cells and activated
T cells and CD56" cells. The fact that IL-18 stimulated y3 T cells also after depletion
of all accessory cells indicated that IL-18 directly stimulates yd T cells. In cultures
with purified y® T cells zoledronate was particularly toxic due to zoledronate-
mediated inhibition of FPP synthase, which leads to downstream depletion of the
prenyl pyrophosphates (2), (3). However, addition of the mevalonate intermediate
GGPP could prevent this toxic effect. Treatment with GGPP and IL-18 costimulation
led to a very strong yd T-cell expansion, which could be also achieved at such a low
cell density (10* cells per 96 well). Usually, T cells stimulated at such a low cell
density undergo apoptosis due to oxidative stress (62). Therefore, our findings might
be very useful to optimise the yd T-cell expansion even starting from low cell
densities. Hence, the yd T-cell expansion can be improved from small blood samples

or tissue samples in order to use them for immunotherapy in cancer patients.

Previous studies have postulated that monocytes are the only cells, which are able to
produce IPP in response to zoledronate treatment (67). Our results demonstrated
that yo T cells could be expanded even in absence of any accessory cells including
monocytes. Brandes et al. have demonstrated that yd T cells can aquire accessory
cell features after activation with the specific antigen IPP (27). The same group
demonstrated that y® T cells aquire also endocytic activity, which is important to take
up zoledronate (68). Moreover, the phosphoantigen-dependent activation of yd T
cells and their accessory potential can be enhanced by CD70-CD27 costimulation,

which positively influences proliferation, survival and cytokine production (53), (54).
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The CD56""CD11c* NK cells, another type of accessory cells, are involved in the
IL-18 mediating effect of zoledronate-induced yd T-cell expansion (52). Although, all
accessory cells were depleted, including CD56" cells, we observed that IL-18 also
showed stimulating effects on highly purified yd T cells indicating that I1L-18 directly
stimulates yd T cells. In addition, the diminished expansion in the presence of CD56"
cells, which may be due to IL-18-mediated activation of NK-cell cytotoxicity, was in
contrast with the study of Tsuda et al. They have suggested that CD56" cell depletion
may impair yd T-cell expansion by eliminating CD56°"9™CD11c* NK cells as

accessory cells (52).

Our findings also demonstrated that IL-18 upregulated CD56 expression on the
surface of yd T cells, which might have a higher resistance to Fas-ligand-mediated
apoptosis as well as chemically induced-apoptosis and to be more cytotoxic against
tumour cells (61).

Furthermore, IL-18 has been identified to be a promising target for cancer therapy. In
the study of Yao et al. the observed that IL-18 might be involved in doxorubicin
resistance of MCF-7 breast cancer cells. The findings that in presence of IL-18 the
survival rate of MCF-7 was increased after doxorubicin treatment (69) are similar to
our results that IL-18 may have important effects to impair the zoledronate toxicity in

order to improve the yd T-cell proliferation, also within highly purified yo T cells.

We have also observed that IL-18 influences the differentiation of highly purified yo T
cells during zoledronate treatment. The yd T-cell population mainly consisted of Tgy
cells after the stimulation with zoledronate plus IL-2 and costimulated with GGPP in
the absence of IL-18. However, in the presence of IL-18 the final yd T-cell population
consisted of approximately equal numbers of Tcy and Tey cells.
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The costimulation with IL-18 results in both cell types, in cells with immediate effector
function and in cells with memory phenotypes for long-term protection function.
Additionally, Tcu cells may have higher ability than Tgy cells to persist in vivo and
may be able to mediate higher protection because of their strong proliferative
potential, like reported for afp Tcwm cells (70). This potential might be attributed to the
expression of CD27 receptor, which improves proliferation upon costimulation with its
ligand CD70 (53). Therefore IL-18 not only stimulated yd T cells but also positively
influenced the yd T-cell differentiation. This might be useful to establish the important
requirements in order to open new perspectives for modulating clinical cancer

immunotherapy.

Whereas, yd T cells were seen as the important source of IL-17 under certain
circumstances (71), we could detect this proinflammatory cytokine neither in PBMCs
nor in purified y® T cells. It has been reported that IL-13 and IL-18 promote IL-17
production in mice (72). In our study of human blood cells IL-17 was not possible to
detect, even in presence of these two cytokines. Recent studies have indicated that
human naive Vy9Vd2 T cells could differentiate toward IL-17 producing cells by TCR
triggering and stimulation with different cytokines, namely IL-113, IL-6, TGF-3 and IL-
23. Accordingly, IL17* Vy9Vd2 T cells exhibited a Tewra phenotype as they
expressed CD45RA'CD27 surface subsets (64). Consequently, our results showed
that stimulation of highly purified yd T cells with IL-18 did not result in IL-17
production as well as no expression of Teyra phenotypes. At the moment it is unclear
if the lack of Temra YO T cells (19), (29) is based on missing differentiation factors to
enable these cells or is caused through the early death due to the developed effector

functions (cytolysis or cytokine production).
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In summary, we determined critical aspects of induction of yd T-cell proliferation as
well as the capacity to recognise antigens in order to sense infections or other forms
of stress resulting in clonal yd T-cell expansion (23). Through inhibition of the FPP
synthase in the mevalonate pathway and the downstream depletion of the prenyl
pyrophosphates, zoledronate-induced cell stress resulted in inflammasome
activation. Hence, the IL-1 converting enzyme caspase-1 generates the active form
of IL-18 (2), (43). Inflammasome activation through zoledronate also mediated the
upregulation of the chemokine CCL2 (MCP-1), which might direct yd T-cell migration
to stressed tissues such as tumours (66).

According to our observations IL-18 enables yd T-cell expansion from low cell density
(10 cells) as well as the production of the cytokines TNF-a,, GM-CSF and IFN-y.
Beyond that, GM-CSF may enable the DC differentiation from monocytes and is

therefore an important factor for adaptive o3 T-cell immune activation (49), (63).
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6. Abstract

Zoledronate inhibits farnesyl pyrophosphate (FPP) synthase, a key enzyme in the
mevalonate pathway, which is often upregulated in malignant cells and therefore
serves as an important therapeutic target. On the one hand inhibiting the FPP
synthase results in upstream accumulation of the antigen IPP and on the other hand
it results in downstream depletion of the isoprenoid pyrophosphates FPP and geranyl
geranyl pyrophosphate (GGPP), which are required for protein prenylation. Vy9Vé2 T
cells sense infections or other forms of stress in an innate-like way. They expand due
to the accumulation of the potent antigen IPP, which is recognised by the Vy9Va2 T-
cell receptor (TCR). Previous studies have indicated that yd T cells require accessory
cells for optimal expansion. Monocytes are able to produce IPP and therefore are
important for yd T-cell expansion. In addition CD56”""CD11c* NK cells, which are
involved to mediate the effect of IL-18 on yd T-cell expansion, are important
accessory cells involved in yd T-cell expansion. In our study we demonstrate that the
downstream depletion of GGPP results in caspase-1-mediated release of the active
form of IL-18, which further induces the upregulation of IL-2 receptor a chain (IL-2Ra,
CD25). The upregulation of IL-2Ra is followed by an early cytokine response, which
included the production of the yd T-cell chemokine (C-C maotif) ligand 2 (CCL2). We
observed a delay in zoledronate-induced yd T-cell proliferation, which could be
skipped by addition of GGPP. Supplementation of GGPP prevented acute
zoledronate toxicity. Furthermore our experiments showed that IL-18 positively
influenced yd T-cell differentiation of central memory T cells (Tcm). Additionally, IL-18
induced proliferation of highly purified yd T cells, even when the starting frequency
was very low (10* y& T cells). In highly purified y3 T cells, the y5 T-cell expansion
was achieved through supplementation of exogenous IL-18. Therefore in our
experiments we demonstrated that IL-18 directly costimulates yd T cells without the
requirement of accessory cells. Our study contributes to a better understanding of the
yd T-cell activation. Such robust yd T cells may be harnessed for clinical

immunotherapy of cancer and infectious diseases.
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7. Zusammenfassung

Zoledronat hemmt die Farnesyl Pyrophosphat (FPP) Synthase, ein Schllisselenzym
im Mevalonat-Stoffwechselweg. Dieser Stoffwechsel ist in Krebszellen sehr oft
hochreguliert und dient deshalb als therapeutischer Angriffspunkt. Die Hemmung der
FPP Synthase hat zwei Effekte, die Anhaufung von Isopentenyl Pyrophosphat (IPP)
und die Depletion von FPP und Geranylgeranyl Pyrophosphat (GGPP), welche als
biochemisch aktivierte Isoprenoide bei der Proteinprenylierung eine wichtige Rolle
spielen. Die Vy9Vd2 T Zellen reagieren auf Infektionen und andere Formen von
Stress als Zellen des angeborenen Immunsystems. H&auft sich das potente Antigen
IPP an, wird es von den Vy9Vd2 T Zellen mittels ihres T-Zell Rezeptors erkannt und
es kommt zu einer verstarkten Aktivierung der Zellen. Frihere Studien belegen, dass
nach Zugabe von Zoledronat die Monozyten eine wichtige Quelle fur IPP darstellen.
Dariber hinaus, dienen CD56" NK Zellen als wichtige akzessorische Zellen im
Zusammenhang mit der yd T-Zell Aktivierung. Es wurde gezeigt, dass CD56" NK
Zellen durch IL-18, das von Monozyten freigesetzt wird, aktiviert werden und
daraufhin die yd T Zellen kostimulieren. In unserer Studie zeigen wir, dass die
Depletion von GGPP zur Caspase-1 vermittelten Freisetzung der aktiven Form von
IL-18 fuhrt. Die Freisetzung von IL-18 fuhrte zur einen héheren Expression des IL-2
Rezeptors (IL-2Ra, CD25). Dartber hinaus kommt es nach Zugabe von Zoledronat in
der Kombination mit IL-2 und GGPP zu einer friihen Zytokinproduktion, inklusive des
yd T-Zell Chemokine (C-C motif) Liganden 2 (CCL2). Die von Zoledronat vermittelte
yd T-Zell Aktivierung war verzdogert, konnte aber durch Zugabe von GGPP
beschleunigt werden, da GGPP die Toxizitat von Zoledronat aufhebt. IL-18 hatte
einen Einfluss auf die yd T-Zell Differenzierung und fiihrte zu einer héheren
Expression von ,central memory T cells (Tcu)“. Durch exogen verabreichtes IL-18
konnte eine yd T-Zell-Expansion von reinen yd T Zellen erreicht werden, sogar bei
einer geringen Startpopulation (10* yd T Zellen). Deshalb wirkt IL-18 offensichtlich
direkt, ohne dass eine IL-18 vermittelte Wirkung von CD56" NK Zellen bendétigt wird.
Unsere Erkenntnisse fuhren zu einem besseren Verstandnis der yd T-Zell
Aktivierung. Diese robusten yd T Zellen kénnen dann in medizinisch angewandten

Immuntherapien gegen Krebs und Infektionskrankheiten genutzt werden.

L
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List of Abbreviations

9. List of Abbreviations

A. dest agua dest, lat. aqua destillata

APC allophycocyanin

APCs antigen presenting cells

APPI 1-adenosin-5"-yl ester 3-(3-methylbut-3-enyl) ester (novel ATP
analogue)

ATP adenosintriphosphat

BD Becton Dickinson

BFA Brefeldin A

Cat. No. catalog number

CBA Cytometric Bead Array

CCL2 chemokine (C-C motif) ligand 2

CD cluster of differentiation

CDR3 complementarity-determining region 3

Cy7 cyanin 7

DC dendritic cell

DETC dendritic epidermal T cells

DMAPP dimethylallyl pyrophosphate

DMSO dimethylsulfoxid

EDTA ethylenediaminetetraacetic Acid

ELISA enzyme-linked immunosorbent assay

FACS Fluorescence Activated Cell Sorting

FBS fetal bovine serum

Fig figure

FITC fluoresceinisothiocyanat

FPP farnesyl pyrophosphate

GGPP geranylgeranyl pyrophosphate GlutaMAX L-glutamine

GM-CSF granulocyte macrophage colony-stimulating factor

GTP guanosine triphosphate

HBBS Hank's Balanced Salt Solution
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List of Abbreviations

HMB-PP
HMG-CoA
ICAM-1
IEL

IFN

IgG

IL

IL-2Ra
IPP

LD

LS

LSM
MACS®
MBL
MHC
MICA
MICB

min

n.s
Na-Pyruvate
N-BP
NEAA

NK cells
NKG2D
Order No.
PBMCs
PBS

PE
PerCP-Cy5.5
RAG

rhu IL
RPM
RPMI

(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate
hydroxymethyl-glutaryl coenzyme A
intercellular adhesion molecule 1
intraepithelial lymphocytes

interferon

immunoglobulin G

interleukin

IL-2 receptor a chain

isopentenyl pyrophosphate

Depletion Column

Isolation Column

lymphocyte separation medium
Magnetic Activated Cell Sorting
Medical & Biological Laboratories Co.
major histocompatibility complex

MHC class | chain-related molecules A
MHC class | chain-related molecules B
minutes

not significant

Sodium pyruvate

nitrogen-containing bisphosphonate
nonessential amino acids

natural killer cells

natural killer group 2, member D

order number

peripheral blood mononuclear cells
phosphat-bufferes saline
phycoerythrin

peridinin chlorophyll protein cyanine 5.5
recombination activation gene
recombinant human interleukin
revolutions per minute

Roswell Park Memorial Institute

L
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List of Abbreviations

RT
SD
Tewm
TCR
Tem
Temra
Th cells
Thaive
TNF
ULBP
YVAD

Zol

room temperature

standard deviation

central memory T cells

T cell receptor

effector-memory T cells

terminally differentiated T cells

T helper cells

naive T cells

tumour necrosis factor

UL16-binding protein
Ac-Tyr-Val-Ala-Asp-2,6-dimethylbenzoyloxymethyl-ketone (caspase
| inhibitor V; IL-1B converting enzyme)

zoledronate
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