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Executive summary

Natural Killer (NK) cells are an important component of the innate immune system and many
immune reactions against viral infections and tumors are critically dependent on the activity
of these cells. NK cells are regulated via an interplay of activating and inhibitory cell surface
receptors. In this project we aimed to better understand this regulation on a molecular level
and to get a quantitative insight into how much receptor engagement is necessary to activate
NK cells. Using a synthetic biology approach where we rebuilt human NK cell signaling
pathways in a Drosophila cell line, we found that ITAM-based activating receptors can result
in SLP-76 phosphorylation independently of the activity of Src-family kinases. This was de-
pendent on the kinase Syk, which is expressed in NK cells and B cells. However, the related
kinase ZAP-70, which is expressed in NK cells and T cells did require the activity of Src-
family kinases to phosphorylate SLP-76 in response to ITAM-receptor engagement. We also
developed a novel technology, where we used DNA-directed immobilization (DDI) technology
to immobilize ligands for NK cell receptors on glass surfaces in a quantitative and highly or-
ganized fashion. These surfaces could then be used to stimulate NK cells and to elicit NK
cell responses such as degranulation and cytokine production. Using these surfaces we
found that the engagement of specific surface receptors induces a stop-signal in NK cells
and induces the accumulation of these cells. In a further development of this technology we
used DNA-origami structures to control for the organization of the NK cell ligands on a na-
nometer-scale. Using this technology we could show that not only the ligand quantity deter-
mines the strength of an NK cell response, but that also the nano-scale organization of the
ligands has an influence on NK cell reactivity. These exciting results will be further explored
in a follow-up project. In a last step we also developed three-dimensional surfaces in the
form of latex beads for the controlled stimulation of NK cells. We could load these beads with
defined amounts of ligands for NK cell receptors and could determine how much ligand was
necessary to stimulate NK cell responses via the different activating receptors. Also this work
will be continued past the funding period of this grant.



Research Question and Aims

The immune system is essential for the protection of the host against a variety of infectious
agents and the growth of transformed cells. Natural Killer (NK) cells are at the junction of the
innate and the adaptive immune response and serve a very important role in host defense
(Colonna et al., 2011; Vivier et al., 2008). NK cell deficiencies in humans result in over-
whelming fatal infections during early childhood (Orange, 2006) and low NK cell activity is
linked to an increased risk of developing cancer (Imai et al., 2000), demonstrating the im-
portance of these cells. NK cell effector functions include cellular cytotoxicity against virally
infected or malignantly transformed cells and the secretion of chemokines and cytokines,
such as IFNy and TNF-a. Many immune reactions against infections are critically dependent
on NK cells - not only because of their ability to kill infected cells, but also because of their
important capacity to regulate adaptive immune responses (Andoniou et al., 2008).

NK cells are regulated by a redundant array of activating and inhibitory cell surface receptors
(Watzl and Long, 2010). Many inhibitory NK cell receptors are specific for self-MHC class |
and are important to ensure the self-tolerance of NK cells. Loss of MHC class | upon viral
infection or malignant transformation can therefore result in the so called ‘missing-self reac-
tivity of NK cells. NK cell activation is mediated by a variety of different surface receptors that
can recognize specific ligands on transformed or infected cells. Engagement of activating NK
receptors by their ligands results in receptor clustering in the immunological synapse — the
contact area between the NK cell and the target cell. It is believed that this change in recep-
tor proximity and localization is sufficient to induce signaling, ultimately leading to target cell
lysis and the production of cytokines and chemokines.

In order to better understand the regulation of NK cells on a molecular level, this project
aimed to (1) determine how positive and negative signals are integrated on a molecular level
and to (2) get a quantitative and qualitative understanding of how the different ligands for
activating receptors regulate NK cell reactivity. To answer these questions, we worked on
three different work packages (WPs):

WP1: At which signaling point do activating and inhibitory signals intersect?
WP2: What is the minimal system to re-create the NK cell signaling network?

WP3: How much activating ligand is necessary for NK cell stimulation and regulation and
what are the spatial constraints?

Results and Discussion

WP1: At which signaling point do activating and inhibitory signals intersect?

Based on our finding that Vav-1 is a direct target of SHP-1 when bound to an inhibitory re-
ceptor (Stebbins et al., 2003), we proposed the hypothesis described in Figure 1A. Upon
target cell encounter, activating NK cell receptors or integrins such as LFA-1 may be en-
gaged by their ligand on the target cell. This will lead to an early and actin-independent
phosphorylation of Vav-1. Through the activation of small G-proteins such as Rac-1 or Cdc42
this will induce the re-organization of the actin cytoskeleton. Actin polymerization is neces-
sary for the recruitment of activating receptors into the contact area, which can subsequently
be engaged by their ligands resulting in more Vav-1 phosphorylation and creating a positive
feed-back loop. Finally, this will lead to the formation of the immunological synapse, full NK
cell activation and target cell lysis. Co-engagement of inhibitory receptors will result in SHP-
1-mediated de-phosphorylation of Vav-1. This will effectively block actin-dependent cluster-
ing of activating receptors, their phosphorylation, formation of the immunological synapse
and ultimately control NK cell activation. In support of this hypothesis we could demonstrate
that inhibitory receptor engagement can indeed interfere with the phosphorylation of activat-
ing receptors and with their recruitment to the immunological synapse and to membrane mi-
cro-domains (Endt et al., 2007; Watzl and Long, 2003). We furthermore developed a mathe-
matical model to describe this process (Mesecke et al., 2011) and which also supported our
hypothesis.
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While these data support our hypothesis, they cannot directly address the question if Vav-1
is the first and only integration point of positive and negative signaling. We therefore wanted
to directly test how positive and negative signals are integrated on a molecular level by by-
passing the system with membrane recruitable constitutively active signaling molecules (Fig.
1B). This approach is based on the ability of rapamycin to induce protein hetero-dimerization
by binding with high affinity to FKBP12 and FRAP through the latter's 11 kDa FRB domain
(Castellano and Chavrier, 2000). We constructed a chimeric CD4 membrane receptor that
includes an FKBP domain in its cytoplasmic tail and expressed it in the NK cell line NKL,
which we had extensively characterized in our previous biochemical and mathematical ap-
proaches (Endt et al., 2007; Mesecke et al., 2011). We further generated signaling molecules
fused to a FRB domain. These included wild-type and constitutively active mutants of Vav-1,
Rac-1, or Cdc42 (Castellano and Chavrier, 2000). These signaling molecules were then co-
expressed with the FKBP containing chimeric receptor in the NK cell line NKL. Addition of
rapamycin resulted in the recruitment of the signaling molecule to the chimeric receptor (Fig.
2).

Figure 2

Inducible recruitment of Rac1G to the membrane. (A) In
the absence of Rapamycin (left panels) Rac1G is evenly
distributed in the cytosol of the transfected NKL cells.
Addition of Rapamycin (right panels) induces the re-
cruitment to the Lck-CFP plasma membrane anchor. (B,
C) To enable recruitment to sub-regions of the plasma
membrane, we utilized a chimeric CD4 receptor (green),
which was clustered by antibody-mediated cross-linking.
Addition of Rapamycin (right panels) then induces re-
cruitment of Rac1G (shown in pseudocolors for better
visibility in C) to the clustered CD4 receptor (see ar-
rows).
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Unfortunately, we encountered some technical difficulties in this part of the project. The ex-
pression of the FKBP containing chimeric receptor was not stable in the NKL cells. We tried
other cell lines such as NK92 cells, however, also there the expression of the chimeric recep-
tor was lost over time. This made the co-transfection with the signaling molecules challeng-
ing, as the expression of the chimeric receptor was often lost or too low once we had select-
ed the transfected cells for the expression of the FRB-containing signaling molecules. There-
fore, it took much longer than expected to generate and to analyze the transfected cells de-
scribed in the application. We used three different FKBP-containing molecules. First, a mem-
brane anchor, where FKBP was fused to an SH4 domain, targeting the construct to the inner
leaflet of the plasma membrane. Then, a chimeric CD4 receptor where FKBP was replacing
the intracellular part of CD4, and finally a chimeric antigen receptor. This receptor was con-
structed of a single-chain antibody recognizing CD19 (obtained from Dr. W. Wels, Georg
Speyer Haus, Frankfurt), which was fused to a transmembrane region and an intracellular
FKBP domain. Upon analysis of the double transfected cells we could demonstrate that the
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hetero-dimerization system worked as expected. Addition of Rapamycin induced the recruit-
ment of the FRB-tagged signaling molecule to the FKBP containing chimeric molecule. How-
ever, recruitment of constitutively active Vav-1 or Rac-1 to the membrane or to a (clustered)
transmembrane receptor did not result in detectable NK cell activation (measured by CD107a
externalization, Ca2+ flux, actin reorganization or MAPK phosphorylation). Therefore, we
speculated that additional signals were necessary for full NK cell activation. To test this, we
used NKL cells expressing the anti-CD19 chimeric antigen receptor. We observed some
clustering of the receptor upon contact with CD19-expressing target cells (such as 721.221).
Addition of rapamycin induced the recruitment of FRB-containing signaling molecules. How-
ever, this recruitment had no influence on the NK cell activation and the killing of the CD19-
expressing target cells. There are several possible explanations for this unexpected result.
(1) With our retroviral transduction method of human NK cell lines we routinely only obtain a
few percent of cells expressing the transduced gene. This requires the selection of stably
transfected cells in order to have a sufficient number of cells for our analysis. In case of cells
expressing constitutively active mutants of Vav-1 or Rac-1 the selection may have resulted in
adaptations, which counteracted the activity of the signaling molecules. We are currently
working on different technologies for the genetic modification of NK cells in order to get high-
er transfection efficiencies, thereby allowing for transient transfections. (2) While we did saw
some clustering of the chimeric anti-CD19 receptor upon target cell contact, this clustering
was not very efficient. Therefore, we may not have reached sufficiently high local concentra-
tions of the recruited signaling molecules to observe an effect. (3) The simple recruitment of
constitutive active Vav-1 or Rac-1 to the immunological synapse is not sufficient to induce
detectable levels of NK cell activation. While this explanation would be scientifically interest-
ing, as it would point to other important signaling events at the immunological synapse, we
would first need to exclude the other possible explanations. While we worked on improving
our technology, we could not solve these problems within the funding period of the project.
As we could not induce detectable NK cell activation via our approach, we could not test if
and how signals of inhibitory receptors could interfere with this activation as we had initially
planned.

WP2: What is the minimal system to re-create the NK cell signaling network?

In WP2 we followed an alternative approach to investigate the signaling pathways of activat-
ing and inhibitory NK cell receptors. By rebuilding the receptor proximal signaling pathways
in a synthetic biology approach, we aimed to get a detailed understanding about the signal-
ing requirements for the different NK cell receptors and to identify critical components. There-
fore, we used Drosophila S2 cells in which many foreign proteins can be simultaneously ex-
pressed. Using this system we could successfully rebuild a signaling pathway from an ITAM
(Immunoreceptor Tyrosine-based Activation Motif)-containing receptor to the phosphorylation
of the adapter protein SLP-76. In short, we could show that SLP-76 is directly phosphory-
lated at tyrosines Y113 and Y128 by the kinase SYK in the presence of ITAM-containing
adapters such as CD3t¢, DAP12 or FceRy. This phosphorylation was dependent on at least
one functional ITAM and a functional SH2-domain within SYK. Inhibition of Src-kinases by
inhibitors PP1 and PP2 did not reduce SLP-76 phosphorylation in S2 cells, suggesting an
ITAM and SYK dependent, but Src-kinase independent signaling pathway. This direct ITAM-
SYK-SLP-76 signaling pathway therefore differs from previously described ITAM signaling.
However, the SYK family kinase ZAP70 required the additional co-expression of the Src-
family kinases Fyn or Lck to efficiently phosphorylate SLP-76 in S2 cells. This difference in
Src-family kinase dependency of SYK versus ZAP70-mediated ITAM-based signaling was
further demonstrated in human lymphocytes. ITAM signaling in ZAP70 expressing T cells
was dependent on the activity of Src-family kinases. In contrast, Src-family kinases were
partially dispensable for ITAM signaling in SYK expressing B cells or in NK cells, which ex-
press SYK and ZAP70. This demonstrates that SYK can signal using a Src-kinase inde-
pendent ITAM-based signaling pathway, which may be involved in calibrating the threshold
for lymphocyte activation. As this work has been successfully published in a leading immuno-
logical open access journal, we refer to this publication for more details (Fasbender et al.,
2017).
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During the course of our investigation we also had to realize the limitations of the S2-cell
system. When trying to rebuild the 2B4-signaling pathway we found that the simple co-
expression of the 2B4 receptor together with a Src-family kinase such as Fyn resulted in full
phosphorylation of the 2B4 receptor. This was independent of any receptor cross-linking or
the expression of adapters such as SAP or EAT-2. Also the co-expression of CD45 and Csk,
which regulate the activity of Src-family kinases, could not prevent the constitutive phosphor-
ylation of 2B4. One explanation for this could be the simple overexpression of the transfected
proteins in the S2 cells. However, the surface expression of 2B4 was comparable to the one
found on NK cells. An alternative explanation is that in NK cells the membrane organization
or other proteins shield the tyrosines within the cytoplasmic tail of 2B4 from kinases. Only
engagement of the receptor releases this shielding and allows access of kinases to the re-
ceptor. While this would be an interesting and novel regulatory mechanism, we could not
formally prove this hypothesis during the funding period.

WP3: How much activating ligand is necessary for NK cell stimulation and regulation
and what are the spatial constraints?

Many studies have identified different ligands for activating NK cell receptors on tumor tis-
sues or on virally infected cells. However, in most cases it is unclear if these ligands will be
sufficient to stimulate NK cell reactivity. In order to understand, predict and also to manipu-
late NK cell responses against infected or transformed cells we aimed to get a quantitative
understanding about how much ligand is necessary to efficiently stimulate NK cells. There-
fore, we used a reductionist approach using microstructured protein arrays (Sacca and
Niemeyer, 2011) to address this essential question. The controlled lateral separation of ac-
tive biomolecules by microstructured protein arrays has been proven to be a powerful tool to
investigate ligand-induced lateral clustering processes at the molecular level. In collaboration
with Prof. Christof Niemeyer (KIT Karlsruhe) we used the DDI (DNA-directed immobilization)
technology to produce surface-bound arrays of proteins. The Niemeyer group developed the
respective techniques to control both density and localization of ligands on solid surfaces by
taking advantage of oligonucleotide capture arrays, produced with sub-micrometer resolution
by dip-pen nanolithography. These arrays were then functionalized by means of the robust
and highly modular DDI system. Using this technology we immobilized antibodies directed
against different activating NK cell receptors on glass slides. Incubation of NK cells on these
arrays induced NK cell activation as determined by degranulation (CD107a externalization),
Ca2+ flux and the production of cytokines. We established technologies to titrate the amount
of different ligands on the protein array and observed that this influences NK cell reactivity in
a quantitative manner. As these results have been published (Garrecht et al., 2016), we refer
to the publication for more details.

While we could quantify the amount of ligands on the DDI protein arrays, it was difficult to
directly relate this to the reactivity of the NK cells. Therefore, we decided to develop a three
dimensional system of artificial target cells using cell sized (10 um) latex beads. These beads
were loaded with different amounts of antibodies directed against activating NK cell recep-
tors. We could quantify the exact amount of antibodies on the surface of the beads. We then
incubated human NK cells with these different beads and determined their degranulation by
measuring the amount of CD107a externalization. This analysis showed a clear dose-
dependent response of the NK cells, which differed depending on which activating receptor
was engaged (Fig. 3). For engagement of NKp44 or CD16 less than 10.000 antibody
epitopes per bead were sufficient to induce half-maximal NK cell activation. For NKp46 about
10.000 antibody epitopes and for NKp30 or NKG2D about 15.000 antibody epitopes were
necessary for half-maximal NK cell activation, whereas 2B4 required 65.000 antibody
epitopes to induce half-maximal NK cell activation. This clearly demonstrates that activating
NK cell receptors differ in their ability to stimulate NK cells. More details of these experiments
can be found in the following master thesis: “Quantitative Untersuchungen zur Reaktivitat
von NK Zellen mithilfe von Antikérper beladenen Latex Beads”, Masterarbeit an der Fakultat
fur Chemie und Chemische Biologie der TU Dortmund, 2016.
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Figure 3: Degranulation of cultured human NK cells (every symbol represents cells of a different
donor) in response to a2B4-, aCD16-, aNKG2D-, aNKp30-, aNKp44-, or aNKp46-loaded beads. (A-
D+F) The response curve for every donor was fitted as a hyperbolic function to the following formula:

(y = Bnax * ﬁ). A medium response curve was determined from the response curves of the dif-
D

ferent donors. (E) The response curve for every donor was fitted to the following formula and a medi-
Bmax Bmax

um curve from all response curves was determined (y = — )Y =
a+(g5)) (+(5))

When working with the DDI arrays, we noticed that NK cells preferentially accumulated in
areas where their activating receptors were stimulated (Fig. 4A, B). This was not simply
caused by antibody-antigen interactions, as antibodies engaging MHC class | did not show
this phenotype (Fig. 4C). Therefore, we speculated that the engagement of activating recep-
tors such as CD16, NKp46, NKp44, NKG2D or 2B4 induces a STOP signal in NK cells, simi-
lar to what had been shown in T cells (Dustin, 2004). This stop signal likely involves the in-
tegrin LFA-1, as we saw even better adherence of the NK cells to the DDI arrays when we
co-immobilized the LFA-1 ligand ICAM-1 (Fig. 4D, E).
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Figure 4: Stop signaling in NK cells. (A) Arrays with constant ratios of 4 different capture oligomers
aF1, aF5, aF9 and aF10 were functionalized with different biotinylated antibodies against activating
(CD16, NKp46, NKp44, 2B4/NKG2D), inhibitory (CD94, HLA) NK cell receptors, CD71 (binds to
transferrin) or MOPC21 (non-binding) control antibody. The accumulation of cultured NK cells was
visualized after 3 hours incubation time with fluorenscence microscopy (20x magnification). The areas
where the antibodies were immobilized are indicated by circles. NK cells preferentially accumulate on
spots where antibodies against activating NK cell receptors were present (NKp46, CD16,
2B4+NKG2D, NKp44). (B, C) quantification of NK cell accumulation on anti-CD16 and anti-MHC-1
spots. (D, E) flattening and tight adherence of NK cells on spots where ICAM-1 was co-immobilized
together with antibodies against CD16.

During the funding period our collaboration partner Prof. Niemeyer advanced the develop-
ment of the DDI technology to incorporate DNA-origami structures in order to manipulate the
organization of protein ligands on a nanometer scale (Angelin et al., 2015). We made use of
this new technology in our project to investigate how the nanoscale organization of ligands
for activating NK cell receptors influences NK cell activation. We used different DNA origami
structures to which we could immobilize 4, 5, 8 or 12 antibodies against CD16 (Fig. 5A, B).
The origami nanostructures were designed to immobilize the antibodies either in a close
cluster or spaced further apart. When incubating cultured human NK cells in these arrays, we
observed a dose-dependent NK cell activation as determined by degranulation (CD107a ex-
ternalization). However, we also observed that the same amount of antibodies was more
potent in activating NK cells when they were presented in a clustered organization (Fig. 5C).
Interestingly, when using freshly isolated NK cells we observed the opposite effect where
antibodies presented in a clustered organization were less effective in stimulating NK cells
compared to the same amount of antibodies presented in a more spaced arrangement (Fig.
5D). This clearly indicates that the nanocale organization of ligands for activating NK cell
receptors has an impact on receptor engagement and subsequent NK cell activation.

We are continuing to investigate the interesting finding of the STOP signaling and the rele-
vance of the nanoscale organization of ligands for activating NK cell receptors for NK cell
activation. The results shown above will be the basis for an application for DFG funding to
continue this exciting project. As our investigations are mostly exploring a basic understand-
ing of NK cell regulation, the results of this project are most likely not of immediate economic
relevance.
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Figure 5: Nanostructure dependent strength of NK cell activation. (Az Schematic illustration of
DON designs with respective AFM images. (B) AFM images (250x250 nm” scans) of nanostructural
features of MOSAIC Cy3-labeled 1-DON constructs with different amounts and arrangements of strep-
tavidin for the immobilization of biotinylated antibodies. (C, D) Degranulation of (C) cultured or (D)
freshly isolated human NK cells stimulated with aCD16-Biotin antibodies immobilized on the indicated
DNA origamis. The results (means and SD) of 6 (cultured NK cells) and 4 (freshly isolated NK cells)

experiments are shown.



Publications

The following thesis were published within the framework of this project:

Master thesis:
‘DNA-vermittelte Immobilisierung von Proteinen auf funktionalisierten Ober-
flachen", Masterarbeit, Karlsruher Institut fir Technologie, September 2014.
“Quantitative Untersuchungen zur Reaktivitdt von NK Zellen mithilfe von Anti-
koérper beladenen Latex Beads”, Masterarbeit an der Fakultat fir Chemie und
Chemische Biologie der TU Dortmund, 2016.

PhD thesis:

- ,NK cell regulation®, Dissertation, Fakultat fir Chemie und Chemische Biologie der

TU Dortmund, 2017
“Herstellung und Anwendungen von DNA-strukturierten Oberflachen", geplante
Dissertation, Karlsruher Institut fir Technologie, 2018
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