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ABSTRAKT

Ptirozené zabijecské buiiky, také NK bunky (z angl. natural killer cells, NK cells) jsou
skupinou lymfocytl s pfirozenou schopnosti zabijet infikované, poSkozené nebo maligné
transformované bunky. Jelikoz jsou tyto lymfocyty soucasti pfirozené imunity, jsou
cytotoxické mechanismy aktivovany po rozpoznani specifickych bunéénych znakt, avSak
bez predchoziho kontaktu s antigenem. Toto rozpoznani je dilezité pro NK bunécnou
funkci pfi udrzovani homeostazy a imunitniho dohledu. NK buiiky cili pfimo na maligné
transformované buiiky, ucastni se vSak také komplexni imunitni odpovédi, a to produkci
cytokinii nebo komunikaci s ostatnimi imunitnimi bunikami.

Na rakovinu muizeme nahlizet jako na prolomeni imunitnich bariér, kdy maligni
builkky uniknou imunit€¢ a zaplavi okolni tkéan, pficemz si kolem sebe vytvaii
mikroprostfedi podporujici rGst nadoru. Tento proces mlze byt zvracen imunoterapii,
tedy zdsahem do formovani imunitni odpovédi, coz mize vest k obnoveni imunitniho
rozpoznavani. NK bunky jsou v imunoterapii dilezitymi efektorovymi buitkami, mohou
byt pouzity pro adoptivni transfer, geneticky modifikovany pomoci chimernich
antigennich receptort nebo aktivovany ptisluSnymi protilatkami. NK bunécné receptory,
zodpoveédné za rozpoznani cilovych bun¢k a aktivaci cytotoxickych mechanismi, jsou
také jednim z cilii imunoterapie. Neni vSak mozné navrhovat imunoaktivni terapeutika
cilici NK bunééné receptory bez piesné znalosti zplisobu interakce receptord a jejich
ligandd.

Tato prace popisuje expresi rozpustnych forem NK bunéénych receptorii a jejich
ligandti pro strukturni studie, s cilem poskytnout detailni biofyzikalni charakterizaci NK
bunéénych imunokomplexti. Dale popisuje klastrovani receptoru NKR-P1 pfimo na
bunééném povrchu, a to pomoci superrozliSovaci mikroskopie. Vliv reorganizace
receptoru na bunécnou signalizaci byl ovéfen v cytotoxickém pokusu. Na zavér byl
pfipraven aktivacni ligand NK bunék B7-H6 s coiled coil motivem pro uchyceni na
polymerni nosi¢ spole¢né s fragmentem protilatky cilicim nadorové buniky. Biologicka
aktivita pfipraveného ligandu byla ovéfena in vitro, mize tak byt soucésti chimernich

protein-polymernich ¢astic pro cilenou aktivaci NK bunék.



ABSTRACT

Natural killer cells (NK cells) are a family of lymphocytes with a natural ability to
kill infected, harmed, or malignantly transformed cells. As these cells are part of the
innate immunity, the cytotoxic mechanisms are activated upon recognizing specific
patterns without prior antigen sensitization. This recognition is crucial for NK cell
function in the maintenance of homeostasis and immunosurveillance. NK cells not only
act directly towards malignant cells but also participate in the complex immune response
by producing cytokines or crosstalk with other immune cells.

Cancer may be seen as a break of all immune defenses when malignant cells escape
the immunity and invade surrounding tissues creating a microenvironment supporting
tumor progression. This process may be reverted by interventions into immune response
shaping with immunotherapy, which may lead to restoration of immune recognition. NK
cells are also effector cells important for immunotherapy, may be used for adoptive
transfer, genetically modified with chimeric antigen receptors, or triggered with
appropriate antibodies. NK cell receptors, responsible for target recognition and
activation of cytotoxic machinery, may also be targeted in immunotherapy. However, this
kind of immunoactive therapeutics may be designed only with the deep knowledge of NK
cell receptor:ligand interaction.

This work describes the expression of soluble forms on NK cell receptors and their
ligands and structural studies, providing detailed biophysical characteristics of NK cell
immunocomplexes. Moreover, clustering of NKR-P1 receptor was described directly on
the cell surface with superresolution microscopy, and the effect of receptor reorganization
on signalization was verified by cytotoxic assay. Finally, NK cell-activating ligand
B7-H6 was expressed with the coiled coil sequence enabling its attachment on the
polymeric carrier, together with tumor-targeting scFv. The biological activity of this
ligand was verified in vitro, which suggests the utilization of these chimeric protein-

polymer particles for targeted NK cell activation.
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Introduction

1 INTRODUCTION

1.1 NATURAL KILLER CELL BIOLOGY

Balancing between innate and adaptive immunity, natural killer cells (NK cells) are an
armed force of our body. In the 1970s, several research groups reported spontaneous
cytotoxicity of a distinct lymphocyte subset towards tumor cells [1-5]. These cells were
neither B nor T lymphocytes and showed the ability to kill tumor cells without prior
antigen sensitization, which was termed "natural" cellular cytotoxicity. The responsible
effector cells were defined as natural killer cells [6]. NK cells were further studied and
later described as separate lymphocyte lineage.

NK cell development can be divided into several stages, resulting in tissue-resident or
NK cells circulating in peripheral blood (Figure 1, p. 14). NK cell precursors (NKPs)
differentiate from hematopoietic stem cells (HSCs) or early lymphoid progenitor (ELPs)
in the bone marrow and thymus. Their further development is not limited only to these
sites but also to other tissues (also lymph nodes, spleen, and liver) [7]. NKPs develop into
immature NK cells and later mature, educated, and competent NK cells, which means that
NK cells acquired effector functions and also self-tolerance. Mature NK cells could
remain in a resting state; activation of lytic competence is primed by the exposure to
interferon gamma (INFy), interleukin 2, or 15 (IL-2, or IL-15) [8].

Individual development stages are characterized by the expression of surface
molecules [9,10]. Mature NK cell is characterized by the expression of CD56, CD94 and
CD161 (more precisely CD34/CD1177/CD94"/HLA-DR/CD10/CD122"/CD94"/
NKp44°¥ /NKG2D*/CD161%). Based on the expression of CD56, we can distinguish two
main NK cell subsets: CD56%™ (CD56%™/CD16P, 90% of circulating NK cells) cells
with cytotoxic activity and CD56° € (CD56#"/CD16"#) cells producing high amounts
of cytokines and having regulatory function [11].

NK cells are close relatives of innate lymphoid cells (ILCs), sometimes listed as an
independent group within ILCs [12]. ILCs are lymphocytes without surface molecules
specific to other immune cell types. The primary role of ILCs is regulation of the immune
response by secretion of cytokines; they are non-cytotoxic. In contrast, NK cells are
primarily cytotoxic cells but have a secretory function (CD56"&), NK cells and ILCs

share common ancestors during cell development.
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Figure 1: NK cell development. Bone marrow, thymus, lymph nodes, spleen, and liver are the primary
sites for NK cell development. Several maturation stages could be distinguished — NK cell precursor
(NKPs), immature NK cell, and mature NK cell. NKPs differentiate from hematopoietic stem cells (HSCs)
or early lymphoid precursors (ELPs) [7].

1.1.1 FUNCTIONS OF NK CELLS

NK cells play several essential roles in our immunity. The most evident (hence their
name) is the cytotoxicity towards stressed or transformed cells [13]. This cytotoxicity is
independent of previous specific immunization (MHC-independent). On the other hand,
NK cells must learn how to distinguish harmed cells from the healthy ones and ensure
self-tolerance [14]. The killing is performed by inducing apoptosis in the target cell (by
releasing cytotoxic granules containing perforin and granzyme, or by engaging death
receptors by their ligands on NK cell surface) [15].

NK cells are part of a complex immune response; they communicate with other
immune cells directly (e.g., killing immature dendritic cells or hyperactive macrophages)
or by secretion of cytokines. Thus, they have the regulatory function, too [13,14]. NK
cells produce both pro-inflammatory and immunosuppressive cytokines, such as IFNy,
tumor necrosis factor—a (TNF-a), IL-2 or IL-10, and various chemokines [16]. The
overview of NK cell functions is represented in Figure 2, p. 15.

Recent studies revealed that NK cells also have an immunological memory [17,18].

Despite lacking the mechanism of RAG recombinase—dependent clonal antigen receptors,
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being traditionally considered responsible for immunological memory (the case of B and
T cells), NK cells are capable of fast and enhanced immune response upon rechallenge
[19]. There are two types of NK cell immunological memory. The first is based on the
interaction with antigens, resulting in a kind of antigen-specific memory; the second is

non-antigen-specific, as NK cells can recognize known inflammatory cytokine milieus.
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Figure 2: Representation of NK cell functions. NK cells have effector functions (lysis of harmed cells,

blue arrows, but also tolerance of healthy cells) and regulatory function (secretion of cytokines, cross-talk

with other immune cells) [13].

1.2 HUMAN NK CELL RECOGNITION

How do the NK cells recognize healthy cells from diseased ones? NK cells surfaces
are decorated by the number of receptors both activating and inhibiting the cytotoxicity
and having other physiological functions (receptors for cytokines or molecules of cellular
adhesion) [13]. Activating and inhibitory receptors engage a broad range of health and
cellular disease markers, resulting in two modes of recognition, termed as "missing-self"
and "induced-self" [20]. This concept is represented in Figure 3, p. 16.

Major histocompatibility complex class I (MHC I) molecules are expressed on normal

cells under physiological conditions and are considered as markers of good health and

15
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determine the "self" phenotype; these molecules are ligands for inhibitory NK cell
receptors [21]. The "missing-self" recognition results in the killing of the cells where
inhibitory markers are missing [22,23]. On the other hand, "induced-self" recognition is
based on the interaction with NK cell cytotoxicity activating ligands, typically expressed
only under stress conditions [24]. NK cells learn to recognize self-MHC I molecules in
the licensing process. Only licensed cells get inhibited by MHC I and become competent
NK cells [25].

No killing

Inhibitory
receptor

Killing Killing

Target cell

Missing-self Induced-self
recognition recognition

Figure 3: Examples of "missing-self"" and "induced-self" NK cell recognition. Normal healthy cells
(middle) present a balanced mixture of activating and inhibitory receptors on their surface, which results in
self-tolerance. This equilibrium could be disrupted by the absence of inhibitory signals ("missing-self", left)
or the presence of activating signals ("induced-self", right), both resulting in NK cell activation and cellular

killing [26].

NK cell activation can also be mediated by antibodies (antibody-dependent cellular
cytotoxicity, ADCC), as most circulating NK cells possess the CD16 receptor recognizing
the Fc (fragment crystallizable) portion of an antibody [27]. NK cells eliminate cells
opsonized with antibodies, demonstrating the complex cooperation of individual cell

types within the immune system.
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1.2.1 NK CELL RECEPTOR STRUCTURAL FAMILIES

NK cell receptors may be qualified into two groups based on the structure of the
extracellular domain. These are C-type lectin-like receptors (CTLRs) and
immunoglobulin-like receptors. Both groups consist of inhibitory as well as activating
receptors [28]. The genes encoding receptor sequences are organized in two main clusters;
in natural killer complex (CTLRs, chromosome 12p13.1) and leucocyte receptor complex
(immunoglobulin molecules, chromosome 19q13.4).

CTLRs contain ligand binding C-type lectin-like domain (CTLD), whose structure is
characterized by a double-loop, stabilized by highly conserved disulfide bonds (C1-C4 a
C2-C3, with extra bond C0-C0' within the long receptor variant) [29]. C-type lectins
primarily bind carbohydrate ligands in the presence of Ca?* ions, but NK cell CTLRs also
interact with protein ligands, independently from Ca** binding. The members of this
structural group may be found in the NKG2 family (natural killer group 2; e.g., NKG2A,
NKG2D, CD9%4) or in the NKR-P1 family (natural killer receptor protein 1; NKRPI,
NKp80, NKp65) [30].

Receptors from the second structural group belong to the immunoglobulin
(super)family and contain one or more immunoglobulin-like (Ig-like) domains. The
immunoglobulin fold consists of 4 B-sheets in antiparallel orientation stabilized by the
disulfide bond and connected via loops and other B-sheets [31]. NK cell receptors with
the immunoglobulin-like structure are members of the KIRs family (killer cell
immunoglobulin-like receptors) [32] and the NCRs family (natural cytotoxicity
receptors) [33].

Most of the results and selected publications presented in this thesis focus on receptors
NKp30 (natural killer protein 30) and NKR-P1 (natural killer receptor protein 1). For this

reason, these receptors will be closely presented also in the introduction part.

1.2.2 RECEPTOR NKP30

Receptor NKp30 (alternative names are CD337 or natural cytotoxicity receptor 3,
NCR3) was first described in 1999 [34]. Together with NKp44 and NKp46, it belongs to
the NCRs family of immunoglobulin-like receptors [35]. Structurally, NKp30 is part of
the CD28 family of surface molecules (together with programmed cell death receptor 1,

PD-1, or cytotoxic T lymphocyte antigen 4, CTLA-4) [36]. It is a type I transmembrane

17
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protein with N-terminal immunoglobulin domain, stalk region, transmembrane helix, and
C-terminal cytoplasmic domain. After ligand binding, charged arginine in position 143 is
translocated deeply into the plasma membrane and mediates interaction with the CD3(
chain enabling signals transduction [37].

Several cellular ligands expressed on the surface of tumor cells have been identified
so far — B7-H6 [38], BAG-6 [39], and galectin-3 [40]. Membrane-bound BAG-6 and
B7-H6 activate NK cell cytotoxicity, but their soluble forms as well as galectin-3 block
it. Other ligands are viral or parasite antigens, pointing out the role of NK cells in
infectious diseases [41].

The binding of NKp30 correlates with its glycosylation and oligomeric status [42,43].
In our recent publication (Publication no. 3, p. 85), we confirmed the importance of
N-glycosylation for oligomer formation, as deglycosylation of NKp30 leads to their
complete dissociation [44]. Moreover, the crystal structure of the NKp30:B7-H6 complex
(PDB 6YJP) reveals the importance of one glycosylation site, at asparagine 42, in NKp30
dimerization. These data were measured using soluble forms of NKp30 in solution but
reveal the question about the biological relevance of the NKp30 oligomerization on the

cell surface, as the avidity effect may increase signal strength.

1.2.3 RECEPTOR NKR-P1

The expression of NKR-P1 (alternatively CD161, gene klrb1) is not limited only to
the surface of NK cells but also to some populations of T cells [45,46]. This receptor was
initially found also on both CD4" and CD8" TCRof" T cells [45], later on y3 T cells [47],
natural killer T cells (NKT) [48], Th17 cells [49], and on Mucosal Associated Invariant
T cells (MAIT) [50]. NKR-P1 is an inhibitory receptor, the only member with such
function within the human NKR-P1 family [51]. Its ligand, lectin-like transcript 1 (LLTI,
gene clec2d), genetically encoded in the proximity of NKR-P1 within the natural killer
complex, is expressed on activated dendritic cells and B cells [52—54]. Suppression of
immune response through the interaction of LLT1 with NKR-P1 is the tumor escape
strategy of glioblastoma cells [55]. This interaction is also involved in some autoimmune
disorders, such as lupus, rheumatoid arthritis, and multiple sclerosis [56—58].

The crystal structure of the NKR-P1:LLT1 complex (PDB SMGT, Publication no. 4,
p. 110) revealed an exciting organization into chain-like structures [59]. These structures

enable receptor clustering on the cell surface, which was further studied by direct
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stochastical optical reconstruction microscopy (dASTORM) and subsequent analysis of
superresolution images. This organization may be a strategy to assure signal transduction
despite the low affinity of this receptor:ligand interaction and deserves further

investigation.

1.3 NK CELL IMMUNOLOGICAL SYNAPSE

As mentioned previously, activation of NK cells is driven by the overbalance of
activating signals. However, tight cellular contact, involving the subsequent
reorganization of many molecules, is needed to create functional immune synapse (IS) at
the interface of NK and target cell [60]. This process is highly organized, initiated by the
approximation and cell recognition, promoted by the engagement of adhesive molecules
and accumulation of receptors in supramolecular activation clusters (SMAC), resulting in
cell polarization and exocytosis of lytic granules [61]. An adhesive leukocyte function-
associated molecule 1 (LFA-1, CD11a) recognizes the intercellular adhesion molecule 1
(ICAM-1, CD54) on target cells and initiates synapse formation as an early signal [62].
Next, reorganization of the cytoskeleton is needed to promote cellular spreading,
strengthening the cellular contact [63]. A rearranged filament network also serves for the
trafficking of vesicles containing perforin and granzymes towards the IS, as they must be
secreted in direct proximity of the target cell membrane. Activating and inhibitory IS is
described in Figure 4, p. 20.

Inhibitory KIRs accumulate at the cell membrane and induce HLA-C (human
leucocyte antigen, group of MHC I) clustering on the target cell [64,65]. The
accumulation is independent of cytoskeleton support, LFA-1 engagement, or
signalization by the ITIM (immunoreceptor tyrosine-based inhibitory motif). Moreover,
stimulation with KIRs (KIR2DL2 in this study [66] results in the suppression of activating
receptor microclusters, the subsequent collapse of the peripheral actin network, and
finally, the complete retraction of NK cell from the target cell, which is considered
healthy, based on HLA-C identification. Massive KIRs engagement is essential for NK
cell-mediated maintenance of self-tolerance. NK cells deficient in KIR expression are not
hyperresponsive, but they fail in licensing, which results in their hyperresponsiveness

[25]. NK cell function is tightly regulated by inhibitory regulation favoring.
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Figure 4: Immunological synapse in NK cells engages formation of the supramolecular activation
clusters (SMAC) or is disrupted by supramolecular inhibitory cluster (SMIC) formation. SMAC
(left) is required for the successful formation of the lytic synapse; it is driven by activating signals when
excluding KIR receptors from the synapse. F-actin polymerizes and accumulates at the contact site, NK
cell is polarized. SMIC (left) is characterized by the presence of KIR clusters recognizing MHC I on the
target cell. As a result of this interaction, MHC I accumulate within the synapse, strengthening the
inhibitory signal, F-actin does not accumulate on the periphery of the NK cell, and the cell does not

polarize [67].

To answer the question, which are the minimal requirements for NK cell activation,
experiments with primary resting human NK cells and insect cells expressing activating
ligands, as model cells substituting target cells, were performed, combining signals for
polarization and degranulation [68]. Activating receptors NKG2D, DNAM-1, 2B4, CD2
can induce inside-out signaling needed for LFA-1 mediated adhesion, but only CD16 can
induce degranulation on its own [69]. Only collective engagement of activating and co-
activating receptors (as well as signaling molecules, cytoskeleton, and other players)

results in a successful NK cell lytic strike.

1.3.1 SUPERRESOLUTION MICROSCOPY AS A METHOD FOR REVEALING
NK RECEPTOR ORGANIZATION ON THE CELL SURFACE

The IS is widely studied using fluorescent microscopy methods, but only the

development of superresolution methods, overcoming limitations imposed by the

diffraction limit, led to the research boom in this field [70]. Both technical progress in

building microscopes with better resolution, and methodological progress in preparing

artificial membrane mimicking cell surface, are essential for further understanding IS

behavior. Monoclonal antibodies (mAbs) immobilized on the surface of the coverslips
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are traditionally used to assure activating conditions when imaging NK cell IS [71]. In
this approach, interacting molecules lack lateral mobility, and the rearrangement of the
receptors and ligands is not entirely free, as it would be on the cellular interface. The
alternative approach is a preparation of supported lipid bilayers (SLBs) as cell membrane
mimicries maintaining fluidity, which can be easily functionalized with any cell-type-
specific constituents to create tumor cell, antigen-presenting cell (APC), or any other cell
type [72]. SLBs are used with 2D methods enhancing contrast by using total internal
reflection (TIR) in combination with single-molecule localization microscopy (SMLM)
[73] or stimulated emission depletion (STED) microscopy [74].

T cells, more precisely the nanoscale organization of TCR, are the most detailly
studied immune cells by the methods of superresolution microscopy, but these data are
both methodologically and biologically relevant also for the research of NK cells. It was
found that TCRs reorganize upon engagement and activation by a peptide containing
MHC,; this finding is based on the different distribution of TCRs on the surface of naive
or activated T cells [75,76]. Although quantitative single-molecule microscopy (qSMM)
revealed that antigen recognition is driven by monomeric TCRs [77], which are randomly
distributed on the surface of naive T cells [78], the global clustering occurs only upon
activation and is reported for TCRs as well as its associating molecules [79-84].

Receptor clustering on NK cell surface was reported for KIRs and observed with
standard confocal microscopy [64,85]. Later, KIRs clustering was also studied by
localization microscopy methods in superresolution (particularly ground state depletion,
GSD) [86]. This study revealed that activating KIR2DS1 receptors form clusters two-fold
larger than inhibitory receptor KIR2DL1. The size of nanoclusters depends on the amino
acids in the transmembrane part and influences the signaling. Further experiments
focused on inhibitory KIRs found that the inhibitory receptors encoded by different genes
also differ in their nanometer arrangement [87]. Moreover, the nanoscale organization is
related to the abundance of the receptors (more abundant receptors form smaller clusters
and vice versa), and the differences were also found in the downstream signalization.
There is also evidence that activation of NK cells leads to changes in the nanoscale
organization of inhibitory KIRs, as activation of NK cells via NKG2D results in
reorganization of KIR2DL1 [88].

21



22

Introduction

Not only KIRs are studied. Receptor NKp46 (NCR family) is also involved in the
formation of IS [89]. It forms microcluster structures within the interaction interface and
controls cytoskeletal rearrangement, resulting in polarization and NK cell degranulation.

The methods of SMLM may lead to overcounting of the labeled molecules and thus to
incorrect data interpretation [90]. Based on the published data, it is difficult to tell if the
nanoclusters are pre-existing on the surface of the cells or if clusters are only observed
because of overcounting. Nevertheless, it was shown that the organization of the receptors
(TCRs, KIRs) on the cell surface rearranges upon ligand binding. However, the IS
formation is still an undiscovered process deserving our attention because functional
immune synapses (both activating and inhibitory) are necessary for maintaining good

health and homeostasis.

1.4 NK CELLS AS A TOOL OF CANCER IMMUNOTHERAPY

1.4.1 CANCER IMMUNOSURVEILLANCE

The hypothesis of "cancer immunosurveillance" was proposed in the 1950s by Sir
Macfarlane Burnet and Lewis Thomas [91]. One by one, they presented the theory about
the inevitable transformation of somatic cells towards malignant cells, which are
recognized as immunogenic and eliminated from the body by immune cells. However, it
took roughly another 50 years to prove this hypothesis, and we are trying to understand
this process until these days.

As the immune system tries to identify the malignancies in our body, it sometimes fails
because of the low immunogenicity of some tumor cells and thus suppresses the immune
response permitting tumor growth [92]. The dual role of the immune system, the host-
protective, and the tumor-promoting, is termed "cancer immunoediting", which is
represented in Figure 5, p. 23. The mutual interaction between the immune system (not
only cells, but humoral components are involved as well) and transformed cells may result
in tumor elimination (immunosurveillance was successful), tumor escape (anti-tumor
immune response failed), or may stay in the equilibrium (cancer cells are tolerated, not
entirely eliminated, but further outgrowth is prevented) [93]. The equilibrium stage may
be an outcome of immunoediting, when cancer cells are functionally dormant for the rest
of their lives, without surrounding tissues' evasion [94]. The equilibrium phase explains

a long period of latency for some tumors. On the other hand, tumor cells are under
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constant pressure, which may result in the selection of clones with lower immunogenicity

and thus tumor escape.
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Figure 5: Cancer immunoediting. Based on the immunogenicity of transformed cells, the immune system
could successfully eliminate the tumor (highly immunogenic cells), or tumor cells escape the
immunosurveillance mechanisms (poorly immunogenic and immunoevasive cells). In a particular case, the
immune system may be in equilibrium with cancer cells when cancer is temporarily tolerated and the editing

process continues [95].

Tumor cells develop ingenious strategies for escaping immunity. There are three main
tumor escape strategies — the loss of antigenicity, the loss of immunogenicity, and the
creation of immune-suppressive tumor microenvironment (TME) [96]. Loss of
antigenicity is represented by the selection of tumor cells deficient in molecules of

immune recognition (downregulation of MHC I [97], alterations in antigen processing
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machinery of MHC II [98], suppression of activating ligands [99]). Such cells are getting
undetectable by the immune system. The loss of immunogenicity is represented by the
upregulation of immune inhibitory molecules (such as PD-L1 [100] or HLA-G antigens
[101]), leading in consequence to the silencing of the immune response. TME is a specific
niche created by the cancer cells when evading healthy tissue. It is constantly shaped by
cancer cell activity, contains molecules that inhibit mechanisms of anti-tumor immunity
(immunosuppressive environment), and promotes tumor growth [102].

Cancer immunotherapy is a strategy to recruit endogenous anti-tumor mechanisms to
restore the activity of immune cells against malignant cells [103]. Several approaches
have been developed so far, including classical boosting of adaptive mechanisms with
anti-cancer vaccines [104], adoptive cell transfer (ACT, administration of ex vivo re-
educated immune cells) [105] and modulation of immune response by delivering artificial
activating signals or by blocking inhibitory signals (e.g., by mAbs) [106—108]. Some
viruses have an oncolytic function and thus could be modified for use in immunotherapy

[109].

1.4.2 NATURAL KILLER CELL ROLE IN ONCOGENESIS

NK cells were described as lymphocytes with direct cytotoxic function towards tumor
cells [6]. Although other NK cell functions were further discovered, their ability to
eliminate malignant cells without prior antigen sensitization remains crucial in tumor
immunosurveillance. Over the years, many studies have shown that NK cells are
responsible for tumor rejection in experimental animal models [110]. Triggering of this
immunity is driven by "missing-self" recognition mode, as the expression of MHC I is
usually altered (mainly suppressed) on the surface of cancer cells [111]. KIRs inhibitory
receptors are responsible for the discrimination of modified cells [112]. These receptors
dampen cytotoxic responses towards healthy cells, but inhibition is absent in the case of
cancer cells. Thus, these cells are attacked by NK cells. Apart from missing inhibition,
NK cell cytotoxicity is also triggered directly by NK cell-activating receptors identifying
specific cellular ligands expressed on tumor cells [36,113].

NK cells are tumor-infiltrating lymphocytes. Their presence in solid tumors is
associated with a better prognosis [114]. However, it may be difficult for NK cells to
reach some tumors, as these are surrounded by physical barriers and thus keeping specific

physiological milieu, characterized by hypoxia, and affected by secretion of immune-
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modulating molecules, such as transforming growth factor beta (TGF-B), IL-4,
indoleamine 2,3-dioxygenase (IDO) or prostaglandin E2 (PGE2), suppressing NK cell
function [115]. Tumor cells may also modify their MHC I repertoire (upregulation of
inhibitory signals) to escape the recognition or express molecules preventing
immunological synapse formation. Another possible strategy of tumor escape is the

shedding of NK cell activating ligands, such as B7-H6 and MICA [116-118].

1.4.3 NK CELL-BASED IMMUNOTHERAPEUTICS

Although NK cells are tumor-killing effector lymphocytes, some tumor cells succeed
in escaping. However, there are ways to restore NK cell activity and therapeutically
modulate their natural function. The approaches of NK cell immunotherapy are
schematically represented in Figure 6. All strategies are based on patterns of NK cell
recognition or implement principles of NK cell activation or inhibition. NK cell-based
immunotherapy is not just a concept, but there are already many therapeutics in different
stages of clinical trials and also companies focusing mainly on NK cell harnessing, such

as Innate Pharma or Affimed [119,120].
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Figure 6: Therapeutical approaches based on NK cell anti-tumor potential. a) Restoring NK cell
function by blocking inhibitory signals, b) introducing mismatch between donors KIRs and recipient
MHC I, ¢) transducing NK cells with engineered CARs, d) bridging the cellular interaction with bispecific
linkers [121].
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One mostly classical therapeutical approach is using NK cells as "living drugs" [112].
These therapies use the adoptive transfer of NK cells, similar to the adoptive transfer of
T cells, resulting in the administration of NK cells with enhanced anti-tumor properties.
There are two types of transfer, autologous (in vitro proliferation and activation of
patient's cells) or allogenic (transfer of blood cells from allogeneic donors, haploidentical
or MHC-matched) [122]. In autologous transfer, the patient's blood cells are isolated,
depleted from T cells, and the enriched NK cell portion is expanded and activated ex vivo
(using IL-2 alone or combined with IL-12, IL-15, or IL-18, K562 feeder cells are also
used to provide co-stimulatory signals). Activated NK cells are then administrated back
into the patient's peripheral blood [123—-125]. Ex vivo manipulations are similar for
allogeneic NK cells, but this approach beneficiates from the mismatch between donor
KIRs and recipient HLA antigens, promoting immune reaction [126].

Besides re-administration of phenotypically modified NK cells, there is a possibility
of treatment with genetically modified NK cells. NK cells can be transfected with
chimeric antigen receptors (CARs) similarly to T cells. It is believed that CAR-NK cells
could overcome low persistency, low efficacy, and low tumor infiltration of NK cells.
Moreover, CAR-NK cells could also be prepared from NK cell lines (e.g., NK92) and
thus be used when needed [127]. The CAR constructs consist of extracellular domain
recognizing tumor antigen (single-chain fragment variable, scFv antibody fragment),
flexible hinge, a transmembrane region, and signaling domain (combination of co-
stimulatory sequences and CD3() [128]. CAR-NK-based therapy was reported successful
for some types of lymphoid malignancies when CARs targeted CD19 surface antigen
[129,130].

To assure self-tolerance, immune response activation is tightly regulated by robust
inhibitory mechanisms, so-called immune checkpoint. However, malignant cells may
upregulate the expression of checkpoint inhibitory receptor ligands and thus silence the
immune response [131]. NK cells share common checkpoint receptors with other
lymphocytes (PD-1, CTLA4, TIGIT, NKG2A/CD94, TIM-3, Lag-3, some KIR inhibitory
receptors) [132,133]. A common approach to silence these receptors is the administration
of mAbs, neutralizing these receptors or their ligands (or both) and preventing their
interaction. The advantage is targeting NK cells and cytotoxic T-cells at the same time as

well as blocking further inhibitory immune cell cross-talk.
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Examples of mAbs targeting immune checkpoint are anti-PD-1 pembrolizumab [134],
anti-PD-L1 avelumab [135], anti-NKG2A monalizumab [136], or lirilumab blocking the
interaction of KIR2DL1/L2/L.3 with its ligands [137]. The use of mAb to block inhibitory
signals is not limited only to checkpoint receptors. Antibodies may also be used to
neutralize immune-suppressive modulators within TME, such as anti-TGF-j
fresolimumab [138].

Of course, NK cells may be triggered not only by blocking the inhibition but also
directly by stimulation of activating pathways. Such activating pathway starts with the
recruitment of receptor binding Fc region of antibodies (FcyR or CD16) [139]. Thus, NK
cells can recognize cells decorated with antibodies. Approved monoclonal antibodies
targeting classical tumor antigens HER2 (trastuzumab), EGFR (cetuximab), CD20
(rituximab), and others also provoke ADCC and thus stimulate NK cells [140].

Another approach to target specific NK cell ligands on the surface of cancer cells is
the fusion of the Fc-domain with the extracellular part of NK cell receptors. The receptor
part assures specificity, and the Fc part activates NK cells (or other CD16" cytotoxic
cells). NKp30-Fc protein inhibited tumor growth in mice, resulting in complete tumor
removal in 50 % of cases [141]. Another construct, NKp80-Fc, was successfully used to
treat acute myeloid leukemia [142].

Fc fragment is a universal activating ligand for CD16. However, CD16 can also be
targeted and activated by specific anti-CD16 antibodies [143]. Moreover, the tools of
recombinant expression enable the combination of two or more scFv in one molecule,
resulting in bispecific or polyspecific, respectively, synthetic antibodies. Fragment of
anti-CD16 antibody is, in fusion with antibody fragment targeting tumor-associated
antigens, part of bispecific killer engager (BiKE). Such tumor antigen is the CD33, a
marker of myeloid-derived suppressor cells promoting the progress of myelodysplastic
syndrome towards acute leukemia [144]. These molecules are bispecific, genetically
engineered on the antibody platform. The activity of BiKE was improved by the insertion
of a third targeting moiety and the generation of a tri-specific killer engager (TriKE).
Such moiety might be another scFv or IL-15, which results in cytokine boosting of NK
cell activity at the right time and place [145,146]. Construction of a tetraspecific engager
(TetraKE), a fusion protein consisting of anti-CD16 scFv, IL-15, anti-EpCAM scFv, and
anti-CD133 scFv, is also possible and induce NK degranulation in vitro [147]. To
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conclude, synthetic molecules built from fragments of monoclonal antibodies designed to
activate NK cell immune functions in cancer are generally termed natural killer cell
engagers (NKCEs). This group currently shows promising results in preclinical or even
subsequent clinical trials [148].

Combining monoclonal antibody fragments into polyspecific molecules is not the only
way to reestablish and boost NK cell immune recognition. Fusion proteins containing
soluble NK cell receptor ligands to trigger NK cells or NK cell receptor ectodomain to
recognize tumor cells are also an emerging group of promising therapeutics, such in the
case of molecules based on NKG2D and NKG2DL [149]. For example, NKG2D in fusion
with Fc fragment, anti-CD16 scFv, or anti-CD3 scFv enhance the cytotoxic activity of
CD16" cells or the number of effector T cells, respectively [150]. MICA activating ligand
in fusion with CD24 targeting antibody mediates anti-tumor efficacy towards hepatoma
carcinoma cells, both in vitro and in vivo [151]. Engaging NKG2D or NKp30 with
proteins ULBP:7D8 or B7-H6:7D8 (where 7D8 is an scFv targeting CD20) also resulted
in higher NK cell cytotoxicity, which was synergistically augmented when combined with
antiCD20 mAD rituximab or antiCD38 mAb daratumumab [152]. Artificial coating of
lymphoma cells with B7-H6 results in increased NK cell cytotoxicity [153]. In the
targeted therapy for HER2" breast cancer, fusion proteins B7-H6:HER2-scFv (activating
NKp30), AICL:HER2-scFv (NKp80), and PVR:HER2-scFv (DNAM-1) enhanced NK
cell cytotoxicity [154]. This strategy was recently improved using an affinity matured
version of the B7-H6 ligand, firmly binding NKp30, which replaced one arm of anti-
EGFR mAb cetuximab [155].

The approach to enhance NK cell-mediated cytotoxicity is complex and comprises a
variety of fusion proteins that combine different functional segments (e.g., soluble NK
cell receptors to target cancer cells selectively, soluble NK cell-activating ligands, scFv
fragments of mAb, Fc portion of mAbs, cytokines). These proteins are usually bivalent,
but polyvalent molecules are also a strategy. Polymeric carriers might be used to broaden
the repertoire of NK cell enhancers as a versatile tool for assembling polyvalent particles
using specific anchors. Part of mAbs may be replaced with smaller fragments; for
example, nanobodies (Nbs, VHHs) derived from camelid antibodies, consisting only of
the heavy-chain variable domain of IgG2 and IgG3, with the size of about 14 kDa [156].

Thus the range of potentially beneficial molecules might be even broader.
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2 AIMS OF THIS THESIS

e Cloning and expression of NK cell-activating ligands

¢ Binding studies and characterization of the interaction of expressed ligands with

NK cell receptors

e Developing a strategy to combine NK cell-activating ligands with the moieties

targeting tumor antigens and verification of binding on the target cell lines

e Optimization of rapid in vitro assays to test the biological activity of expressed

recombinant proteins

e Optimization of cellular cytotoxicity assays to evaluate the capacity of

recombinant proteins to influence NK cell-mediated cell lysis

e Structural studies of NK cell receptor organization on the cell surface using

superresolution microscopy



30 Methods

3 METHODS

The methods used in this work are listed below. The detailed description of

experimental procedures with all technical parameters is always part of the relevant

publication.

Cell culture

o Cultivation and maintenance of suspension and adherent mammalian cell
lines (HEK293, HeLa, HT-29, C33, SKBR3, BT-474, K562, Ramos,
NK-92MI)

o Transfection and its optimization

o Isolation of PBMC and primary NK cells

Protein expression and purification

o Vector design and gene cloning

o Chromatography techniques (affinity chromatography, size-exclusion
chromatography)

o Electrophoresis and western blot analysis

Protein characterization

Analytical ultracentrifugation (AUC)

Mass spectrometry (MS)

Differential scanning fluorimetry (DSF, nanoDSF)
Dynamic light scattering (DLS)

0O O O O

Characterization of protein-protein interactions

o Isothermal titration calorimetry (ITC)
o Surface plasmon resonance (SPR)
o Microscale thermophoresis (MST)

Structural techniques
o Protein crystallization
o Small-angle X-ray scattering (SAXS)

Fluorescent techniques

o Protein labeling

o Flow cytometry (FACS)

o Fluorescent microscopy (wide-field fluorescent microscopy,
superresolution microscopy techniques — dSTORM)
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4 RESULTS AND DISCUSSION

4.1 EXPRESSION OF SOLUBLE LIGANDS AND NK CELL
RECEPTOR ECTODOMAINS

4.1.1 HEK?293 EXPRESSION SYSTEM AND ITS OPTIMIZATION

In order to study the structure of NK cell receptors and their ligands, they must first be
expressed. Protein quality requirements are high, but there is also a question of cost-
effectiveness and feasibility. Moreover, such manipulations as crystallization or affinity
measurements of low Kp complexes require high sample amounts (roughly milligrams of
protein). Although the E. coli expression system is still often used, it has severe
limitations for expressing immune receptors [157]. In the case of immune recognition, a
native glycosylation pattern is essential [158].

For this reason, we used human embryonic kidney cells 293 (HEK293) for protein
expression. These cells are a very versatile system, also having the potential to express
therapeutical proteins [159]. Moreover, some NK cell receptors or ligands are simply not
expressible in E. coli or form inclusion bodies and must be in vitro refolded [160].

Despite the glycosylation relevance for the recognition within immune receptors,
complex branched glycans may be problematic for structural studies, for example,
crystallization. Thus, we used two different variants of HEK293 cells, HEK293T
(expressing the SV40 large T antigen; proteins possess wild-type, complex mammalian
glycosylation and were used mainly for biological studies) and HEK293S GnTI
(N-acetyl-glucosaminyltransferase I-deficient cell line; produced proteins have uniform
glycosylation with GIcNAc,Mans pattern, this glycosylation may be cleaved with EndoH
or EndoF1 endoglycosidases, proteins are suitable for structural studies) [161,162].

HEK293 cells are initially adherent cells, which is not practical when working with
large cell numbers and scaling up the protein expression. To overcome this technical
issue, cells were adapted for cultivation in suspension in our group (Publication no. 2,
p. 68) [163,164]. Cells were transferred into serum-free commercial medium
EX-CELL293 (Sigma, St. Louis, MT, USA) supplemented with an additional 4 mM
L-glutamine. Cells were placed in squared-shape glass flasks with gas permeable caps on

an orbital shaker (135 rpm, 37 °C, and 5 % CO3) to keep the suspension equally mixed.
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Linear polyethyleneimine (IPEI 25 kDa; Polysciences, Warrington, PA, USA) was
chosen as the transfection reagent, based on the cost/efficiency ratio. We optimized the
transfection conditions, resulting in the use of 1 ug of the DNA per 10° cells, the ratio
between the DNA and transfection reagent IPEI was 1:4 for HEK293T (but this ratio may
vary between the cell lines and is always subject to optimization in case of new IPEI
batch). We used the high-density protocol and added the DNA and IPEI directly to the
cell suspension (20x10° cells/ml in EX-CELL293, without pre-incubation of DNA:IPEI
complexes), cells were diluted to a final density of 2x10° cells/ml after 2 hours. Protein
expression yield was further enhanced by adding 2 mM valproic acid as a histone
deacetylase inhibitor and thus the cell cycle blocker [164]. Cell-culture supernatant was
harvested 5-7 days post-transfection. The described protocol results from long-term
optimization and is valid for my first-author publication, the most recent one among the
selected publications (Publication no. 5, p. 149) [165].

The protein expression yield can be enhanced by prolonging the survival of transfected
cells [166], which may be achieved by inhibition of apoptosis [167], modulation of the
cell cycle (keeping the cell in the most productive G1 phase) [168] or introduction of
growth factors [169]. This strategy was proven in the thesis of Edita Polachova [170].
First, vector encoding for the protein interest, based on the pTT5 backbone (vector with
the cytomegalovirus promotor [171]), was modified by the insertion of an extra WPRE
sequence (woodchuck post-transcriptional regulatory element sequence [172]) and named
pTWS5 vector. After that, a DNA mixture was optimized to finally contain 88 % of the
pTWS5 plasmid encoding gene of interest, 10 % of pTW5_aFGF (vector with acidic
fibroblast growth factor), and 2 % of pTWS5_p27 (vector with an inhibitor of cyclin-
dependent kinase), which led to the highest protein yields in HEK293S GnTT" cell line.

As mentioned above, when using a simple transient expression, the yields of expressed
protein may be highly enhanced by further interventions into cell well-being.
Unfortunately, even this enhancement may not be sufficient for the expression of some
specific proteins, such in the case of the ectodomain of human NKR-P1 (Publication no.
1, p. 59). The protein construct was systematically optimized but without successful
expression; only the switch from transiently to a stably transfected pool of cells led to
reasonable expression yields [173]. NKR-P1 construct (G90-S225) was subcloned into
the pOPINTTGneo vector (obtained from the Oxford Protein Production Facility,
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University of Oxford, UK [174]) containing neomycin resistance as a selection marker
and thus enabling generation of stably transfected mammalian cells. These constitutively
expressing pools produced enough protein (2.5 mg per liter of cell culture) for structural
studies (SEC, AUC, crystallization).

Another strategy used to generate stably transfected cells and express NK cell
receptors was the transposon-based system piggyBac (PB). This system uses PB
transposase (PBase) to actively insert DNA fragments into the chromosomal DNA of the
mammalian cell [175,176]. Moreover, the expression is regulated by the tetracycline
response element (TRE) promoter and thus silenced by the reverse tetracycline
transactivator (rtTA). The transactivator is carried by the helper plasmid co-transfected
with the plasmid bearing the gene of interest and also incorporated by the PBase. Protein
expression is then induced by adding doxycycline only when cell culture reaches
appropriate viability and cell density. PiggyBac system was used for the production of
NKp80 (human activating receptor from NKR-P1 family [177]) and Clrb (ligand of
mouse NKR-P1B [178]).

4.1.2 CONSTRUCT OPTIMIZATION RESPECTING STRUCTURAL
PATTERNS

Proper protein folding is necessary for correct protein function. For this reason,
structural patterns, as functional domains, must be respected when designing the
expression construct. There is a conserved disulfide motif within CTLD, which must be
followed. For example, as in the case of LLT1, there is one “missing” cysteine at a
conserved site in the wild-type sequence. Mutation of amino acid at this position, histidine
176 to cysteine, led to the expression of a stable protein (Figure 7a, p. 34) [162]. In the
case of B7-H6, there is one disulfide bond in each Ig domain plus one odd cysteine residue
(C212) in the membrane-proximal region. This cysteine forms unwanted covalent
dimerization between two B7-H6 molecules. The mutation of cysteine 212 to serine

highly enhanced the expression yields (Figure 7b, p. 34) [44].
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Figure 7: Design of stable protein constructs with respect to disulfide motif. a) Expression of three
variants of LLT1, only mutation H176C, re-constituting disulfide bonds within CTLD stabilizes the

protein, b) mutation of odd cysteine in the stalk domain of B7-H6 enhances the expression yield.

Some NK cell receptors from the NKR-P1 family or their ligands may form covalent
dimers on the cell surface (e.g., human NKR-P1, LLT1, NKp80, KACL), usually by the
interaction of odd cysteine present in the membrane-proximal domain (so-called stalk
domain). The functional role of these dimers is not clearly revealed in humans but was
studied in rodents. Although the published results are not directly comparable because of
the different methodology or protein constructs, they suggest complex regulation of
receptor function (ligand recognition, signalization). Murine NKR-P1 receptor variants
cl, c2, and fl form predominantly dimers or even higher oligomeric structures on the
surface of lymphoid cells, but on the contrary, NKR-Pla is mainly present in the
monomeric form [179]. Also, the dimerization is not exclusively driven by the presence
of unpaired cysteine but is more likely regulated by the precise positioning of the cysteine
residue. Murine NKR-P1b monomers and dimers are formed irrespective of the stalk
domain, but only monomeric receptors interact with its ligands [180]. On the other hand,
the crystal structure of NKR-P1b:Clr-b (PDB 6E7D) complex revealed head-to-head
interaction between receptor and ligand homodimers. Moreover, there is a cross-linking
of neighboring molecules by NKR-P1b non-classical homodimer [181]. Only the dimeric
form of NKR-PIb transduced signals into the cell, suggesting an avidity-based
mechanism of NKR-P1b receptor function.

To contribute to the study of rodent NKR-P1:Clr interaction, we produced functional

dimeric constructs of CTLD ectodomains in the HEK293 system (Publication no. 2, p. 68)
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[163]. This system beneficiates from the nature of the Fc fragment of human IgG, which
forms covalently linked dimers and thus assures dimerization of the attached construct
(Figure 8). Expressed proteins were secreted into the cell culture medium as soluble (no
need for the refolding from inclusion bodies after E. coli expression) and carried
mammalian glycosylation patterns. Furthermore, the protease-cleavable Fc fragment
leaves the intact receptor ectodomain resulting in a stable covalent dimer, non-covalent
dimer, or mixture of dimers and monomers, which may be separated using size exclusion

chromatography.
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Figure 8: Schematical representation of the receptor NKR-P1b and Crl-11 construct design. Three

vectors were designed — pHLsec (only secreted CTLD with histidine tag), pHLsec FcHis (secreted CTLD,
cleavage site for 3C protease followed by Fc fragment and histidine tag), and pYDS5 (secretion leader
followed directly by Fc fragment, TEV protease cleavage site and CTLD on the C-terminus).

Although covalent dimers might be relevant for cellular signalization and thus the
expression of such receptor constructs is also relevant, receptor NKp30 forms dimers and
higher oligomers in the solution, without any covalent bond (Publication no. 3, p. 85)
[44]. The formation of higher oligomeric species depends on receptor structural patterns,
precisely on the presence of the membrane-proximal region — the stalk domain, and
glycosylation (Figure 9abc, p. 36). Two receptor variants were compared, NKp30 with
stalk domain (NKp30 Stalk) and NKp30 consisting of ligand-binding domain only
(NKp30 LBD). Besides, NKp30 variants and glycovariants have different binding
properties, the Kp of NKp30:B7-H6 interaction varies (Figure 9d, p. 36). The Kp also
differs according to the method of measurement. We can see different results when
measured by SPR (a method based on surface immobilization of one interaction partner)
or ITC (a method measuring the thermodynamic interaction parameters directly in
solution), which suggests the influence of the avidity effect. Nevertheless, the direct
quantification of NKp30 oligomers on the cell surface or their trafficking during

interaction with its ligands and NK cell activation remains undiscovered.
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Figure 9: Oligomeric state of NKp30 variants and B7-H6 binding affinities. a) MALS data comparison
of NKp30 Stalk and NKp30 LBD oligomeric state, b) MALS data for NKp30 Stalk glycovariants with
wild-type glycosylation (T), uniform glycosylation (S), and deglycosylated, ¢) sedimentation coefficient
distribution of particles analyzed by AUC comparing abundancy of higher species within an oligomeric or
monomeric fraction of NKp30_Stalk protein, d) comparison of Kp values of NKp30:B7-H6 interaction
measured by SPR and ITC [44].

4.1.3 EXPRESSION OF SOLUBLE PROTEINS FOR NK CELL
ENGAGEMENT

Expression of soluble, stable, and pure proteins, especially NK cell-activating ligands,
is a prerequisite for using such proteins as part of immunoactive therapeutics and the
generation of so-called NK cell engagers (NKCE) [147]. As described previously (1.4.3
NK Cell-Based Immunotherapeutics, p. 25), there are many strategies for generating these
molecules. However, altogether, they usually combine targeting moiety (for tumor
recognition) and NK cell-activating moiety (ligand for triggering receptor) in one
molecule. This strategy is not versatile, as it requires new cloning for every change of the
construct, and the number of moieties is limited by the final protein size (and thus limited

expression efficiency).
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For this reason, we used HPMA-based polymer with coiled coil anchors as a carrier
for NKp30 activating ligand B7-H6 and scFv targeting tumor marker carbonic
anhydrase IX (CAIX). Both cargoes were modified with a complementary coiled coil
sequence (CC). My first-author publication describes the expression of modified
B7-H6CC (Publication no. 5, p. 149) [165]. The sequence of B7-H6 (C212S) was
modified with four (VAALKEK) coiled coil peptide repeats. We also prepared a B7-H6
variant with mutations in the N-terminal domain (S60Y, F82W, L129Y), which were
described to enhance receptor binding [154]. B7-H6 variants were expressed in the
HEK293T cell line to maintain a natural glycosylation pattern. The quality control of

expressed proteins is shown in Figure 10.
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Figure 10: Expression of B7-H6 coiled coil variants. a) Comparison of size-exclusion chromatography

elution profiles, b) SDS PAGE electrophoresis of expressed proteins.

Although the expression of both B7-H6CC and CAIX scFvCC was successful, the
coiled coil motif is generally problematic for protein modification because it is highly
charged. Moreover, the interaction of coiled coil complementary motifs is non-covalent,
which may lead to complete dissociation of protein-polymer particles in low
concentrations, typical for immunotherapeutic administration. This problem may be
overcome using different anchors with specific transpeptidases, forming a covalent bond
between the carrier and the decorating proteins. For example, transpeptidase sortase (Srt)
from S. aureus recognizes short C-terminal amino acid sequence -LPXTG- (where X is
any amino acid, glycine cannot be the very last amino acid) of the first partner and
connects it with polyglycine at N-terminus of the second partner, resulting in covalent

peptide bond between the two [182]. Currently, under optimization in our group, this
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strategy may be used to generate fusion proteins, decorate polymeric carriers with
immunoactive moieties, or label proteins.

Nanobodies (Nb) are an emerging group of targeting molecules as an alternative to
scFv, thanks to their small size and easy expression. Successful expression of nanobodies
in fusion with NK cell-activating ligands was described in the thesis of Denis Cmunt
[183]. Fusion proteins consisting of Nb targeting receptor HER2, CD20, or aFGFR
connected with activating ligands MICA or B7-H6 via (GS4)4 linker were prepared. Both
orientations of protein were tested, Nb at N-terminus and ligand at C-terminus and vice
versa, to find the best variant respecting structural patterns of the recognition. As an
important part of the immunoligand characterization, binding to the NK cell receptor and
the target cell line expressing tumor antigen was verified (only for immunoligand
consisting of anti-HER2 Nb and MICA ligand in the thesis of Denis Cmunt). Fusion
proteins are also a strategy to express immunoactive molecules that trigger NK cell

cytotoxicity, which is currently being studied in our group.

4.2 TESTING OF B7-H6 COILED COIL BIOLOGICAL ACTIVITY
IN VITRO

To prove that B7-H6CC protein is suitable for NK cell activation and coiled coil motif
does not interfere with the protein function, we measured the binding affinity with NKp30
receptor and protein capacity to induce NK cell degranulation. Finally, we also tested
binding to the polymeric carrier and the surface of target cell lines. The detailed
methodology and all results are described in my first-author publication (Publication no.
5, p- 149) [165].

Two B7-H6 variants were considered in this study, the wild-type (with C212S
mutation, for simplicity referred to as B7-H6) and its high-affinity version (S60Y, F82W,
L129Y, C212S; haB7-H6). Both proteins were expressed with or without the coiled coil
sequence. Affinity towards NKp30 LBD construct was measured by ITC when the
injections of NKp30_ LBD titrated B7-H6 in the cell. The thermodynamic parameters of
the interaction with B7-H6 are summarized in Table 1, p. 39. The Kp = 668 nM for
NKp30 LBD:B7-H6 interaction is in good accordance with our previously published data

[44], and thus accurate value for further comparison.
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Table 1: Thermodynamic parameters of NKp30_LBD:(ha)B7-H6(CC) interaction.

Kb AH AS N
B7-Hé6 668 nM -11.5 kcal/mol -10.4 cal/mol/K 0.88
B7-H6CC 787 nM -11.2 kcal/mol -9.6 cal/mol/K 0.74
NKp30 _LBD
- haB7-H6 115 nM -12.7 kcal/mol -10.8 cal/mol/K 091
haB7-H6CC 259 nM -11.8 kcal/mol -9.5 cal/mol/K 0.65

The coiled coil (CC) sequence does not interfere with NKp30 binding (Kp = 668 nM
for B7-H6 interaction vs. Kp = 787 nM for B7-H6CC and Kp = 115 nM for haB7-H6
interaction vs. Kp = 259 nM for haB7-H6CC, respectively), although minor differences
in the parameters are evident, notably, the interaction stoichiometry is lower in case of
the CC variants. This may be due to the homodimerization of the CC motif, as the
molecules of (ha)B7-H6CC are not freely diffusing independent monomers but form
dimers. The Kp of haB7-H6(CC) is increased compared to wild-type, but the difference
is much lower than previously reported (Kp = 9.06 nM, 45-fold improvement compared
to wild-type variant in this study [154]). This difference may be caused by the different
methodology (BLI measurement in the study), different NKp30 construct used (construct
with truncated stalk domain), or most likely by the differences in haB7-H6 construct (one
arm of mAb cetuximab was replaced by the N-terminal domain of haB7-H6, whole fusion
construct was used for the affinity measurements).

Next, the binding of the B7-H6CC to the polymeric carrier (PolCC) was verified by
sedimentation velocity analysis in an analytical centrifuge. Coiled coil (VAALKEK)4
motif forms weak homodimers, as measured previously for scFv with the same anchor
[184]. However, heterodimers are preferably formed in a mixture with complementary
coiled coil sequence (VAALEKE)s. This behavior was verified for B7-H6CC as well, as
B7-H6CC homodimer was completely absent when mixed with PolCC in equimolar ratio.
When titrating the PolCC with a higher molar excess of B7-H6CC, shift to higher
stoichiometries was observable (binding 1:2, 1:3, and 1:4). Moreover, B7-H6CC bound
to polymer is still accessible for interaction with NKp30.

The capacity of B7-H6CC and haB7-H6CC to induce NK cell degranulation was also
confirmed. The surface of the Ni-NTA coated well-plate was decorated with NK cell
ligands using histidine tag, creating a very simple artificial activating milieu. Primary NK
cells were stimulated overnight with a high dose of IL-2 and then incubated for 4 hours

on the decorated surface. NK cell activation was detected by flow cytometry as cells
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expressing CD107a, a marker of degranulation. Based on the percentage of CD107a"
cells, we concluded that expressed B7-H6, B7-H6CC, and haB7-H6CC activate NK cells.
B7-H6CC bound to the PolCC also activates NK cells. Thus, NKp30 recognition is
neither disrupted by the coiled coil motif nor by PolCC binding (as indicated previously
by the affinity measurements and analytical ultracentrifugation). The high-affinity variant
of B7-H6CC exhibited slightly higher activating potential than the wild-type.

Finally, we investigated the binding of polymer:protein complexes to the cell line
expressing CAIX. Targeting molecule M75 derived scFvCC was labeled with
AlexaFluor488, B7-H6CC was labeled with AlexaFluor647, and proteins were mixed
with PolCC in 1:2:2 molar ratio (PolCC:B7-H6CC:scFvCC). These complexes were
incubated with HT-29 cells. Cells were analyzed by fluorescent cytometry, and the result
is shown in Figure 11. To study the binding directly, both two-color particles (both
B7-H6CC and scFvCC fluorescently labeled) and single-color particles were prepared
(both CC proteins were used, but only one with the label). As a control, we tested that
B7-H6CC does not bind to the HT-29. Only the chimeric PolCC:protein particles
containing both B7-H6CC and scFvCC emit a signal in the channel corresponding to the
B7-H6CC label. This means that particles containing PolCC and B7-H6CC together with
scFvCC were formed and targeted the surface of CAIX" cells.
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Figure 11: Binding of polymer:protein particles to the cell surface. HT-29 cells were decorated with
particles always consisting of PolCC, B7-H6CC, and scFvCC; protein molecules were not fluorescently
labeled (in red), only scFvCC was labeled (in light blue), only B7-H6CC was labeled (in green), both
scFvCC and B7-H6CC were labeled using different dyes (in dark blue).
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Taking together all these data about B7-H6CC, this modified NK cell-activating ligand
can be a potent part of immunoactive particles based on pHPMA copolymers. The
interaction of coiled coil complementary sequences is a versatile tool to decorate PolCC
with various proteins, thus creating polyvalent species. However, best stoichiometry,
stability of polymeric particles in low concentrations, and procedure of creating particles
with uniform composition must be further investigated before cellular cytotoxicity assays

with primary NK cells.

4.3 RECEPTOR ORGANIZATION ON THE CELL SURFACE

Interaction of NKR-P1 receptor with its ligand LLT1 was detailly studied in our group,
mainly by Jan Blédha, Ph.D. First, LLT1 was expressed, and its crystal structure was
solved [162,185]. Next, the NKR-P1 receptor was expressed using stable transfection of
HEK293 GnTI" cells [173]. Finally, we solved the structure of NKR-PI1:LLT1
immunocomplex (PDB 5MGT), Publication no. 4, p. 110 [59]. This structure revealed
interesting symmetry, facilitating the formation of chain-like structures on the cell
surface. Two distinct interaction interfaces were identified, the primary mode,
corresponding well with the structure of homologous NKp65:KACL complex (PDB 410P
[187]), and the secondary mode, enabling interaction of two neighboring molecules.
Because this interaction is quite unique, we decided to test the biological relevance of
NKR-P1 clustering on the cell surface with superresolution fluorescent microscopy and
explore this interaction's role in cell signaling in the cytotoxicity assay.

To test our hypotheses, we expressed the LLT1 variant with disturbed secondary
interaction interface (LLT15™, secondary interface mutant). We designed an experiment
where the NKR-P1 receptor on the cell surface (transfected HEK293S GnTI") interacts
with soluble ligand LLT1 or LLT15™, and the organization of the receptor on the cell
surface was studied with dASTORM [188]. Cells were fixed and labeled with an anti-
NKR-P1 primary antibody with the AlexaFluor647 label. This label has unique optical
blinking properties, as, under specific buffer conditions, the probability of the transition
from the excited state to the ground state and emitting fluorescence is low, and most of
the fluorophore is in the off state. For this reason, only a small portion of molecules is

blinking at each imaging cycle, enabling its precise localization. At the end of the data
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acquisition, localization maps were processed and evaluated by Voronoi tessellation in
the ClusterViSu program [189].

The surface organization of the NKR-P1 receptor was studied under different
conditions: without the ligand or after ligand binding (LLT1 or LLT15™). Results
summarizing the NKR-P1 surface distribution are presented in Figure 12, p. 43. The
average area of non-bound NKR-P1 clusters does not significantly differ from the clusters
of NKR-P1 treated with soluble LLT15™, the same for the average cluster diameter.
Contrarily, cluster area and cluster diameter differ when comparing NKR-P1 bound to
LLT1 with two other conditions. As a control, the total density of events remained the
same for all three conditions. Based on these results, respecting the methodology used,
we cannot directly measure cluster size and thus estimate how many NKR-P1 molecules
form these clusters (as label size and label density also play the role). However, if we
directly compare NKR-P1 cluster parameters, when it interacts with LLT1 enabling both
interaction modes or with LLT1%™ providing the primary binding mode only, we can
conclude that NKR-P1 receptor forms higher structures induced by ligand binding.
Soluble LLT1 affects the surface distribution of NKR-P1.

Finally, we tested how does the NKR-P1 clustering influence the signalization and
thus inhibition of cellular cytotoxicity. In the direct cytotoxicity assay, primary NK cells
were mixed with the target cells K562, easily susceptible to the NK cell-mediated lysis.
Similarly, as in the dSTORM experiment, interacting cells were treated with LLT1, with
LLT1%™, or remained untreated, two concentrations of soluble ligand were used, and
results were evaluated by flow cytometry as a percentage of living K562 cells after four
hours of incubation (Figure 13, p. 44). Soluble LLT1 interferes with the natural
cytotoxicity, resulting in higher survival of K562 cells, but the capacity of LLT15™ to
induce the same inhibitory effect is limited. LLT1 lacking the secondary interaction
mode, contributing to the receptor clustering, cannot inhibit the cellular cytotoxicity. The

NKR-PI clustering affects signalization.
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Figure 12: Superresolution microscopy reveals changes in the surface distribution of NKR-P1 upon
binding of LLT1. a) Representative images of NKR-P1 clusters under three distinct conditions (without
ligand, with LLT1, or with LLT15™), in brightfield (BF), after superresolution image reconstruction
(dSTORM), scale bars represent 5 pm; red boxes in dSTORM images (10 pm?) were zoomed in and
processed, resulting in cluster heatmap, and finally, in a binary map, scale bars represent 1 um. b) Selected
parameters of NKR-P1 clusters: average cluster area, average cluster diameter, and total density of events
(horizontal bar corresponds to the mean value, box corresponds to the interquartile range, and error bars

represent SD) [59].
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Figure 13: The effect of NKR-P1 clustering on signalization. The killing of K562 cells by primary NK
cells is represented as a percentage of living cells. Cells were treated with LLT1, LLT15™ (in 50 pM and
250 uM concentration), or untreated. LLT1 blocks NK cell cytotoxicity, but this effect is not observable
for LLT15™[59].

Taken together, both superresolution microscopy and cytotoxicity assay results show
the biological relevance of NKR-P1 clusters, which were initially observed in the crystal
structure. Superresolution microscopy revealed the reorganization of NKR-P1 molecules
upon ligand binding. Moreover, only LLT1 enabling such reorganization blocks the NK
cell cytotoxicity in the killing assay. Signalization is affected by the cluster formation,
most likely because of the avidity effect, which helps to overcome the low affinity of this
interaction. This approach combining structural data, affinity measurements, and
biological data (direct observations on the cell surface, activation assay) leads to
conclusive results and reveals the biological relevance of NKR-PI1 receptor

oligomerization.
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5 SUMMARY

e HEK?293 expression system was shown to be suitable for expressing soluble NK
cell receptors and their ligands, notably for NKR-P1, LLT1, NKp80, NKp30,
B7-H6, rat receptors from the NKR-P1 family and its ligands.

e NKp30 activating ligand B7-H6 with coiled coil sequence and its variants were

expressed in HEK293T cells.

e The interaction of B7-H6 variants to the soluble NKp30 receptor ectodomain was

measured with isothermal titration calorimetry.

e pHPMA copolymer was decorated with both targeting moiety (scFv) and
activating moiety (B7-H6) using coiled coil interaction, the binding of chimeric
polymer-protein complexes to the surface of tumor cells confirmed by flow

cytometry.

e The capacity of B7-H6 constructs to induce NK cell degranulation was tested in
a simple in vitro assay, where functionalizes well-surface substitutes target cells;
this assay may also be used for other activating NK cell ligands as control of the

biological activity of expressed proteins.

e The organization of the NKR-P1 receptor on the cell surface was studied by the

dSTORM technique, revealing ligand-induced receptor oligomerization.

e Direct NK cell cytotoxicity assay confirmed the importance of NKR-P1 clusters
in the signalization; this assay was optimized and may also be modified for further

studies of NK cell activation.
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Human natural killer receptor protein 1 (NKR-P1, CD161, gene kirb1) is a C-type lectin-like receptor of
natural killer (NK) cells responsible for recognition of its cognate protein ligand lectin-like transcript 1
(LLT1). NKR-P1 is the single human orthologue of the prototypical rodent NKR-P1 receptors. Naturally,
human NKR-P1 is expressed on the surface of NK cells, where it serves as inhibitory receptor; and on T
and NKT cells functioning as co-stimulatory receptor promoting secretion of IFNy. Most notably, it is
expressed on Th17 and Tc17 lymphocytes where presumably promotes targeting into LLT1 expressing
immunologically privileged niches. We tested effect of different protein tags (SUMO, TRX, GST, MsyB) on
expression of soluble NKR-P1 in E. coli. Then we optimized the expression construct of soluble NKR-P1 by
preparing a library of expression constructs in pOPING vector containing the extracellular lectin-like
domain with different length of the putative N-terminal stalk region and tested its expression in Sf9
and HEK293 cells. Finally, a high-level expression of soluble NKR-P1 was achieved by stable expression in
suspension-adapted HEK293S GnTI cells utilizing pOPINGTTneo expression vector. Purified soluble
NKR-P1 is homogeneous, deglycosylatable, crystallizable and monomeric in solution, as shown by size-

exclusion chromatography, multi-angle light scattering and analytical ultracentrifugation.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Natural Kkiller (NK) cells are large granular lymphocytes
described to be on the functional borderline of innate and adaptive
immunity [ 1,2]. They are mainly recognized for their singular ability
to provide defence against viral infection and tumour development
without prior antigen sensitization [3], but they also contribute to
the regulation of the adaptive system via secretion of cytokines [1]
and are even able to form antigen specific immunologic memory
[4—6]. NK cell activity is controlled by a fine balance of signals from
its variety of inhibitory and activating receptors [3] that engage a
broad range of health and disease markers in the accepted
“missing-self” and “induced-self” modes of recognition,

Abbreviations: CTL, C-type lectin-like; GnTI ™, N-acetylglucosaminyltransferase |
negative; HEK, human embryonic kidney; LLT1, lectin-like transcript 1; IPEI, linear
polyethylenimine; MALS, multi-angle light scattering; NK, natural killer; SEC, size-
exclusion chromatography.

* Corresponding author.
E-mail address: ondrej.vanek@natur.cuni.cz (0. Vanék),

http://dx.doi.org/10.1016/j.pep.2017.07.016
1046-5928/© 2017 Elsevier Inc. All rights reserved.

respectively [7—11].

NK cell receptors are divided into the immunoglobulin-like [12]
and the C-type lectin-like (CTL) structural classes [13,14]. C-type
lectins bind calcium and carbohydrates; however, CTL receptors
recognize protein ligands instead, despite the fact that they are
homologous to C-type lectins [15,16]. The NKR-P1 receptor family,
encoded in the Natural Killer Cell (NKC) gene complex (human
chromosome 12), encompasses the prototypical NK cell receptors
belonging to the CTL class [15]. Unlike many CTL NK receptors that
are recognizing MHC class I glycoproteins [14,17,18], NKR-P1 re-
ceptors interact with a genetically and structurally highly related
ligands from clec2 gene subfamily [13].

Human NKR-P1 (CD161, gene kirb1) was identified in 1994 as a
human orthologue of rodent NKR-P1 receptors [19] and up to now
remains the only described human NKR-P1 receptor. However,
human NK receptors from the kirf subfamily — i.e. NKp65 [20] and
NKp80 [21] share distinct similarity to NKR-P1 and were proposed
to represent activating counterparts of human NKR-P1 [13,22].

Apart from NK cells, human NKR-P1 was found to be expressed
on NKT cells [23] and subpopulations of T lymphocytes [24]. Most
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notably, human NKR-P1 is present on regulatory T cells [25] and is
currently recognized to be a marker for all Th17 cells [26]. It was
found also on some Tc17 cells [27] which are being more and more
implicated in autoimmune diseases like multiple sclerosis [28],
rheumatoid arthritis [29] and Crohn's disease [30]. It was proposed
that NKR-P1 could play a role in targeting of these lymphocytes and
promote transendothelial extravasation into immunologically
privileged niches [26,31—34].

Under homeostasis NKR-P1 functions as inhibitory receptor of
NK cells [19,35,36] and co-stimulatory receptor of NKT and T cells
[35,37] promoting secretion of IFNy. However, it was also described
that the inhibitory function of human NKR-P1 is in an undesirable
way exploited by glioblastomas [38] and B-cell Non-Hodgkin's
lymphomas [39] which overexpress the NKR-P1 physiological
ligand — lectin-like transcript 1 (LLT1, gene clec2d) [35,36,40,41]
and thus escape immune response.

From a protein point of view, human NKR-P1 shares common
CTL receptor features. It was identified as a homodimeric type Il
transmembrane glycoprotein lacking O-linked glycosylation [19].
Its short intracellular portion contains an immunoreceptor
tyrosine-based inhibitory motif that is noncanonical for the pres-
ence of alanine residue in the —2 position relative to the tyrosine
residue [42]. A transmembrane helix is followed by 25 residues
long stalk region that presumably functions as a flexible linker
providing a scaffold for cystine homodimerization and a C-terminal
CTL domain that itself contains 6 conserved cysteine residues sta-
bilizing this domain by formation of three intramolecular disul-
phide bridges [14].

Although there have been recently promising results for
refolding of murine NKR-P1 receptors from inclusion bodies pro-
duced in E. coli [43,44], so far only an unsuccessful renaturation of
the human orthologue have been reported [45]. Mammalian cell
lines were used previously to express full-length human NKR-P1
receptor or its extracellular part in low-scale for immunological
studies [35,36,40,41] or surface plasmon resonance measurements
[45], respectively. Here we present an optimization of the human
NKR-P1 ectodomain expression in different expression systems and
finally an utilization of HEK293S GnTI ™ cells [46] for generation of
stably transfected cell line that provides a high yield of soluble
human NKR-P1 ectodomain usable for structural studies.

2. Material and methods
2.1. Vectors and NKR-P1 library cloning

A cDNA clone (GenBank accession no. BC114516) containing the
entire coding sequence of kirbl gene was obtained from Source
BioScience (GenomeCUBE IRCMp5012E0732D). A library of NKR-P1
stalk region deletion expression vectors was constructed by In-
Fusion cloning at the Oxford Protein Production Facility (OPPF;
Oxford, UK) as described before [47,48]. Primers used for amplifi-
cation of the selected NKR-P1 constructs from the cDNA clone
contained In-Fusion overlaps at the 5’ of the specific forward and
the reverse primers as described in supplementary data, Table S1.
For transient expression in HEK293 cells, NKR-P1 ectodomain
(G90-S225) was amplified from the c¢DNA clone using
5'—AAAAAAACCGGTGGTCTCTTAAACTGCCCAATATATTG—3' and
5'—AAAAAAGGTACCAGAGTCAGGATACACTTTATTTCTCAC—3/ and
using Agel and Kpnl sites subcloned into pTT28 expression plasmid
(kindly provided by Dr. Yves Durocher; a derivative of pTT5 [49]
containing N-terminal secretion leader and C-terminal Hisg-tag
sequence, thus leaving ITG- and -GTKHHHHHHHHG at expressed
protein N-and C-termini).

2.2. Small-scale NKR-P1 expression tests

Expression of the library of stalk region deletion constructs was
performed at OPPF following standard OPPF protocols for high-
throughput expression testing in E. coli [50] and Sf9 cells [51] as
described before.

Briefly, for prokaryotic expression 150 pl of overnight cultures
grown from selected colony of E. coli Rosetta2(DE3) pLysS or
B834(DE3) strains (both Novagen) transformed with the given
expression plasmid were used for inoculation of 3 ml of Power
Broth (Molecular Dimensions) and Overnight Express Instant TB
Medium (TBONEX; Novagen) with an appropriate antibiotic in 24-
well deep well blocks. The blocks were shaken at 37 °C until an
average ODsgs reached ca 0.5. The Power Broth cultures were
cooled to 20 °C and expression was induced by addition of IPTG to
1 mM final concentration and left to produce overnight. The TBO-
NEX cultures were cooled to 25 °C and left to produce for 20 h.

Bacterial cultures were centrifuged and frozen until analysis.
Defrosted cell pellets were resuspended in lysis buffer (50 mM
NaH;P04, 300 mM NaCl, 10 mM imidazole, 1% v/v Tween 20, pH 8.0)
supplemented with lysozyme and DNAse I, incubated for 30 min
and the lysates were cleared by centrifugation in deep-well block
(6000 x g, 30 min, 4 °C). Expression levels were analysed by Coo-
massie stained reducing SDS-PAGE from soluble fraction of cell
lysates [50].

For insect cell expression, to generate a PO virus stock Sf9 cells
were co-transfected with linearized bacmid DNA (Bac10:KO:g29
[52]) and pOPIN vector from the stalk region deletion library as a
transfer vector. For small-scale expression tests 3 ml of 1 x 10° Sf9
cells/ml in 24-well deep blocks were infected with 3 and 30 pl of P1
virus stock and left to produce at 27 °C for 72 h. For scale up, 800 ml
of Sf9 production culture in shaken Thompson flask was infected
with 800 pl of P2 virus stock. Media were harvested and purified
after 7 days.

For mammalian expression tests, 4 ug of the given expression
plasmid and 10 pl of Lipofectamine 2000 (Invitrogen, USA) were
each diluted into 25 pl of Freestyle F17 media (Invitrogen, USA),
incubated for 5 min, mixed and incubated for 10 min again before
addition to 2 x 108 HEKT293T cells grown in 1 ml of Freestyle F17
medium on a shaken 24-well culture plate (Corning, USA) at 37 °C,
5% CO,. After 4 h cell cultures were diluted with 1 ml of EX-CELL293
serum-free medium (Sigma, USA) and left to produce for 72 h.

Expression tests from insect and mammalian cell cultures were
analysed by enriching the secreted products by IMAC on Ni-NTA
magnetic beads (Qiagen and Biotool, USA) from 1 ml of the pro-
duction media and either analysed by SDS-PAGE or by Western blot
and immunodetection with primary mouse PentaHis anti-His-tag
monoclonal antibody (Qiagen, USA) and secondary HRP or AP
conjugated anti-mouse IgG antibody (R&D Systems, USA; Sigma,
USA).

2.3. Transient NKR-P1 expression in HEK293T cells

HEK293 cell lines were grown in suspension as described in
Ref. [41] in mixture of equal volumes of EX-CELL293 and Freestyle
F17 media in shaken square-shaped glass bottles within humidified
37 °C, 5% CO2 incubator. For transient expression of soluble NKR-P1
ectodomain, 400 pg of the pTT28 expression plasmid were diluted
in PBS, filter-sterilized and 25 kDa linear polyethylenimine (Poly-
sciences, USA) was added in 1:3 (w/w) ratio to 4 ml final volume,
the mixture was shaken and incubated for 5 min. Meanwhile,
400 x 10° HEK293T cells were centrifuged and resuspended in
200 ml of Freestyle F17 and immediately transfected. Following 4 h
incubation, the culture was diluted with 200 ml of EX-CELL293. 5—7
days post-transfection culture medium was harvested by
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centrifugation (4000 x g, 30 min), filtered (0.22 um Steritop filter;
Millipore, USA), and stored at —20 °C or immediately processed.

2.4. Stable NKR-P1 expression in HEK293S GnTI™ cells

For generation of stably transfected HEK293S GnTI™ cell pool,
30 x 10° cells were transfected in high cell density [41] with 30 pg
of pOPINGTTneo expression plasmid. For selection, Geneticin G418
was added two days post-transfection at 100 pg/ml. The culture
was split and the medium was exchanged with fresh addition of the
selection antibiotic every three days. Three weeks post-transfection
healthy and growing pool of polyclonal stably transfected cell cul-
ture was established. The stable culture was maintained in 1:1
mixture of EX-CELL293 and Freestyle F17 with 100 pg/ml of the
Geneticin G418, For protein production 400 = 106 cells were split
into 400 ml of 1:1 mixture of EX-CELL293 and Expi293 (Invitrogen,
USA) with 100 pg/ml of the selection antibiotic. Culture medium
was harvested after 10—14 days by centrifugation (4000 x g,
30 min), filtered (0.22 pm Steritop filter; Millipore, USA), and stored
at —20 °C or immediately processed.

2.5. Protein purification and crystallization

Medium was diluted twofold with 50 mM Na;HPO4, 300 mM
NaCl, 10 mM NaNs, pH 7.5 PBS buffer and pH was adjusted to 7.5 if
necessary. The His-tagged protein was recovered by IMAC chro-
matography on HiTrap TALON crude column (GE Healthcare, USA)
with subsequent SEC on Superdex 200 10/300 GL column (GE
Healthcare, USA) in 10 mM HEPES, 150 mM NaCl, 10 mM NaNs, pH
7.5 buffer and concentrated to 20 mg/ml on Amicon Ultra
concentrator (10000 MWCO; Millipore, USA). The protein was
crystallized using sitting drop vapour diffusion method. Drops
(100 nl of protein solution and 100 nl of reservoir) were set up
using a Cartesian Honeybee 961 robot (Genomic Solutions) at
294 K. The reservoir consisted of 30% w/v PEG 6000, 100 mM Bis-
Tris propane pH 9.0 (PegRx screen, condition 39, Hampton
Research).

2.6. Mass spectrometry
Disulphide bonds in soluble human NKR-P1 were determined

according to the previously published protocol [53]. Briefly, the
protein was separated by SDS-PAGE, N-linked glycans were cleaved

off after the first GIcNAc unit by endoglycosidase Endo Hf (New
England Biolabs, USA) and digested by trypsin (Sigma, USA) or Asp-
N endoproteinase (Sigma, USA) under nonreducing conditions in
the presence of 200 uM cystamine. The peptide mixtures were
desalted on peptide MacroTrap and separated on reversed phase
MAGIC C18 columns (both Michrom BioResources, USA) connected
directly to an APEX-Q 9.4 T FT-ICR mass spectrometer (Bruker
Daltonics, USA) using an electrospray ion source. Data were ac-
quired using ApexControl 3.0.0 and processed with DataAnalysis
4.0. The disulphide bonds and saccharide moieties were identified
using Links software [54].

2.7. Analytical ultracentrifugation

The oligomeric state of the produced protein was analysed in
ProteomeLab XL-I analytical ultracentrifuge equipped with An-50
Ti rotor (Beckman Coulter, USA). For sedimentation velocity
experiment, samples of NKR-P1 diluted to the desired concentra-
tion with the SEC buffer used for its purification were spun at
48000 rpm at 20 °C and 150 scans with 0.003 cm spatial resolution
were recorded in 5 min interval using absorbance optics at
280—300 nm. The data were analysed using Sedfit [55] using a c(s)
continuous size distribution model. For sedimentation equilibrium
experiment, NKR-P1 at 0.11 mg/ml was spun at 12-15-18-21-
24000 rpm at 4 °C and 1 scan with 0.001 cm spatial resolution at
280 nm was recorded after first 34 h and then consecutively after
18 h per each velocity. The data were analysed using Sedphat [56]
using multi-speed sedimentation equilibrium and single ideal
species model. Buffer density and protein partial specific volume
were estimated in SEDNTERP (http://sednterp.unh.edu/), figures
were prepared in GUSSI [57].

2.8. SEC-MALS

Molecular weight and polydispersity of NKR-P1 and
LLT1(H176C) [41] were analysed by size exclusion chromatography
using an HPLC system (Shimadzu, Japan) equipped with refractive
index (RI), UV and multi-angle light scattering (MALS) DAWNS EOS
detectors (Wyatt Technology, USA). A microSuperose12 column (GE
Healthcare, USA) was used with 10 mM HEPES, 150 mM Nacl,
10 mM NaNs, pH 7.5 eluent at 0.1 ml/min. Weight-average molec-
ular weights (Mw) were calculated from the light-scattering de-
tector based on the known injected mass while assuming 100%
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Fig. 1. The primary sequence of human NKR-P1 (CD161, kirb1). The transmembrane helix and C-type lectin-like domain predicted by Globplot 2 [59] are highlighted by red and blue
rectangles, respectively. The stalk region optimized in this study is marked by magenta line above the sequence. JPred 4 [60] secondary structure prediction is depicted at the top.
Identified cystic pairs and N-linked glycosylation sites are labelled by numbers and full stars, respectively. The empty star indicates the presumptive N-linked glycosylation site
present within the stalk region. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
List of used expression plasmids with description of peptides flanking the expres-
sion construct.

Vector N-terminal C-terminal
pOPINS3C Hisg-SUMO-3C -
pPOPINTRX Hisg-TRX-3C -
pOPINMSYB Hisg-MsyB-3C -

pOPIN]B Hisg-GST-3C BAP
pOPINP SS[PelB] Lys-Hisg
pOPING SS[RPTPmu] Lys-Hisg
pOPINGTTneo SS[RPTPmu] Lys-Hisg

Hisg —hexahistidine tag; SUMO — small ubiquitin-like modifier; 3C — cleavage site
for 3C protease; TRX — E. coli thioredoxin; MsyB — E. coli MsyB; GST — glutathione S-
transferase; SS[PelB] — PelB signal sequence; SS|[RPTPmu] — receptor-like protein
tyrosine phosphatase p signal sequence; BAP — biotin acceptor peptide.

mass recovery. Number-average molecular weights (Mn) were
determined by refractive index measurements and were calculated
assuming a dn/dc value of 0.185 ml/g. Polydispersity is defined as
(Mw/Mn).

3. Results and discussion
3.1. Transient expression of NKR-P1 in HEK293 cell lines

To our best knowledge, successful expression of soluble human
NKR-P1 ectodomain has been previously reported only in

A

Selected Publications 63

39

transiently transfected HEK293 cells [45]. Although the authors
haven't stated the production yield, the reported use for immobi-
lization on SPR sensor chip doesn't necessarily suggest high yields.
To evaluate this approach, we have performed transient expression
of NKR-P1 ectodomain in suspension cultures of HEK293T and
HEK293S GnTI™ cells using the same expression construct G90-
S225 as reported before [45]. This expression construct corre-
sponds to the CTL domain of NKR-P1 (Fig. 1) and does not contain
residues from the stalk region of the receptor. Similar constructs
were previously successfully used within our hands for bacterial
expression and refolding of mouse NKR-P1A, NKR-P1C, and Clrg
ectodomains [43,44,58], as well as of human LLT1 ectodomain that
was expressed in the same HEK293 cell lines [41]. However, in case
of human NKR-P1 we have obtained on average yields of only about
0.1 mg of pure recombinant protein per litre of production culture
from either HEK293 cell line. In contrast, we have recently reported
ca 30-times higher yields in the same expression system for LLT1
[41]. Such low yields of NKR-P1 are neither sufficient nor
economical for structural studies; therefore, we have attempted
further optimization of its expression with regards to the expres-
sion system used and to the length of the putative N-terminal stalk
region in its expression construct.

3.2. Screening of NKR-P1 expression in E. coli

In order to test the solubility effect of a protein tag fusion we
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Fig. 2. Screening of the stalk region deletion library of NKR-P1 expression constructs. Western blots of His-tagged products enriched on Ni-NTA magnetic beads from small-scale
expression tests of the NKR-P1 stalk region deletion library in pOPING (C-terminally Hiss-tagged) in (A) Sf9 insect and (B) human HEK293T cell lines. The N-terminal residue of the
stalk region included in the given construct is annotated at the top. Molecular weight standards are in kDa. Position of putative covalent dimer of NKR-P1 is marked by an arrow.

Sample of NKR-P1 ligand, protein LLT1, was added for comparison.
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have subcloned three expression constructs of human NKR-P1
differing in the length of the flexible N-terminal stalk region
while containing the whole CTL domain (I66/Q80/G90-5225)
(Fig. 1) into the pOPINS3C, pOPINTRX, pOPINMSYB, pOPIN]B, and
POPINP expression vectors from OPPF's suite of pOPIN vectors [48]
(see Table 1 for information about the expression cassettes).
Expression tests were performed in E. coli B834(DE3) and E. coli
Rosetta2(DE3) pLysS strains using two different production condi-
tions — an overnight production at 20 °C after induction with 1 mM
IPTG and a production in TBONEX auto-induction medium at 25 °C
for 20 h. Products of 1 ml cultures were enriched using Ni-NTA
magnetic beads from soluble fraction of cell lysate and analysed
using Coomassie stained reducing SDS-PAGE [50] (Fig. S1). Unfor-
tunately, we cannot report any improvement on expression of
soluble human NKR-P1 in E. coli for any of the tested fusion con-
structs or conditions. It is possible that using strains with an
oxidizing cytoplasm designed for expression of disulphide-
containing proteins like SHuffle or Rosetta-gami would be more
efficient; however, based on our previous experiences with these
strains for similar constructs of mouse NKR-P1 receptors this seems
unlikely, too (not shown).

3.3. Screening of stalk region deletion library in 5f9 and HEK293T
cells

For simultaneous expression test in both insect cell baculoviral
and mammalian expression systems, we have utilized OPPF's
POPING expression vector allowing for secreted expression with C-
terminal Hisg-tag flanking the protein of interest (Table 1). A series
of 25 human NKR-P1 constructs with consecutively shortened N-
terminal stalk region (166-G90) (Fig. 1) ending at the CTL domain C-
terminal S225 were subcloned into the pOPING vector. Expression
tests were performed in 3 ml of Sf9 culture infected with P1 gen-
eration of baculoviruses and in 2 ml of transiently transfected
suspension HEK293T cultures. Expression media were analysed for
the presence of desired products 72 h post-transfection by anti-
histidine tag immunodetection.

Although positive, only low expression signals were obtained
from the insect cell expressions (Fig. 2A). However, a distinct region
of best expressing constructs could be distinguished with the N-
termini of NKR-P1 ranging from C74 to Q79. This could suggest
stabilization of these constructs by secondary structure formation.
Interestingly, a JPred 4 secondary structure prediction analysis
suggests o-helix within this region (Fig. 1). Such structural stabili-
zation could provide a scaffold for the formation of an intermo-
lecular disulphide bridge via the C74 residue.

Analysis of the expression test in mammalian culture showed
positive albeit similarly low level of expression for most of the
tested constructs (Fig. 2B). Interestingly, a very low signal corre-
sponding to the NKR-P1 covalent dimer could be detected within
the range of S69-E72 N-terminal NKR-P1 constructs. Also, a sudden
shift in the electrophoretic mobility between the N83 and K84 N-
terminal constructs and presence of NKT consensus sequence
suggest presence of N-linked glycan at the N83 (Fig. 1).

We have further attempted to scale-up the production of the
§75-5225 construct in 800 ml of Sf9 culture infected with P2 gen-
eration of the virus. However, the low level of expression was
confirmed with yield of only ca 0.4 mg of heavily contaminated
protein per litre of production culture (contamination may have
been caused by presence of misfolded protein aggregates). There-
fore, we cannot report a suitable format of recombinant expression
of soluble human NKR-P1 based on baculoviral transduction of Sf9
cells. We cannot exclude the possibility that the sequence following
the signal peptide might have a negative impact on secretion in
insect cells, rather than the construct itself.

3.4. High-level expression of soluble human NKR-P1 in stable
HEK293S GnTI™ cell line

In parallel, we have attempted to express the original G90-5225
construct of human NKR-P1 ectodomain in stably transfected pool
of HEK293S GnTI™ cells and thus test whether higher production
yields might be reached by using stable instead of transient
transfection. Although this construct performed poorly in the
aforementioned transient expression test and may be suboptimal
with respect to possible expression yield, based on our previous
work on structural elucidation of CTL receptors [40,43,58,61] con-
structs lacking the N-terminal stalk region and containing only the
well-defined CTL domain are the most suitable targets for further
structural experiments. The expression construct was subcloned
into OPPF's vector pOPINGTTneo containing neomycin selection
marker. A pool of resistant HEK293S GnTI ™ cells was selected on
Geneticin G418. Following positive expression test (data not
shown), the resistant pool was scaled to 300 ml of 1 x 10%/ml cell
suspension and left to produce for 10 days. The secreted product
was purified by IMAC on HiTrap Talon column followed by SEC on
Superdex 200 10/300 GLyielding on average 2.5 mg of pure protein
per litre of production culture.

The HEK293S GnTI™ cell line provides uniform mammalian N-
linked glycosylation of GIcNAczMans type that is readily cleavable
with endoglycosidase Endo F1 leaving only a single GIcNAc unit
(Fig. 3A, lane D). Both under reducing and non-reducing conditions
the soluble human NKR-P1 ectodomain migrates on SDS-PAGE as
three distinct glycoforms corresponding to the theoretical weight
of monomer with one (18.4 kDa), two (19.6 kDa) or three (20.9 kDa)
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Fig. 3. Soluble NKR-P1 ectodomain forms distinct glycoforms, is easily deglycosylat-
able and crystallizable. (A) SDS-PAGE analysis of the final product of soluble NKR-P1
(G90-5225) with simple GIcNAc;Mans N-linked glycosylation from HEK293S GnTl™
cells. Both under reducing and non-reducing conditions three distinct glycoforms of
NKR-P1 are detectable, that migrate as a single band after cleavage of N-glycans with
endoglycosidase Endo F1 (leaving single GlcNAc unit; lane D). M — molecular weight
standard in kDa. ENDO F1 — endoglycosidase F1 (arrow). (B) Crystals of NKR-P1 pro-
duced in HEK293S GnTI™ cells grown by sitting drop vapour diffusion method. The
black scale bar represents 100 pm.
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Fig. 4. Soluble NKR-P1 is monomeric in solution. (A) Comparison of size exclusion chromatography profiles of soluble LLT1 H176C mutant (black) and NKR-P1 (red). The LLT1 is
forming non-covalent dimer [41] while NKR-P1 migrates rather as monomer. (B) Comparison of size exclusion chromatography with refractive index detection (line plot, left axis)
and molar masses determined by multi angle light scattering (scatter plot, right axis) of soluble LLT1 H176C mutant (black) and NKR-P1 (red). (C) Sedimentation equilibrium analysis
in analytical ultracentrifuge performed at 0.11 mg/ml concentration showed that NKR-P1 behaves as monomer; upper panel — absorbance data with fitted curves (single non-
interacting discrete species model), lower panel — residual plot showing the goodness of fit. (D) Series of sedimentation velocity analyses in analytical ultracentrifuge at
increasing protein concentration (given in mg/ml; normalized continuous size distributions of the sedimenting species) showed that NKR-P1 does not self-associate. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N-linked glycosylation sites occupied with the GlcNAc;Mans
oligosaccharide moieties (Fig. 3A). Furthermore, the prepared sol-
uble human NKR-P1 with homogeneous GlcNAc;Mans N-glycans
(although still being in-homogeneous with respect to incomplete
N-glycosylation site occupancy) was readily crystallized using the
vapour diffusion method in sitting drop, forming bipyramidal
crystals (Fig. 3B) up to 80 pum in size. These initial crystals already
diffracted up to resolution of ca 2.0 A and were later optimized
leading to solution of NKR-P1 crystal structure (Blaha et al.,
submitted).

Utilizing a mass spectrometry approach, we have identified
cystic peptides in the soluble NKR-P1 ectodomain confirming ca-
nonical configuration of disulphides in CTL domain: C94-C105,
C122-C210, and C189-C202 (Table S2, Fig. 1). Furthermore, we have
been able to confirm presence of saccharide moieties at the three
predicted N-linked glycosylation sites — N116, N157, and N169
(Table 52, Fig. 1). The incomplete occupancy of these sites accounts
for the three different glycoforms observed on SDS-PAGE (Fig. 3A).

3.5. Stoichiometry of recombinant human NKR-P1 in solution

Comparison of SEC retention volumes for soluble LLT1(H176C)
eluting as a non-covalent dimer [41] and for soluble NKR-P1

ectodomain suggests that soluble NKR-P1 elutes rather as a
monomer (Fig. 4A). To confirm this, we repeated the analysis with
multi-angle light scattering detection (Fig. 4B) providing a molec-
ular weight of ca 22 kDa and 33 kDa for soluble NKR-P1 and
LLT1(H176C) respectively, both with low polydispersity (Fig. 4B).
Monomeric state of human NKR-P1 was further corroborated by
sedimentation equilibrium analysis in analytical ultracentrifuge
resulting in estimated molecular weight of 20.7 kDa (Fig. 4C).
Sedimentation velocity experiment performed with samples of
increasing protein concentration also showed no tendency to form
homodimer or oligomeric species (Fig. 4D). Soluble human NKR-P1
behaves as particle with standard sedimentation coefficient szow
2.10 S and approximate dimensions of 4.5 x 3.5 nm corresponding
well to expected values for monomeric protein.

Human NKR-P1 should form a covalently linked homodimer on
the cell surface [19], but the produced soluble form of NKR-P1 lacks
the odd cysteine residue in the stalk region implicated in such
dimerization [13]. However, soluble ectodomains of the homolo-
gous subfamily of related clec2 receptors — CD69 [61], LLT1 [40],
and KACL [62] were previously reported to form stable non-
covalent dimers in solution quite easily. On the other hand,
recently published structure of NKp65 [62], a member of more
closely related kirf subfamily, shows this receptor interacting with
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its clec2 ligand KACL while being in a monomeric state and its
dimerization in the manner of clec2 receptors would even hamper
the interaction with its clec2 ligand. Similarly, previously reported
mouse NKR-P1A and NKR-P1C(B6) orthologues were observed in
solution only as monomers [43,44]. Taken together with the pre-
sented low propensity of NKR-P1 to form a non-covalent dimer in
solution, a different, less stable mode of dimerization should be
expected than that of clec2 receptors for the human NKR-P1 and its
orthologues and close homologues — the kirf receptors; that re-
quires covalent stabilization by a disulphide bridge(s) in the puta-
tive stalk region.

4. Conclusions

To conclude, we have recombinantly expressed soluble human
NKR-P1 ectodomain in stable, deglycosylatable and crystallizable
form. To our knowledge, this is the first attempt at structural
characterization of human NKR-P1 immunoreceptor. The strategy
of construct design described herein for NKR-P1 — i.e. the con-
struction of stalk region deletion library — might be considered also
for other C-type lectin-like receptors of NK cells, although in our
case, it was rather the choice of proper expression system that was
the most important factor. Selection of stably transfected
HEK293 cell lines as expression host may be optimal both for
protein production aimed at structural characterization and for
production of soluble receptor domains that could be utilized in
clinical therapy also for other NK cell CTL receptors and their li-
gands. Depending on the intended use, suitable HEK293 cell line
with desired N-glycosylation profile could be chosen, i.e. HEK293S
GnTI~ or HEK293T cell lines with simple or complex N-glycans,
respectively.
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Production of recombinant soluble
dimeric C-type lectin-like receptors
of rat natural killer cells

OndrejVanék(®?", Petra Celadova?, Ondfej Skofepa?’, Jan Blaha('®, Barbora Kalouskova’,
Anna Dvorska?, Edita Polachova?!, Helena Pucholtova?l, Daniel Kavan?, Petr Pompach?,
Katefina Hofbauerova®??3, Vladimir Kopecky®?3, Aruz Mesci*, Sebastian Voigt(®°® &

James R. Carlyle*

Working at the border between innate and adaptive immunity, natural killer (NK) cells play a key

role in the immune system by protecting healthy cells and by eliminating malignantly transformed,
stressed or virally infected cells. NK cell recognition of a target cell is mediated by a receptor “zipper”
consisting of various activating and inhibitory receptors, including C-type lectin-like receptors. Among
this major group of receptors, two of the largest rodent receptor families are the NKR-P1 and the Clr
receptor families. Although these families have been shown to encode receptor-ligand pairs involved in
MHC-independent self-nonself discrimination and are a target forimmune evasion by tumour cells and
viruses, structural mechanisms of their mutual recognition remain less well characterized. Therefore,
we developed a non-viral eukaryotic expression system based on transient transfection of suspension-
adapted human embryonic kidney 293 cells to produce soluble native disulphide dimers of NK cell
C-type lectin-like receptor ectodomains. The expression system was optimized using green fluorescent
protein and secreted alkaline phosphatase, easily quantifiable markers of recombinant protein
production. We describe an application of this approach to the recombinant protein production and
characterization of native rat NKR-P1B and Clr-11 proteins suitable for further structural and functional
studies.

Natural killer (NK) cells are innate immune lymphocytes capable of recognizing and destroying a wide variety of
target cells, including transformed, infected, transplanted, antibody-coated, and stressed cells'. In contrast to T
or B cells, NK cells do not express a single dominant activation receptor on their surface. Instead, the functions
of these immune effector cells are regulated by a high number of receptors that generate either inhibitory or acti-
vation signals through the large “receptor zipper™. These receptors belong to two major protein families similar
to members of the immunoglobulin or C-type lectin superfamilies®. Inhibitory C-type lectin receptors, such as
Ly-49 proteins or CD94/NKG2A heterodimers, recognize MHC class I glycoproteins on the surface of healthy
cells and efficiently block the natural killing of these cells. However, in pathological states, target cells often lose
inhibitory “self” ligands, leading to enhanced cytotoxicity via NK cell disinhibition. This mode of detection has
been termed “missing-self” recognition®. Conversely, stressed, transformed or infected cells often overexpress
some proteins that are usually in low abundance, on healthy cells. These proteins might be recognized by activat-
ing receptors (induced-self-recognition), as in the case of the stress-induced MHC class I-like molecules MICA
and MICB, which are recognized by the NKG2D activation C-type lectin-like receptor”.

In addition to Ly-49, the NKR-P1 (CD161) receptor family, which is the second largest group of receptors
encoded by distinct but closely related genes of the NK gene complex, may generate both activation and inhib-
itory signals in NK cells. This protein family was first identified on the surface of rat natural killer cells using
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a specific monoclonal antibody 3.2.3% Subsequent studies showed that NKR-P1 (CD161) receptors consist of
homodimeric type II transmembrane C-type lectin-like proteins primarily found on NK, NKT, and activated
CD8* T cells’. Genes encoding the NKR-P1 family (designated Kirb1) appear to be conserved amongst birds,
rodents, humans, and other mammals, suggesting that the gene products play a key role in innate immunity
across species boundaries®, The NKR-P1 receptors consist of N-terminal peptide motifs involved in receptor
signalling, a single transmembrane domain, an extended stalk region that includes the putative dimerization
cysteine(s), and a large C-terminal ligand binding domain similar to the carbohydrate-recognition domain of
C-type lectins’.

The discovery that physiological ligands of at least some NKR-P1 receptors belong to a family of related C-type
lectin-like receptors, the C-type lectin-related (Clr) proteins, which are encoded by a family of Clec2 genes inter-
spersed among the Kirb1 genes themselves, was a breakthrough in understanding NKR-P1 function'®!!. These
studies have shown that mouse NKR-P1B recognizes Clr-b and that transfected cells expressing Clr-b are partly
protected from lysis by NK cells, thus suggesting that NKR-P1B:Clr-b recognition is a novel form of missing-self
recognition designed to monitor the cellular levels of Clr-b. Accordingly, genetic linkage of the Clec2 and Kirb1
genes highlighted the importance of this system as a particularly unique self/non-self discrimination tool because
the “self” ligand is always coinherited with its cognate receptor”'?, These findings established a new paradigm of
lectin-like receptors that interact with other lectin-like proteins rather than with carbohydrates, although the role
of receptor and ligand glycosylation in these interactions remains unknown.

In addition to mice, this MHC-independent self-recognition system is conserved at least in rats'* and
humans'*'%, Similarly to MHC-I molecules, this self-recognition system is also subject to viral and tumour eva-
sion of innate and adaptive immunity. In humans, the LLT1 receptor, an orthologue of rodent Clr proteins, is
upregulated in glioblastoma'®, in prostate cancer'” and in B-cell non-Hodgkin’s lymphoma'®, in which the recep-
tor mediates immune escape and contributes to the immunosuppressive properties of tumour cells. Conversely,
rat cytomegalovirus encodes a protein named RCTL that closely resembles rat Clr-11 (a homolog of mouse
Clr-b). Viral infection stimulates Clr-11 loss, which is rapidly counteracted by RCTL surface expression upregu-
lation. RCTL inhibits NK killing of infected cells via direct interaction with NKR-P1B. Thus, RCTL functions as a
decoy ligand to subvert NKR-P1B mediated missing-self recognition by NK cells'’. Interestingly, this subversion
is strain-dependent: the NKR-P1B receptor from the WAG rat strain is susceptible to RCTL binding, whereas the
NKR-P1B receptor from the SD rat strain is less susceptible, thereby overcoming this decoy inhibition signal. The
allelic divergence of rodent NKR-P1 receptors suggests that host genomes are evolving under selection pressure
to avert this viral evasion strategy”. Similarly, in mice, Clr-b loss was observed upon murine cytomegalovirus
(MCMYV) infection®'. Furthermore, the MCMV-encoded immunoevasin m12 was observed to engage the inhibi-
tory NKR-P1B receptor, thus subverting the NKR-P1B:Clr-b immune axis. However, a similar host-pathogen evo-
lutionary interplay is revealed by the engagement of some of the m12 alleles through the activating NKR-P1A/C
receptors that avert the MCMV decoy strategy””. The mouse Clr-b ligand is also a very sensitive marker of cell
health that is rapidly downregulated during chemotherapy-induced genotoxic and cellular stress® or poxvirus
infection® or oncogenesis®*. Concomitantly, recent studies showed that NKR-P1B:Clr-b missing-self recognition
plays a key and non-redundant role in bone marrow transplantation’®*” and cancer immunosurveillance” in a
mouse models.

Although the structures of a few mouse NKR-P1 and Clr proteins, as well as the structure of the mouse
NKR-P1B:m12 complex, were published?*%, only limited structural data on the NKR-P1:Clr receptor complex
are available yet. In some cases, the preparation of soluble C-type lectin-like receptor domains by recombinant
expression in E. coli followed by in vitro refolding might be relatively easy’®?’, However, this strategy also has
several disadvantages. The refolding yields are often too low for structural studies, and the number of cysteine res-
idues present in the expression constructs is usually kept as low as possible, leading to monomeric recombinant
proteins (or non-covalent dimers, at best). However, native C-type lectin-like NK receptors are often homodimers
linked by one or several disulphide bridges*’, and stable dimer formation might also be a prerequisite for complex
formation. Moreover, the role of glycosylation in NKR-P1:Clr recognition could not be ascertained using bacte-
rially expressed proteins.

In this report, we describe a eukaryotic expression system based on transient transfection of a human embry-
onic kidney 293 (HEK293) cell line to produce native dimeric NK cell C-type lectin-like receptors for structural
and functional studies. In contrast to stable transfection and cell line generation, transient transfection offers
a quick modularity of the expression construct regarding the purification or visualization tag(s), if necessary.
Simultaneously, by using cost-effective transfection reagents, affordable cell culture media and strong expression
vectors, milligram amounts of recombinant proteins can be generated within days at only moderate costs and
production equipment requirements®"*2, Moreover, successful selenomethionine incorporation and N-linked
glycosylation control, which are important for structural biology, particularly for protein crystallography, were
shown in HEK293 cell lines****. Here, we report the successful application of this technique to the recombinant
production of rat C-type lectin-like NK cell receptors.

Results

Optimized transient transfection of suspension-adapted HEK293T cells. Transient transfection
of adherent HEK293T cell lines with several pHLsec plasmids has been successfully used for recombinant protein
expression®’. However, in our laboratory, the growth of high cell quantities in expanded surface roller bottles was
rather difficult due to uneven cell attachment to the surface of the culture bottles. Moreover, the expansion of
adherent culture prior to large-scale transient transfection using this method was a time-consuming, labour-in-
tensive, and material-demanding procedure. Therefore, we decided to switch to suspension culture, which is
affordable (glass bottles can be autoclaved and reused easily), scalable in a range from a few millilitres to hundreds
of litres and may yield potentially higher volumetric productivity.
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Figure 1. Optimization of transient transfection of suspension adapted HEK293T cells. (A) Effect of the DNA-
to-PEI ratio on SEAP production in different transfection and production media. (B) Effect of the amount of
DNA added to the cells. (C) Enhancement of transient expression by valproic acid addition at 3 hours post-
transfection; transfections were performed in 24-well plates, as described in Materials and Methods, SEAP
activity and transfection efficiency were determined 3 days post-transfection (dpt) by measuring the pNPP
hydrolysis rate and by flow cytometry (GFP positive viable cells), respectively. (D) Transient transfection
expression levels as a function of time; SEAP activity was measured each dpt in a control culture, in a culture
supplemented with 2mM VPA and in a culture fed at 2 dpt with 0.5% TN1 hydrolysate; transfections were
performed in a 12-well plate, as described in the Materials and Methods section.

An aliquot of 5 x 10° adherent HEK293T cells was thawed and transferred directly into 10ml of EX-CELL
293 serum-free media, in a 10-cm culture dish. Small floating clumps of cells resumed growth one day later. The
culture was pipette-resuspended and split into fresh medium every three days, and we considered the cells fully
adapted to serum-free conditions after six splits. Then, we transferred the cell suspension into a square-shaped
glass bottle, which was placed on an orbital shaker inside the incubator. Cells resumed growth one day later and
grew with a doubling time of approximately 24 h. The EX-CELL 293 medium supports HEK293T high-density
cultivation (up to 6 x 10%ml with no apparent loss of viability) and is also suitable for freezing the cells (up to
5 x 107/ml with 5-10% DMSO tested). In contrast, EX-CELL 293 is unsuitable for polyethylenimine (PEI) medi-
ated transfection, most likely due to the presence of negatively charged additives (such as heparin, often used to
dissociate cell clumps), which disrupt DNA-PEI transfection polyplexes. We screened several other media for
their transfection and production properties using secreted alkaline phosphatase (SEAP) and green fluorescent
protein (GFP) as easily quantifiable reporter proteins to monitor secreted protein production and transfection
efficiency, respectively. A small volume of cell suspension was transfected with a 19:1 (w/w) mixture of SEAP
and GFP expression plasmids, and SEAP activity and transfection efficiency were measured 72 hours later. From
the two commercial media tested, F17 medium allows the use of lower DNA:PEI ratios, thus minimizing the
risk of potential cytotoxic effects of high PEI concentrations (Fig. 1A). Because the original adherent HEK293T
cells were easily transfected in standard DMEM medium supplemented with 2% FBS, we assessed whether these
conditions could be modified for suspension conditions. By omitting calcium chloride from the DMEM formu-
lation and by supplementing it with 0.1% Pluronic F-68 instead, we were able to maintain the cells in suspension,
although the addition of 2% FBS caused cell aggregation. Conversely, the highest SEAP activities were achieved
when transfection was performed in half the desired culture volume of calcium-free DMEM, which was com-
pleted with EX-CELL 293 to the full volume 3 hours post-transfection (Fig. 1A). All subsequent transfections
were performed in calcium-free DMEM/EX-CELL 293 at a 1:4 (w/w) DNA:PEI ratio.

To maximize the expression yield, we assessed the effect of the DNA amount added to the cells. As shown in
Fig. 1B, the amount of DNA necessary for sufficient transfection efficiency and SEAP expression could not be
reduced below 111g/10° cells under these conditions. However, both transfection efficiency and SEAP expres-
sion almost doubled when valproic acid was added 3 hours after transfection (Fig. 1C). Valproic acid is a his-
tone deacetylase inhibitor reported to enhance transient gene expression in both HEK293 and CHO cell lines*
by increasing the overall transcription level while simultaneously inhibiting cell growth®. The positive effect of
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Figure 2. Sequence alignment and design of protein expression constructs. (A) Amino acid sequences of

rat Clr-11"26, RCTL, NKR-P1BYAS, and NKR-P1B®P (GenBank accession nos. DQ168419.1, AF302184,
EF100678, and EF100684, respectively) were aligned in ClustalW2; non-identical amino acids are indicated in
red; transmembrane regions (as predicted by TMHMM 2.0 server) are highlighted in the brown box; cysteine
residues are highlighted in yellow, and cysteine residues conserved among C-type lectin-like receptors and
forming intramolecular disulphide bridges are numbered according to their linkage, whereas those expected
to form intermolecular disulphide bridges are indicated with an asterisk; potential sites of N-glycosylation
are highlighted in magenta; the recombinant protein constructs corresponding to C-type lectin-like domain
(CTLD) are indicated with blue lines; the following three constructs were generated in case of RCTL: I38-
T180 (blue line), H51-T180 (green line), and H51-T170 (orange line). (B) Schematic description of protein
expression constructs designed using the three plasmids used in this work.

valproic acid (VPA) on transient SEAP expression was confirmed in a time-course study of SEAP expression
levels (Fig. 1D). VPA-treated cells analysed by flow cytometry consistently showed a higher level of transfection
efficiency and also much higher GFP median fluorescence intensity (data not shown), thus indicating the higher
specific productivity of cells transcriptionally activated with VPA. Concurrently, we tried to further boost the
expression yield by feeding the cells with casein hydrolysate Tryptone N1 during the production phase, which was
previously reported to enhance the productivity of HEK293EBNA cell lines®. Peptone additives are often used
to replenish nutrients during batch cell culture, and the positive effect of Tryptone N1 (TN1) was also shown in
HEK293T cell lines (Fig. 1D). In summary, the optimal values of the transfection and expression parameters were
determined for suspension-adapted HEK293T cells through a series of independent experiments, i.e., 1 pg/10°
cells for DNA, 1:4 for DNA:PEI ratio, calcium-free DMEM and EX-CELL 293 as transfection and production
media, respectively, and the expression yield was further enhanced by adding 2mM VPA and 0.5% TN1, 3 and
48 hours post-transfection, respectively.

Construct design and recombinant expression of soluble rat NK cell lectin-like receptors. We
selected rat NK cell C-type lectin-like receptors as a model system to study NKR-P1:Clr interactions. In par-
ticular, rat inhibitory NKR-P1B receptors from the WAG and SD rat strains differ in several amino acid residues
(Fig. 2A), and these differences lead to differential outcomes when WAG or SD rat strains are challenged by cyto-
megalovirus infection due to different mechanisms of recognition of the viral RCTL decoy ligand'®. Conversely,
Clr-11 ligand from the WAG and SD rat strains differ only in a single amino acid (R192K in the WAG or SD
strain, respectively, not shown) located in the C-terminus of the protein and unlikely involved in receptor bind-
ing. Therefore, we consider both Clr-11 sequences functionally equal, and we omitted Clr-11%? from the present
study. Clr-11"4% and RCTL sequence alignment (Fig. 2A) shows a highly conserved core of the C-type lectin-like
domain surrounded by more variable N- and C-terminal sequences of the extracellular portion of the receptor.
The C-type lectin-like domain of NK cell receptors usually contains four to eight conserved cysteine residues
responsible for intramolecular disulphide bond formation. These residues are necessary to stabilize the domain
fold and several additional cysteine residues in the N- or C-terminal chains involved in dimerization by forming
an intermolecular disulphide bridge(s). Furthermore, they are presumably required for stable receptor expression
at the cell surface. Interestingly, all four receptors contain their proposed dimerization cysteine residues in their
C-termini, suggesting that the N-terminal domain chain may not be necessary for dimer formation in these
proteins.
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Figure 3. Expression and purification of soluble dimeric rat NK cell C-type lectin-like receptors. (A) Small-
scale expression test of pHLsec constructs; transfection was performed in a 24-well plate, and 10l samples

of culture supernatants were collected 3 days later and resolved by 15% SDS-PAGE under non-reducing
conditions, transferred onto nitrocellulose membrane and detected by PentaHis mAb; lanes: M, marker; 1,
mock transfected; 2, RCTL I38-T180; 3, Clr-11; 4, NKR-P1BWAG; 5, NKR-P1B®"; 6, RCTL H51-T180; 7, RCTL
H51-T170. Full-size images of membranes and their photographs are available as Supplementary Information
(Figure S1). (B) Samples of purified proteins were resolved by 4-20% SDS-PAGE under both reducing and non-
reducing conditions; lanes: pHLsec_Clr-11, pHLsec-FcHis_Clr-11 cleaved off by a 3C protease, pYD5_NKR-
P1B*" (monomeric and dimeric fractions) and pYD5_ NKR-P1B"A%, both cleaved off by TEV protease. (C) Gel
filtration profiles of Clr-11, Clr-11-FcHis, and Clr-11 with the FcHis tag cleaved off by a 3C protease. (D) Gel
filtration profiles of pYD5 Fc-NKR-P1BSP/WAS fusion proteins and NKR-P1BS™WAG with the Fc tag cleaved off by
TEV protease, resulting in the disulphide dimer of NKR-P1BYA¢ and a mixture of dimer and monomer species
of NKR-P1B*",

Initially, we tried to express the whole extracellular part of RCTL, Clr-11"AS, and both the NKR-P1BYA¢ and
NKR-P1B®" receptors with only slightly shortened N-termini, i.e., including the stalk region. Thus, four expres-
sion constructs were generated by PCR amplification from their respective receptor cDNA templates: RCTL
138-T180, Clr-11"A6 V65-M207, NKR-P1B"A6 V78-§223, and NKR-P1BS® V78-5223. These constructs were
cloned to pHLsec expression vector for secreted protein production (Fig. 2B). The vector adds an additional ETG
and GTKHHHHHH amino acid sequences to the N- and C-termini of the construct, respectively*”. Small-scale
expression tests (Fig. 3A, lanes 2-5) showed positive expression for all except for the RCTL constructs, moreo-
ver, the NKR-P1BYA% were purely dimeric, Clr-11Y2% was mostly dimeric, and NKR-P1B%" was monomeric. To
also achieve some expression level for the RCTL protein, two shorter constructs were prepared, RCTL H51-T180
and RCTL H51-T170, and the latter was expressed as a monomer, although at a much lower yield (Fig. 3A, lanes
6 and 7). When expressed by transient transfection in square-shaped bottles and purified by IMAC and gel filtra-
tion, the final yield of the pure recombinant receptors ranged from 0.2 to 5 mg per litre of production medium,
and Clr-11 and RCTL were the best- and worst-produced proteins, respectively.

Generation of dimeric Clr-11WAS by C-terminal Fc fusion. Regarding structural biology and protein
crystallography, minor heterogeneities, such as incomplete covalent dimerization of Clr-11"A% (Fig. 3B, lanes
pHLsec_Clr-11), potentially leaving some flexible parts unstructured, can be detrimental to the quality and use-
fulness of the final protein preparation. Additionally, glycosylation heterogeneity or the differential occupation of
glycosylation sites (the likely reason for the presence of two bands in Clr-11 preparations, Fig. 3B, lanes pHLsec_
Clr-11) may increase sample heterogeneity even further. To overcome the first issue, we cloned the Clr-11"4¢
expression construct into the pHLsec-FcHis vector. In this vector, the C-terminus of the expression construct
is fused to human rhinovirus (HRV) 3C protease cleavage site followed by the hinge and the Fc regions of the
human IgG1 molecule, and by a hexahistidine tag (Fig. 2B). This FcHis fusion was used to promote the disulphide
bond-mediated dimerization of Clr-11 because IgG is a disulphide-linked dimer itself and therefore IgG hinge
dimerization may help to position the Clr-11%49 dimerization cysteine residues close enough to enable disulphide
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Figure 4. Mass spectrometry analysis of Clr-11-FcHis cleavage with HRV 3C protease. Reduced tryptic digests
prepared from SDS-PAGE bands of Clr-11-FcHis (top), Clr-11 with the FcHis fusion cleaved off (middle) and
the cleaved FcHis fusion (bottom) were analysed by MALDI-TOF/TOF mass spectrometry. Peptides identified
in mass spectra are highlighted in red; peaks in mass spectra are labelled according to corresponding Clr-11-

FcHis peptide sequences. The 3C protease cleavage site peptide TPESPMGTLEVLFQ/GPK is highlighted in
green.

bond formation. The expression and purification of Clr-11-FcHis protein was straightforward and at a yield sim-
ilar to that of the untagged protein, resulting in a purely dimeric fusion Clr-11-FcHis preparation (Fig. 3C, black
curve).

The HRV 3C protease preferably cleaves under reducing conditions; however, complete digestion may also
be achieved by slightly increasing the protease amount under non-reducing conditions. When applied to the
Clr-11-FcHis protein, we observed complete cleavage after one hour at room temperature (data not shown); nev-
ertheless, we chose overnight cleavage at 4 °C for convenience and for lower protease consumption. Because both
FcHis fusion and 3C protease contain the histidine tag, we were able to easily separate the cleaved fusion, protease
and purely dimeric Clr-11YAS by repeating the purification procedure (Fig. 3C, red curve). Interestingly, the pro-
duction of Clr-11 with the FcHis fusion also leads to a reduced level of glycosylation heterogeneity, as suggested
by the presence of a single band on the SDS-PAGE (Fig. 3B, lane pHLsec-FcHis_Clr-11). When required, glyco-
sylation heterogeneity might be further reduced using N-glycosylation processing inhibitors, such as kifunensine
or swainsonine®, or the N-acetylglucosaminyltransferase I-negative (GnTT) HEK293S cell line”, which is unable
to synthesize complex N-glycans.

Mass spectrometry characterization of Clr-11-FcHis cleavage and dimerization. To confirm
disulphide bond status and correct covalent dimer formation, we analysed the SDS-PAGE bands of uncleaved
and cleaved Clr-11-FcHis proteins by mass spectrometry. The protein bands were excised and digested by
trypsin directly within the gel; the resulting peptides were extracted, reduced and analysed in MALDI-TOF/
TOF mass spectrometer (Fig. 4). All three samples analysed showed good sequence coverage. The cleavage site
TPESPMGTLEVLFQ/GPK was identified in Clr-11-FcHis but not in Clr-11, where the FcHis fusion was cleaved
off and replaced by the TPESPMGTLEVLFQ peptide, corresponding to the correct fusion cleavage. When exam-
ining Clr-11-FcHis and Clr-11 tryptic and Asp-N peptides prepared under non-reducing conditions, we were able
to confirm the correct intramolecular disulphide bond connection (data not shown) of all four cysteines present
in the C-type lectin-like domain (CTLD), i.e., C80-C91 and C108-C190. More importantly, we were also able to
distinguish a cystine dipeptide LNSYSLQCK-LNSYSLQCK, corresponding to the correct covalent intermolecular
C200-C200 disulphide bond, and stable dimer formation (Fig. 5).

Generation of dimeric NKR-P1B by N-terminal Fc fusion.  Subsequently, we tried to apply the same
approach to NKR-P1B” and NKR-P1B"AS, i.e., to produce these expression constructs as C-terminal FcHis
fusions to promote their dimerization. Although we were able to express and purify these fusion proteins in a
dimeric form and at a good yield (improved in comparison with the untagged proteins; data not shown), we
were unable to efficiently cleave off the FcHis fusion with the 3C protease. A possible explanation is that the
dimerization cysteines of the receptor and of the IgG hinge region cross-linked with each other. Thus, although
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Figure 5. Mass spectrometry analysis of Clr-11 covalent dimerization. MALDI TOF/TOF analyses of tryptic
digests of (A) Clr-11-FcHis and (B) Clr-11 after 3C protease cleavage, both prepared under non-reducing
conditions. The m/z value 2108.03 corresponds to the dimerization cystine dipeptide LNSYSLQCK-
LNSYSLQCK.

these recombinant fusion proteins are dimeric, their dimerization mode may not be physiological. Reducing the
number of cysteine residues in the hinge region or completely removing them from the expression constructs
may promote correct dimerization exclusively through the CTLD cysteines.

To overcome this problem, we tested the reverse arrangement of these Fc fusion constructs, i.e., we attached
the IgG Fc region to the N-terminus of the NKR-P1B ectodomain using a pYD5 plasmid (Fig. 2B), enabling the
subsequent cleavage of the fusion by the tobacco etch virus (TEV) protease. The expression yields of the pYD5_
NKR-P1B*Y"WAG fusion constructs were similar to those of previous FcHis constructs, and gel filtration showed
their correct dimeric state (Fig. 3D, black and magenta curve). Upon cleavage with the TEV protease, we obtained
the purely disulphide dimer of the NKR-P1B"% ectodomain (Fig. 3D, green curve and Fig. 3B, lanes WAG),
whereas the NKR-P1B" ectodomain yielded a mixture of dimeric and monomeric species (Fig. 3D, red curve and
Fig. 3B, lanes SD). This difference is likely caused by the fact that NKR-P1B"AS has three cysteine residues in its
C-terminus, whereas NKR-P1B*" has a single cysteine in the same position; therefore, disulphide dimerization is
more efficient in the NKR-P1B"A% ectodomain.

For the RCTL protein, we were unable to improve its expression yield and dimeric state, even when using
FcHis or pYD5 fusion constructs; therefore, we are not yet able to report the successful preparation of any stable
soluble form, monomeric or dimeric, of this viral decoy protein in reasonable yield. RCTL is apparently much less
stable than its host NK cell counterpart, and its preparation will require further optimization.

Sedimentation analysis confirms dimeric status of prepared proteins. To further characterize the
solution behaviour of the prepared dimeric proteins, sedimentation analysis was performed in an analytical ultra-
centrifuge. Gel filtration suggested that Clr-11 prepared using a histidine-tagged construct (showing incomplete
covalent dimerization, Fig. 3B, lanes pHLsec_Clr-11) and the purely dimeric Clr-11 cleaved from the FcHis fusion
construct migrate at the same position (Fig. 3C, blue and red curve), thus suggesting that Clr-11 likely forms a stable
non-covalent dimer in solution, even in absence of the stabilizing disulphide bridge. Sedimentation velocity exper-
iments performed with the histidine-tagged Clr-11 showed a single peak in the sedimentation coefficient distribu-
tion (Fig. 6A, bottom) with an s, ,, value of 3.04 4 0.2 5, which corresponds to a dimeric protein with a moderately
elongated shape and with predicted dimensions of approximately 8-10 x 3-4 nm. However, the broad shape of the
peak in sedimentation coefficient distribution suggests the presence of monomer-dimer equilibrium at lower protein
concentrations. The weight-average molecular weight of 40837 & 500 Da was calculated based on the results from the
sedimentation equilibrium experiment (Fig. 6B), which also matched the value expected for the glycosylated dimer
(2 » 18211 = 36422 Da for the dimeric protein itself + mass of up to 4 N-glycosylation sites occupied per dimer).

Similarly, the sedimentation velocity analyses performed for Clr-11 cleaved from pHLsec-FcHis and for both
NKR-P1B*P and NKR-P1B"A¢ cleaved from pYD5 fusion constructs fully confirmed their entirely dimeric state, yield-
ing sy, values of 3.10+£0.05S, 3.45+£0.05S and 3.68 +0.1S, respectively (Fig. 6C, solid coloured lines). The shift of
these individual sedimentation coefficient values reflects the difference in molecular weight of the individual protein
expression constructs and differences in the number of their N-glycosylation sites. Compared with histidine-tagged
Clr-11 expressed from the pHLsec vector, Clr-11 cleaved from the pHLsec-FcHis construct is much more homoge-
neous and shows no sign of monomer-dimer equilibrium (Fig. 6C, black vs, red solid lines). We have also analysed
the entire Fc-fusion proteins (Fig. 6C, dashed coloured lines). Their resulting peaks of these ca 100kDa dimeric fusion
glycosylated constructs with apparent sedimentation coefficient values ranging from 5 to 5.5 S correspond to the size
and shape of expected elongated particles with estimated dimensions of 13-15 x 4-5nm. Thus, a fusion of extracellular
parts of C-type lectin-like receptors to the Fc region of human IgG is not only an efficient method of preparation of
disulphide dimers of these receptors, but also a strategy for the generation of immunoactive constructs with therapeutic
potential.
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Figure 6. Sedimentation analysis of rat Clr-11 and NKR-P1B dimeric expression constructs. (A) pHLsec_Clr-
11 protein was analysed by sedimentation velocity; panels show (from top to bottom) absorbance scans
recorded at 280 nm (every fifth scan is shown, circles) together with fitted curves (lines), residuals derived from
the fitted data, and the resulting c(s) continuous distribution of the sedimentation coefficient. (B) pHLsec_Clr-
11 was spun at 12-15-18-21-24000 rpm and 4 °C and its sedimentation equilibrium was monitored at 280 nm.
The upper panel shows absorbance data (circles) with fitted curves (non-interacting discrete species model,
lines), whereas the lower panel shows residuals derived from the fitted data. (C) Normalized continuous
sedimentation coefficient distributions of pHLsec_Clr-11 (black line), Clr-11 (red line) and both NKR-

P1B%" (green line) and NKR-P1B“A€ (blue line) cleaved from pHLsec-FcHis and pYD35 Fc fusion constructs,
respectively, as well as the distributions of the original uncleaved Fc fusion constructs (the same colour coding,
dashed lines).

FTIR spectroscopy analysis of protein secondary structure shows well-folded native pro-
teins. Lastly, the secondary structure of all recombinant soluble receptor constructs was examined by
Fourier-transform infrared (FTIR) spectroscopy (Fig. 7 and Table 1). The FTIR spectra of all studied proteins
are dominated by two broad bands corresponding to vibrations of the peptide linkage — amide I at ~1639 cm™!
(dominated by vCO, i.e., stretching vibrations of CO group) and amide IT at ~1550 cm ! (dominated by 6NH, i.e.,
bending vibrations of the NH group, and vCN; Fig. 7A-D). The overall character of these spectra and the maxi-
mum of the amide I band correspond to proteins dominated by [3-sheet structure. The intensity ratio of amide I
and amide II bands, which reflects presence of aggregates, corresponds to fully soluble globular proteins, and no
marks of aggregated structures are present (amide I/amide IT ratio is close to 3:2 in soluble globular proteins and
1:1 in aggregated structures, whereas the band of intermolecular/aggregated 3-sheets at ~1620 cm ™' is missing).
The second derivative of Clr-11 FTIR spectra clearly shows a high content of 3-sheets by the strong negative band
at 1637 cm™!, thus confirming that Clr-11 is structurally similar to mouse Clr-g.

The results of secondary structure analysis are summarized in Table 2. The differences between the original
FTIR spectra and the fitted curves taken from the protein spectra reference set are very low (lower than 6%,
not shown). This translates into reasonable estimations of the protein secondary structure because the relative
sums of the estimated structures are < 110%. All estimated secondary structures are very close to each other, as
expected for proteins belonging to the same structural family. The estimated secondary structures of monomeric
and dimeric NKR-P1B*” are identical, and also the NKR-P1B"A© structure differs only very little. The secondary
structure estimated for dimeric NKR-P1B* in solution and calculated from its crystal structure is very close and
inside the margins of errors, which is also true for soluble rat Clr-11 and for the crystal structure of the closely
related mouse Clr-g. The values estimated in this study for the dimeric NKR-P1B*P are also very close to values
previously estimated for a monomeric, bacterially expressed and refolded, shorter expression construct of rat
NKR-P1B*.
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Figure 7. FTIR spectroscopy analysis of recombinant dimeric rat NK cell receptors. Fourier-transform infrared
spectra of (A) Clr-11 cleaved from pHLsec-FcHis, (B) NKR-P1BY*4, (C) monomeric, and (D) dimeric NKR-
P1B%P, all cleaved from pYD5 fusion constructs, in the region of amide I, IT and 11 bands depicted as red curves.
The blue line corresponds to the second derivative of the spectrum smoothed by Savitski-Golay function at 7
points; distinct spectral bands are labelled, and band assignment is outlined in Table 1. (E) Detailed comparison
of the FTIR spectra and their (F) second derivatives for monomeric and dimeric NKR-P1B*°, and NKR-P1B"A¢
in the region of amide I and IT bands.

Although the NKR-P1B*” and NKR-P1B"% dimers are highly similar - both show the same pattern in amide
I and II regions - a slight, yet distinct, difference between the NKR-P1B*” monomer and the corresponding
dimer is visible at ~1655 cm ! (Fig. 7E), even though their secondary structures show no significant differences
(Table 2). The differences are best observed when using the second derivatives (Fig. 7F). The band at 1652 cm™'
is shifted at 1659 cm ™! upon NKR-P1B*" dimer formation. Unfortunately, this band shift might be attributed
both to «-helices or disordered structures®, or even partly to turns®. Slight changes in turns are observed in the
region at ~1689 cm~'. However, no changes in 3-sheet bands are identified. Thus, 3-sheets unlikely participate
in NKR-P1B* dimerization, further confirming that the NKR-P1B*P dimer structure in solution is the same as
the crystal structure in which the dimerization interface is formed by a-helices and surrounding turns and loops
without involving the 3-sheet protein core.

Discussion

Although new detailed structural and functional data are revealing the functional role of NKR-P1 monomers
and dimers and the nature of the NKR-P1:Clr interaction, difficulties producing stable covalent NKR-P1 homod-
imers require using recombinant NKR-P1 proteins from different host organisms in a different stoichiometry.
Recently, Hernychova ef al. reported that only monomeric forms of mouse NKR-P1B could bind to Clr-b on cell
surface, suggesting that NKR-P1B monomers might separately participate in the interaction with Clr-b or that
the interaction itself might promote NKR-P1B dimerization®'. Although the signalling efficiency of monomeric
NKR-P1B was not evaluated in this study, Hernychovi ef al. concluded that NKR-P1B homodimers are not func-
tional, regardless of the presence of a stalk region, which did not affect the interaction and was not even crucial
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1227/—I—/— [3-sheet (amide I11)/His 3:54-36
1242/1236/1236/1236 [3-sheet (amide I1T)/ Tyr-OH 39,54-56
1265/1246/1246/1244 coil (amide II1)/Tyr-OH 39,54-56
1290/1292/1292/1288 {3-turns (amide I11) 3458
1317/1315/1315/1315 a-helix (amide ITT) 54,55
1362/1350/1350/1342 Trp 39,56
1400/1400/1400/1398 Asp/Glu (v,CO0") 39,56
—/—/—/1419 Trp/Pro? 39,56
1439/1439/1439/1440 $CH,, Pro (VCN), His (8CH & 8CN) | %5
1456/1458/1460/1460 SCH,, 8CH,/ Tyr/Trp? 39,56
1489/—/1490/1489 Trp? (vCC ring & dCH) 39,56
—/1499/1500/1499 Phe/Tyr-O~ (vCC ring)? 356
1518/1519/1516/1516 Tyr-OH (vCC ring & 8CH) 39.56
—[—/—/1533 amide 11 40,56
—/—/—/1545 amide 11 40,56
1549/1551/1550/— amide 11 40,56
—[—/—/1555 amide 1T 40,56
1568/—/1568/1568 Asp/Glu (1,C00) w56
1597/1587/1583/1582 Tyr (vCC ring) 39,56
—/1601/—/— Tyr-0~ (vCC ring)? 56
—/—/1610/1610 Tyr (vCC ring) 39,56
1637/1639/1639/1639 [3-sheet (amide 1) 40,57
1661/1652/1659/1657 a-helix/coil/turns (amide I) 40,57
1689/1688/1689/1689 [3-sheet antiparallel/ turns (amide I) | "7
—/—/1726/1726 Asp/Glu (vC=0) 39,54,56
—/1741/1745/1747 Asp/Glu (vC=0) 39,54.56

Table 1. Assignment of the infrared bands distinguishable in the second derivatives of Clr-11/monomeric
NKR-P1B*?/dimeric NKR-P1B**/NKR-P1B"A® receptors FTIR spectra shown in Fig. 7 (v corresponds to
stretching, & to bending, as to anti-symmetrical, and s to symmetrical vibrations).

o-helix 21410 20 23410 22 17
[3-sheet 2849 27 2549 24 27
(3-turn 14+4 13 13+4 12 12
Bend 15+4 14 14+4 13 15
Disordered 2746 26 30+6 29 29
Sum 105% 100% 105% 100% 100%
NKR-P1B*® monomer NKR-P1B*” dimer NKR-P1B*" dimer
Structure LSA (%) | LSAN (%) LSA (%) |LSAN (%) crystal structure™
w-helix 23410 22 23410 22 19
[3-sheet 2849 26 2849 26 28
(3-turn 14+4 13 14+4 13 15
Bend 16+4 15 16+4 15 13
Disordered 26+6 24 26+6 24 25
Sum 107% 100% 107% 100% 100%

Table 2. Estimation of the secondary structure content of the prepared proteins using the least-squares method
(LSA)*! analysing amide I & IT bands in infrared spectra (N marks values normalized to 100%). Given standard
deviations are calculated as standard deviations of the used reference set; therefore, they do not reflect the
quality of the fits. *Calculated using DSSP*® on the crystal structures of mouse Clr-g (PDB ID 3RS1)* and rat
NKR-P1B* dimer (PDB ID 5J2S). However, in the NKR-P1B* crystal structure, only 118 amino acid residues
are visible, i.e., 29 residues (20%), fewer than those present in the expressed protein construct.Given standard
deviations are calculated as standard deviations of the used reference set; therefore, they do not reflect the

quality of the fits.
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for protein dimerization. Remarkably, in another recent publication Balaji et al. showed that only homodimers
of mouse NKR-P1B were able to functionally engage CD3(-Clr-b chimeras on cells*. Moreover, in contrast to
the Hernychova et al. findings, Balaji ef al. reported that abrogation of the intermolecular cystine bond was det-
rimental to functional signalling, precluding the NKR-P1B self-association and higher-order cross-linking of
Clr-b. However, NKR-P1B homodimers were not essential for the formation of a stable NKR-P1B:m12 viral
immunoevasin complex, most likely because the NKR-P1B:m12 complex has a much higher affinity than the
NKR-P1B:Clr-b complex. Unfortunately, discrepancies in the preparations of mouse NKR-P1B protein prevent
direct comparisons between these results. Soluble, renatured NKR-P1B, produced in E. coli, which results in a
mixture of monomers and multiple species of covalent homodimers, was used in the first study*!, whereas Balaji
et al. was unable to produce covalent homodimers of NKR-P1B in HEK293 cells and instead used tetrameric
NKR-P1 particles consisting of four streptavidin-bound biotinylated NKR-P1B monomers.

To meet this need, we developed a rapid method for the preparation of stable soluble covalent NKR-P1 dimers
in HEK293 cells suitable for further functional studies and offering therapeutic potential thanks to the presence of
IgG Fc fragment, if desired. First, we adapted HEK293T cells for growth in suspension in EX-CELL 293 medium
supporting high-density cultures. When compared with adherent cultures, suspension cultures have the poten-
tial to be more economical (and ecological) due to their lower requirements for single-use plastic consumables
and higher volumetric productivity. However, the likely presence of negatively charged additives (e.g., heparin)
may have contributed to ineffective PEI-mediated transfection of HEK293T cells in EX-CELL 293 medium. This
is however not a problem in F17 or calcium-free DMEM media in which we were able to optimize transfection
parameters (i.e., 1 pg plasmid DNA/10° cells, 1:4 (w/w) DNA:PEI ratio, and calcium-free DMEM and EX-CELL
293 as transfection and production media, respectively), and to confirm the positive effect of 2mM valproic
acid added 3 hours post-transfection, as well as of Tryptone N1 added 48 hours post-transfection, on the yield of
secreted protein.

To demonstrate the feasibility of preparing covalent disulfidic NKR-P1B dimers in our optimized expression
system, we selected the rat inhibitory NKR-P1B:Clr-11 as a model receptor:ligand system - particularly because
NKR-P1B receptors from WAG and SD rat strains share their native ligand Clr-11 but differ in their reactivity
towards the viral decoy ligand RCTL'. Although we have been able to produce dimeric NKR-P1BYA% and mostly
dimeric Clr-11, we were unable to obtain covalent dimers of the NKR-P1B*"” and RCTL molecules. The RCTL
viral decoy ligand proved especially difficult to express, and we obtained only low yields of its monomeric form.
The varied dimerization propensity of the NKR-P1B"A® and NKR-P1B*" receptor ectodomains is proportional to
the number of available C-terminal dimerization cysteines — the NKR-P1BYA® has three such cysteine residues,
whereas NKR-P1BSP contains only one.

Nevertheless, to further promote the covalent dimerization of soluble Clr-11 and NKR-P1B*?, we have pre-
pared fusion constructs with a C-terminally attached Fc fragment of the human IgG1 molecule, cleavable with
HRYV 3C protease. The C-terminal fusion of Fc fragment was a successful strategy in the case of Clr-11, resulting
in stable Cys200-Cys200 bound Clr-11 covalent dimer, as confirmed by mass spectrometry. However, we were
unable to cleave off the C-terminal Fc fragment from both NKR-P1B isoforms, most likely due to cross-linking
of IgG cysteines with the C-terminal dimerization cysteines of the receptor. This problem caused by the proxim-
ity of the C-terminal NKR-P1B to the Fc IgG cysteines was solved by fusing the Fc fragment to the N-terminus
of the NKR-P1B ectodomain, thereby efficiently cleaving off the N-terminal Fc fragment and yielding pure
NKR-P1B"A% covalent dimer and a separable mixture of NKR-P1B*® monomer and covalent dimer. Thus, we
do not recommend C-terminal Fc fragment fusion for rat NKR-P1 expression because it can result in the forma-
tion of non-physiological dimers. Conversely, N-terminal Fc fragment fusion is a suitable expression strategy to
quickly prepare covalent rat NKR-P1 dimers in milligram quantities.

Further gel filtration and sedimentation velocity analyses showed that monomeric Clr-11 exhibits an equilib-
rium of monomers and non-covalent dimers in solution, as expected because several Clec2 orthologues, including
mouse Clr-g* and Clr-b* and human LLT1* and CD69*, have been shown to form non-covalent dimers in
solution. Furthermore, the prepared covalent dimers of NKR-P1B"A%, NKR-P1B*" and Clr-11 showed no sign of
monomer-dimer equilibrium, thus corroborating the efficiency of our expression strategy. The prepared receptors
were also examined by FTIR spectroscopy clearly showing fully soluble globular proteins with no signs of aggre-
gation. Furthermore, analysis of FTIR spectra confirmed the structural similarity of rat Clr-11 to mouse Clr-g.
However, the comparison of FTIR spectra of monomeric and dimeric NKR-P1BSP showed that its 3-sheets are
unlikely to participate in NKR-P1B*" dimerization. This finding corroborates the crystal structure of NKR-P1B%”
(PDB ID 5]2S - Vanék et al., manuscript in preparation), wherein the dimerization interface is mainly formed
by «-helices. Combined with the recently reported unconventional dimerization modes of mouse NKR-P1B*4,
these results indicate that dimerization within the NKR-P1 receptor family differs from that observed in Clec2
ligands.

Several factors likely hinder the effective formation of covalent dimers of soluble NKR-P1 constructs. When
compared with the Clr receptor family, the weaker mode of non-covalent dimerization of NKR-P1B, as revealed
in its crystal structures (Balaji ef al.** and PDB ID 5]28), has rather weak affinity. Therefore, membrane anchor-
ing of the NKR-P1B molecule may be required for the effective formation of disulphide bonds within its stalk
region. Thus, by providing such steric anchoring through N-terminal fusion to the Fc-fragment, the dimerization
cysteines can be brought into functional proximity and promote the formation of disulphide bridges. The low pro-
pensity for non-covalent dimerization is apparently a common feature of NKR-P1 molecules and suggests that the
weaker non-conventional mode of dimerization might be conserved throughout the NKR-P1 family. This overall
conformational flexibility of NKR-P1 molecules might be also the reason why it is practically impossible to detect
and measure the binding of rodent NKR-P1 receptors to their respective Clr ligands in solution. Apparently, the
affinity of individual NKR-P1:Clr interaction is extremely weak and largely undetectable by standard biophysical
approaches’. Yet such behaviour is not uncommon among immune receptor:ligand complexes where it is the
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interaction avidity (provided by, e.g., cross-linking of the dimeric receptor:ligand molecules on the cell surface)
that plays a major role in signal transduction to the cell.

In summary, the method described herein enables high-level expression of secreted recombinant soluble
dimeric forms of rat NK cell C-type lectin-like receptors in quantity and quality sufficient for their biophysical,
functional, and structural characterization. Transient transfection is an easily scalable, non-viral, fast and afforda-
ble method of recombinant protein production in HEK293 cell lines that allows us to use modular construct
design. Furthermore, the fusion of receptor expression constructs to an Fc fragment of human IgG promotes
receptor disulphide dimer formation and could be used for purification, detection, or therapy. This approach
can be applied to generate other soluble NK cell surface antigens, thus enabling their detailed structural and
functional characterization leading to detailed molecular insights necessary for successful rational design of new
protein-based immunotherapeutics.

Methods

Chemicals. 25-kDa linear polyethylenimine (Polysciences, USA) was dissolved in water, neutralized with
HCl, sterilized by filtration (0.22 pm), aliquoted and stored at —80 °C; a working aliquot was stored at 4 °C.
Valproic acid and Pluronic F-68 (both Sigma, USA) were dissolved in water to 0.5 M and 10% (w/v), respectively,
sterilized by filtration and stored at —20°C. Casein hydrolysate Tryptone N1 (Organotechnie, France) was dis-
solved in F17 medium (GIBCO Invitrogen, USA) to 20% (w/v), sterilized by filtration and stored at 4°C.

Cell culture. HEK293T cells were kindly provided by Radu A. Aricescu® and were maintained as adherent
monolayers in standard Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g/ glucose, Institute of Molecular
Genetics, The Czech Academy of Sciences, Prague) supplemented with 4 mM L-glutamine, non-essential
amino acids and 10% foetal bovine serum (GIBCO Invitrogen, USA) in standard flasks (TPP, Switzerland) in a
humidified 37°C, 5% CO, incubator. Suspension adapted HEK293T cells (0.25-6 x 10%/ml) were maintained in
EX-CELL 293 serum-free medium (Sigma, USA) supplemented with 4 mM L-glutamine in standard dishes (TPP,
Switzerland) or square-shaped glass bottles with gas permeable caps (DURAN, Germany) using 30-40% of the
nominal volume at 135 rpm (Orbit 1000 orbital shaker, rotational diameter 19 mm; Labnet, USA; bottles were
fixed with Sticky Pad adhesive mat; New Brunswick Scientific, USA) placed within the same incubator®.

Vectors, cloning, and DNA purification.  The pTTo3c-SSH and pTTo-GFPq vectors containing secreted
alkaline phosphatase and green fluorescent protein, respectively, were kindly provided by Dr. Yves Durocher, as
well as pYD5 vector (pTT5 derivative with N-terminal human IgG Fc fragment tag cleavable by TEV protease
that was in-house modified to contain Agel/Kpnl cloning sites)*". The pHLsec and pHLsec-FcHis vectors were
kindly provided by Dr. Radu A. Aricescu®. Isolation of cDNA of rat NKR-P1B, Clr-11, and RCTL receptors was
previously described®. Briefly, PCR products were digested, purified and inserted into pHLsec, pHLsec-FcHis or
pYD5 vectors using the flanking Agel and Kpnl sites. Positive clones were screened by colony PCR using TagRed
PCR master mix (Top-Bio, Czech Republic). The primers used to amplify the desired expression constructs and
the vector-specific primers are listed in Supplementary Information (Table S1). All inserts were sequenced, and
the plasmid transfection stocks were prepared using NoEndo JETSTAR 2.0 Plasmid Maxiprep Kit (Genomed,
Germany) according to the manufacturer’s recommendations. Using a single kit column, 3-4 mg of pure plasmid
DNA (Ajq0/Agg ratio of 1.8-2.0) was usually obtained from 500 ml of E. coli DH5« culture grown in Luria broth
medium (in our experience, cultures grown for more than 12-14 h give lower yields).

Small-scale transient transfections. Cells were centrifuged and resuspended in appropriate fresh
transfection medium at a density of 0.5 x 10°/ml. Transfection medium was calcium-free DMEM (as above, but
calcium chloride and FBS were not used in the preparation; instead, 0.1% Pluronic F-68 was added) either sup-
plemented with 2% FBS or completed with EX-CELL 293 post-transfection (see below). Alternatively, F17 (sup-
plemented with 4 mM L-glutamine and 0.1% Pluronic F-68) or Glutamax-I Freestyle 293 medium (both GIBCO
Invitrogen, USA) were used, as indicated in Results, and 0.5 ml of cell suspension was distributed per well in a
24-well plate (or 1 x 10%/ml in case of calcium-free DMEM and 0.25 or 1 ml of cell suspension was distributed per
well in a 24- or 12-well plate, respectively). The desired amount of DNA (11g/10° cells unless otherwise noted)
was diluted in PBS (in a volume equivalent to one-tenth of the culture to be transfected), PEI was added to desired
ratio (w/w; 1:4 unless noted otherwise), and the mixture was immediately vigorously shaken and incubated for
10-15min at room temperature before adding it to the cells. Following a 3h incubation with DNA-PEI com-
plexes, the culture medium was completed to 0.5 ml (24-well plate) or 2 ml (12-well plate) with EX-CELL 293 in
case of calcium-free DMEM transfections, and VPA was added (concentrations indicated in the text refer to a
final culture volume).

SEAP analysis. SEAP activity (AA,,/min) was determined as previously described®'. Briefly, culture super-
natants were diluted with water as required (typically 1/100 to 1/1000), and 180 pl was transferred to a 96-well
plate. The enzymatic reaction was initiated when 20l of SEAP assay solution (20 mM p-nitrophenyl phosphate;
pNPP, 1 mM MgCl, and 1 M diethanolamine pH 9.8) were added, and absorbance was read at 410 nm in 1 min
intervals at room temperature to determine the pNPP hydrolysis rates (Safire microplate reader, Tecan, Austria).
Data are expressed as the mean of one experiment performed in triplicate with error bars representing standard
deviations. Each sample was independently assayed for SEAP activity three times to minimize pipetting errors.

Flow cytometry. GFP-positive viable cells were estimated using a BD LSR 11 flow cytometer (BD Biosciences,
USA). For each assay, 50 pl of cell suspension were transferred to a round-bottom 96-well plate, diluted with
150l of PBS and stained with 10l of propidium iodide (PL; 10 pg/ml in PBS) before analysis. Viable transfected
cells were quantified using appropriate gating to exclude dead cells, debris and aggregates in a forward vs. side
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scatter plot. Data are shown as mean of one experiment performed in triplicate with error bars representing
standard deviations.

Transfection in square-shaped bottles. For large-scale recombinant protein production, the respective
expression plasmid (1 pg/10° of cells to be transfected, typically 400 pg) was diluted in 10 ml of PBS, filter steri-
lized, and PEI was added at a 1:4 weight ratio (typically 1.6 mg). The mixture was then shaken and incubated for
10 min. Meanwhile, exponentially growing HEK293T cells were centrifuged and resuspended in calcium-free
DMEM at a density of 2 x 10%/ml (typically in 200 ml of medium in a 11 square-shaped bottle) and immediately
transfected. Following a 3-4h incubation period with DNA-PEI complexes, the culture medium was completed
with an equal volume of EX-CELL 293 (typically 200 ml), and VPA was added to 2mM concentration. Two days
later, the culture was fed with 0.5% TN1. Conditioned culture medium containing secreted recombinant protein
was harvested by centrifugation 4-6 days post-transfection and stored at —20°C until protein purification.

Protein purification. Conditioned medium was thawed, clarified by centrifugation at 25000 x g, and filtered
through a 0.22 pm membrane (Steritop filter, Millipore, USA). The medium was diluted twofold with PBS, and
the final pH was adjusted to 7.0, when necessary. IMAC purification was performed using cobalt-coated TALON
beads (Clontech, USA) in batch mode using 21 Erlenmeyer flasks. Following a 30-min incubation period with
shaking at 110 rpm, the beads were collected in a gravity flow Econo column (Bio-Rad, USA), washed with PBS
and the bound His-tagged protein was eluted with PBS containing 250 mM imidazole. The eluate was concen-
trated with Amicon Ultra device (10kDa cut-off membrane, Millipore) and subjected to gel filtration on Superdex
200 HR 10/30 column (GE Healthcare, USA). All steps were performed at room temperature. Protein concen-
tration was determined by Bradford assay (Bio-Rad). All pHLsec-FcHis constructs were cleaved with HRV 3C
protease overnight, at 4 °C, in non-reducing conditions at a 1:5 target-to-protease mass ratio; all pY D5 constructs
were captured on a Protein A column (MabSelect SuRe, GE Healthcare, USA), followed by cleavage with TEV
protease and purification by gel filtration, as described above.

Electrophoresis and Western blot analysis. For the rapid screening of new constructs, transfections
were performed in 24-well plates using miniprep-purified DNA (JETQUICK Spin Kit, Genomed). Three days
post-transfection, 10 pl of conditioned media was resolved on a 15% SDS-PAGE gel, which was subsequently elec-
troblotted onto a BioTrace nitrocellulose membrane (Pall Corporation, USA), followed by Ponceau Red staining
and washing with TBS buffer (10 mM Tris, pH 7.5, 150 mM NaCl). The membrane was blocked with 3% BSA in
TBS for 1 h at room temperature, and thrice rinsed with TBS-T buffer (20 mM Tris, pH 7.5, 500 mM NaCl, 0.05%
Tween-20, 0.2% Triton X-100). After 1h incubation with PentaHis monoclonal primary antibody (1:1000 dilution
in 3% BSA in TBS, Qiagen, Germany) and another 1 h incubation with horseradish peroxidase-conjugated goat
anti-mouse IgG polyclonal antibodies (1:2000 in 10% non-fat milk in TBS; Abcam, UK), with extensive washings
with the TBS-T and TBS buffers after each step, peroxidase activity was visualized by luminol chemiluminescence.

Mass spectrometry analysis. Mass spectrometry analysis of disulphide bond linkage was performed as
previously described*®. Briefly, to avoid disulphide bond scrambling, 0.2 mM cystamine was added at all stages
of sample preparation (i.e., SDS-PAGE gels, sample, running and digestion buffers). Protein bands were excised
from the gel and their tryptic and Asp-N peptide digests were extracted and analysed on a MALDI-TOF/TOF
mass spectrometer (ULTRAFLEX III, Bruker, Germany). Experimentally determined m/z values were compared
with theoretical values created in GPMAW software®, and cystine peptides were identified using a software LinX
(freely available at http://peterslab.org/MSTools/). Routine protein identification and HRV 3C or TEV protease
cleavage analysis was similarly performed with reduced tryptic digests.

Sedimentation analysis. The native molecular size and shape as well as the molar mass of the proteins
produced were analysed in an analytical ultracentrifuge ProteomeLab XL-I (Beckman Coulter, USA) using both
sedimentation velocity and sedimentation equilibrium experiments. Before the experiment, protein samples
were diluted with the gel filtration buffer (10 mM HEPES, pH 7.0, 150 mM NaCl, 10 mM NaN3) to 0.2 mg/ml
concentration, and the buffer was used as a reference. Sedimentation velocity experiments were conducted at
48000 rpm and at 20 °C using double-sector cells and An50-Ti rotor. Absorbance scans were recorded at 280 nm,
at 5-min intervals. Buffer density, protein partial specific volume, and particle dimensions were estimated in
Sednterp (www.jphilo.mailway.com). Data were analysed in Sedfit"® using a continuous sedimentation coefficient
distribution c(s) model. The sedimentation equilibrium experiment was performed with pHLsec_Clr-11 ata
concentration of 0.1 mg/ml at 12-15-18-21-24000rpm and at 4°C in a six-sector cell, and absorbance scans were
collected after 36 h (first scan) or 20 h (consecutive scans) of equilibration. The sedimentation equilibrium data
were globally analysed in Sedphat®® using a non-interacting discrete species model.

Fourier-transform infrared spectroscopy. The proteins were transferred to 10mM Tris, pH 7.5, 50 mM
NaCl bufter using centrifugal filters (10 kDa cut-off, 12000 x g, Millipore, USA) at 20 mg/ml final concentra-
tion. Infrared spectra were recorded within a Vector 33 FTIR spectrometer (Bruker, Germany) using a standard
MIR source, KBr beam-splitter and a DTGS detector. For each sample 4000 scans were collected with a 4cm™!
spectral resolution using a Blackman-Harris 3-term apodization function. Protein samples were measured at
room temperature in a CaF,-cell with an 8-um path length (Chevtchenko Optics, Germany). The spectrometer
was purged by dry air during all experiments. The spectral contribution of the buffer was corrected following
the standard algorithm®. The spectrum of water vapour was subtracted; the spectra were offset at 1800 cm !
at zero and normalized to the amide I intensity maximum at one. Data were processed using the software
GRAMS/AI (Thermo Electron, USA). The secondary structure of the proteins was estimated from their infrared
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spectra using the Dousseau and Pézolet method®' implemented as a Matlab routine (MathWorks, USA) in the
Vibrational Spectroscopy Toolbox and Applications®. This method uses least-squares analysis to compare the
amide I and amide II bands of a protein of unknown structure with those of the reference set of proteins of known
three-dimensional structure (taken from®). The main advantage of this method is its independence from band
assignments.

Data availability

All data generated or analysed during this study are included in this published article. Raw data, e.g., mass and
FTIR spectra or AUC datasets generated in the current study are available from the corresponding author on
reasonable request.
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Abstract: NKp30 is one of the main human natural killer (NK) cell activating receptors used in directed
immunotherapy. The oligomerization of the NKp30 ligand binding domain depends on the length of
the C-terminal stalk region, but our structural knowledge of NKp30 oligomerization and its role in
signal transduction remains limited. Moreover, ligand binding of NKp30 is affected by the presence
and type of N-glycosylation. In this study, we assessed whether NKp30 oligomerization depends
on its N-glycosylation. Our results show that NKp30 forms oligomers when expressed in HEK2935
GnTI™ cell lines with simple N-glycans. However, NKp30 was detected only as monomers after
enzymatic deglycosylation. Furthermore, we characterized the interaction between NKp30 and its
best-studied cognate ligand, B7-H6, with respect to glvcosylation and oligomerization, and we solved
the crystal structure of this complex with glycosylated NKp30, revealing a new glycosylation-induced
mode of NKp30 dimerization. Overall, this study provides new insights into the structural basis of
NKp30 oligomerization and explains how the stalk region and glycosylation of NKp30 affect its ligand
affinity. This furthers our understanding of the molecular mechanisms involved in NK cell activation,
which is crucial for the successful design of novel NK cell-based targeted immunotherapeutics.

Keywords: NK cell; NKp30; B7-H6; glycosylation; oligomerization

1. Introduction

Natural killer (NK) cells display spontaneous cytotoxic activity without prior sensitization in a
process known as natural cytotoxicity. Accordingly, this subset of lymphocytes plays a key role in early
immune defense within innate immunity [1,2]. In particular, mature NK cells recognize tumor cells and
certain virus-infected cells through a number of inhibitory and activating receptors [3]. The inhibitory

Cancers 2020, 12, 1998; doi:10.3390/cancers12071998 www.mdpi.com/journal/cancers
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receptors bind to human leukocyte antigen (HLA) molecules, which block NK cell cytotoxicity, whereas
their activating receptors bind to specific molecules expressed on target cells, which activate NK cells.
Hence, NK cell activation depends on the balance between inhibitory and activating signals coming
from their inhibitory and activating receptors [3,4], which are classified primarily into two families:
C-type lectin-like and immunoglobulin-like receptors [5].

Natural cytotoxicity receptors (NCRs), namely the natural killer cell proteins NKp30, NKp44,
and NKp46 (numbers refer to their molecular weights), stand out for their role in activating NK
cells and initiating tumor targeting [5]. NCRs are type | transmembrane proteins that consist of
one or two extracellular immunoglobulin-like (Ig-like) domains, a transmembrane o-helix with a
positively charged amino acid that facilitates the interaction with signaling adaptor proteins, and a
short C-terminal intracellular chain [4].

Natural killer protein 30 (NKp30; also known as natural cytotoxicity receptor 3, NCR3; or CD337)
is an Ig-like activating receptor of NK cells [4,6]. Similar to other members of CD28 protein family,
the extracellular part of NKp30 consists of a single N-terminal Ig-like domain, followed by a distinct
15 amino acids long stalk region proximal to the plasma membrane, which is important for receptor
signaling [7]. Most CD28 family members bind proteins of the B7 family [8]; however, the first
molecules that have been shown to interact with NKp30 are heparin and heparin sulfate, that serve as
co ligands and only interact with the glycosylated receptor [4,9]. On the other hand, interaction of
NKp30 with viral ligands, such as hemagglutinin of the ectromelia and vaccinia virus [10] and protein
ppo5 released from human cytomegalovirus [10], has inhibitory effects on NK cells [4]. For example,
pp65 binding to NKp30 causes NKp30-CD3( complex dissociation, thus disrupting the activating
signaling pathway, albeit without preventing other ligands from binding to NKp30 because pp65 uses
another binding site [4,11].

Further, three specific cellular ligands of NKp30 have been identified. Consistent with the other
members of CD28 family, NKp30 binds a member of B7 family, in particular B7 homolog 6 (B7-H6),
that is constitutively expressed on the surface of some tumor cells [12]. Another NKp30 cellular ligand,
BAG-6, plays a role in DNA damage response, gene expression regulation, protein quality control,
and immunoregulation in healthy cells [13], but is recruited to the cell membrane and interacts with
NKp30 in some tumor cells or under the stress conditions [13]. Both B7-H6 and BAG-6 also exist on the
surface of exosomes [13] and in soluble forms that result from proteolytic shedding of their membrane
forms, which hinders NK cell activation [13,14]. Lastly, the most recently discovered NKp30 ligand,
galectin 3, expressed on the surface of some tumors, almost completely blocks NK cell cytotoxicity [15].

Since the B7-H6:NKp30 interaction was first discovered, considerable research efforts have
been made to define B7-Hé expression specificity in tumor cell lines and its underlying clinical
potential [8,16,17]. Similarly to NKp30, B7-H6 is a type I transmembrane protein [12]. It consists of two
extracellular Ig-like domains (IgV and IgC), an x-helical transmembrane domain, and a C-terminal
sequence homologous to group-specific antigen (GAG) proteins. This C-terminal sequence has
various signaling motifs, including ITIM-, SH-2-, and SH-3-binding motifs [8,12], which trigger signal
transduction upon NKp30 binding. However, the signal outcome remains unknown [8]. The closest
structural homologs of B7-H6 are B7-H1 (more widely known as programmed death-ligand 1 or PD-L1)
and B7-H3, all of which belong to the B7 protein family [8,12].

B7-H6 is expressed in several tumor cell lines, both ex vivo and in vivo, but remains undetected in
healthy cells thus far, and is therefore an excellent tumor marker [8,12]. In addition, B7-H6 expression
has been induced in monocytes and neutrophils [18] using agonists of Toll-like receptors (TLR2, TLR4,
TLRS5, and TLRS), interleukin IL-1§3, and tumor necrosis factor alpha (TINFe), with consistent B7-H6
mRNA and protein expression kinetics. In these phagocytes, B7-H6 mRNA expression peaked early,
from 3 to 12 h after induction, returning to baseline within 24 h, whereas its surface expression was stable
for up to 48 h after induction. Soluble or exosomal B7-H6 expression has also been induced using the
same factors. In in vitro studies, both soluble and membrane forms of B7-Hé6 were detected in the blood
of patients with systemic inflammatory response syndrome, but its cell-surface expression was only
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identified in patients presenting with sepsis and selective for CD14* and CD161* pro-inflammatory
monocytes. In contrast, the blood of patients presenting with sepsis caused by Gram-negative bacteria
contains soluble or exosomal forms of B7-Hé6 [18].

Although crystal structures of NKp30, both unbound [19] and in a complex with B7-H6 [20],
have been solved, these structures refer to NKp30 recombinantly expressed in bacteria and therefore
lacking glycosylation. However, two N-glycosylation sites of NKp30 are crucial for its signal
transduction and for B7-Hé but not BAG-6 ligand binding [21]. Moreover, NKp30 lacks the C-terminal
15 amino acids long stalk region that connects the ligand binding domain to the transmembrane helix
in these structures. Importantly, both glycosylation and the stalk region affect the binding affinity of
NKp30 [22]. The stalk region affects the oligomeric state of NKp30; NKp30 without the stalk region
forms only monomer and dimer species in solution, whereas NKp30 with the stalk region forms higher
oligomers [21]. Interestingly, the NKp30 dimer is observed in the crystal structure of its unbound
(construct without the stalk region produced in Escherichia coli) [19] but not in that of its B7-H6-bound
state [20]. Nevertheless, the presence of oligomers is positively correlated with NKp30 affinity to its
ligands, as previously measured by surface plasmon resonance (SPR), although the differences in the
measured affinity are rather small. This increased affinity is due to an avidity effect, which is attributed
to NKp30 ectodomain oligomerization [21]. Greater changes in affinity are caused by alterations in
N-glycosylation; glycosylation at Asn42 is essential for ligand binding, and glycosylation at Asn68 also
has a substantial effect, whereas glycosylation at Asn121 does not play a key role, as determined by
site-directed mutagenesis [22].

Furthermore, the analysis of NKp30 ligand binding has highlighted differences in affinity as a
function of the protein expression system used. NKp30 affinity to B7-H6 ranged from 2.5 to 3.5 uM
with both recombinant proteins expressed in Escherichia coli [19]. However, this affinity was higher
(1 uM) when B7-H6 was expressed in the 5f9 insect cell line [20] and even higher (ranging from 80 to
320 nM) when NKp30-Ig fusion protein was expressed in the human cell line HEK293T (which provides
a complex N-glycosylation pattern). In the latter case, the affinity of NKp30 to B7-Hé additionally
increased with longer stalk region [22]. Even higher affinities were recorded when expressing NKp30 in
519 cells and B7-H6 in HEK293T cells, assessing affinities ranging from 1 to 2 nM by ELISA, depending
on the oligomeric state of NKp30 [21]. Interestingly, the affinity of NKp30 expressed in HEK293T cells
to BAG-6 isolated from an insect cell line was 64 nM. In contrast, its affinity to BAG-6 isolated from
Escherichin coli was two times higher [23].

In this study, we show that NKp30 oligomerization depends on its N-glycosylation.
NKp30 produced in HEK293S GnTI™ cells lacking N-acetylglucosaminyl-transferase I activity forms
oligomers but disassembles to pure monomers after enzymatic deglycosylation. We have further
characterized the binding affinity of B7-H6 to NKp30 and its dependence on glycosylation and
oligomeric state using proteins expressed in human cell lines, that closely mimic the natural
post-translational modifications of this receptor. Finally, we have determined the crystal structure of
the NKp30:B7-H6 complex with the glycosylated receptor. Our results suggest that dimerization may
be a necessary step for NKp30 oligomerization and stable signal transduction upon B7-Hé binding.

2. Results

2.1. Recombinant Expression and Purification of Stable, Soluble, Glycosylated NKp30, and B7-Hé Proteins

For our studies, we cloned the extracellular domains of NKp30 and B7-H6 into a mammalian
expression vector with a C-terminal histidine tag. Both proteins were expressed either in HEK293T
cell line that provides the protein with complex wild-type N-glycans, or in HEK2935 GnTI™ cell line
that provides uniform, simple Asn-GlcNAc;Mans N-glycans, in the latter case allowing also for a
possibility of efficient enzymatic deglycosylation, when required [24-26]. Presence of the expected
glycan type was verified by mass spectrometry (Figures S1-53). Two constructs were prepared to study
the effect of the C-terminal stalk region of the NKp30 extracellular domain. The NKp30_Stalk construct
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contains the whole NKp30 extracellular domain, including the stalk region, whereas the NKp30_LBD
(Ligand Binding Domain) lacks the stalk sequence, which is the C-terminal section of the extracellular
domain of NKp30 (Figure 1). The entire extracellular portion of B7-H6 (Asp25-Leu245) consisting
of two Ig-like domains was used. Each Ig-like domain contains one disulfide bridge, and moreover,
the C-terminal domain contains one odd cysteine residue (Cys212).

NKp30_Stalk
Asnd2 Asn68 Asn121
19 128 143
|| Ligand"binding domain | | Stalk | His
Ny ___‘_._.—-—'_.-—'- \‘-\_
e s KEHPQLGAGTVLLLR GTHHHHHHHHG
NKp30_LBD
Asn42 Asn68 Asn121
19 130
| | Ligand ||binding domain | | His
- / \
e Cysd9-Crei08 GTHHHHHHHHG
B7-Hé Cys212Ser
Asn43 Asn57 Asn174 Asn208 Asn216 Asn242
25 245

His

ITG Cys48 - Cys122 Cys163 - Cys228

~—
GTHHHHHHHHG

Figure 1. Recombinant NKp30 and B7-H6 expression constructs. All constructs contain three amino
acids which remain after the secretion signal is cleaved at the N-terminus and a histidine tag sequence
at the C-terminus. Glycosylated asparagine residues and cysteines forming disulfide bridges are
indicated, as well as the mutation of the odd cysteine C212S in B7-He.

B7-H6 expression in HEK293 cells yielded 5 mg of purified protein per liter of cell culture. However,
when we analyzed fractions resulting from the SEC peak (Figure 2a, red line) by SDS-PAGE, we noticed
that the protein appeared as a monomer of expected size in reducing buffer (33 kDa + N-glycosylation),
but in non-reducing buffer, a band with a size corresponding to the B7-H6 dimer was identified
(Figure 2b, left side, asterisk). These results suggest that the protein formed covalent dimers via its odd
cysteine residue. Sedimentation analysis also showed that, although most of the protein behaved as
monomers, sedimenting at 2.5 S, a small amount of putative dimer (4 S) and tetramer (6.1 S) species
were also present (Figure 2c). The average fitted f/f frictional ratio of 1.5 indicates an elongated shape
of the molecule, in line with the published structure. However, mass spectrometry analysis confirmed
that disulfide bridges of this wild-type B7-H6 expression construct were not linked correctly (Table S1).
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Figure 2. Recombinant B7-H6 is stabilized by the C212S mutation. (a) Size-exclusion chromatography
(SEC) profiles of recombinantly expressed wild-type B7-H6 and its C212S mutant. (b) Fractions of the
wild-type B7-H6 SEC peak were analyzed by 15% SDS-PAGE under non-reducing (left) and reducing
(right) conditions. (c) Sedimentation analysis of wild-type B7-H6 at 0.5 mg/mL shown as continuous
size distribution of the sedimenting species c(s). Dimeric species are marked with an asterisk in (b,c).

The odd cysteine that forms the unwanted covalent dimer of B7-H6 was identified as C212
according to the published structure (PDB 3PV6) [20]; therefore, we mutated this cysteine to serine
(C2125). This mutation resulted in the proper folding of B7-Hé (Table 51), and strikingly, promoted
the expression yield up to 50 mg per liter of cell culture (Figure 2a, black line). In the present study,
only this C212S mutated form of B7-H6 was used and is henceforth referred to as B7-Hé for simplicity.
The expression of both NKp30 constructs in HEK293 cell lines was straightforward, yielding 40 and
23 mg of NKp30_LBD, and 27 and 14 mg of NKp30_Stalk per liter of cell culture when expressed in
HEK293T and HEK293S GnTI™ cell line, respectively.

2.2. Protein Deglycosylation

To assess the effect of glycosylation on NKp30 oligomerization and on its binding properties,
we deglycosylated both NKp30_Stalk and NKp30_LBD. Moreover, as B7-H6 has six predicted
N-glycosylation sites (Figure 1), the complexity of wild-type mammalian glycosylation might hinder
crystallization and therefore we deglycosylated also B7-H6. Additionally, we also assessed the effect
of the type of B7-H6 glycosylation on NKp30 receptor binding. The deglycosylated proteins were
analyzed by SDS-PAGE (Figure 3).

Non-Reducing Reducing

NKp30 B7-H6 NKp30 B7-H6
kDa kD A
140 WT GnTl DEG WT GnTl DEG }39: WT GnTI DEG WT GnT DEG
- . - 8 2 r— g —
40 . 40
2 - e 4 e
25 . : - 25 . =1
A s e
10 10

Figure 3. SDS-PAGE analysis of deglycosylated NKp30_LBD and B7-Hé C212S mutant. Different
glycosylation states are marked as WT for proteins expressed in HEK293T cells with wild-type (WT)
N-glycosylation; GnTI™ expressed in HEK2935 GnTI™ cells lacking N-acetylglucosaminyltransferase I
activity which have, therefore, uniform Asn-GlcNAc;Mans N-glycans; and DEG for the GnTI™ proteins
deglycosylated (DEG) with endoglycosidase Endo F1 (itself marked by an arrow).
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Under standard conditions (10 mM HEPES pH 7.5, 150 mM NaCl, 10 mM NaNj3), B7-H6 deglycosylation
caused its precipitation, most likely because of the loss of all its glycans. For this reason, we sought to improve
the buffer conditions for deglycosylation and the storage of this protein by differential scanning fluorimetry.
Twenty-five conditions were screened by analyzing protein melting point temperatures (Figure 4). The initial
melting temperature T}, of the protein in the HEPES buffer was 50 °C and changing the pH of the buffer had
no effect. Similarly, adding salts or stabilizers such as L-Arginine had virtually no effect either. Conversely,
the highest T}, was recorded when adding 0.5 M saccharose (58 °C). However, at 20% glycerol, the T},
increased similarly (56 °C) and B7-Hé aggregation was completely prevented during deglycosylation.
Therefore, glycerol was added to a final concentration of 20% (v/v) for convenience and used for further
B7-H6 deglycosylation and storage at low temperatures (—20 °C). Glycerol was always removed by buffer
exchange on desalting columns prior to subsequent experiments.

—~ 58
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= ]
o
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= 52 = O
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£ y - —
© 50 SR
= |
G4 T e B N S B B B M B B B e B B B B B B e
D o 2 2 9 P o of o
R I SIS S N S S S
00608888808 dsassoedes
& &G s N O NGO N gv s & & & @ ) S o
POy 0y ¥ o o @ o & F o o0 & 2 &
FGPEEIEITIVCY "0 L EFF TS s s
FIITESS I8 %0005 55 F LS
IS TP 3FE s
RS ~ qQ (g%,g:fo

Figure 4. B7-H6 is stabilized by glycerol and saccharose addition. Differential scanning fluorimetry
was used to analyze changes in protein melting temperature when adding various reagents.
The concentrations given in the graph correspond to the final concentrations present in the sample.

2.3. NKp30 Glycosylation Promotes Its Oligomerization

The extracellular part of the NKp30 receptor has three N-glycosylation sites (Figure 1). In previous
study, the presence of its N-glycans has been shown to enhance B7-H6 ligand binding [22] and associated
cell signaling. In addition, NKp30 also forms non-covalent oligomers when the construct contains the
C-terminal stalk region [21]. Accordingly, we determined the size of these oligomers by analytical
ultracentrifugation (AUC) and SEC with multi-angle light scattering (MALS) detection. Notably,
the NKp30_LBD construct lacking the stalk region is purely monomeric, whereas the NKp30_Stalk
construct is present in both monomeric and oligomeric species (Figure 5a). Surprisingly, we could
show that not only the stalk region, but also N-glycosylation is essential for the formation of NKp30
oligomers. Whereas NKp30_Stalk expressed in HEK293T or HEK293S GnTI™ cell line contains a
prominent fraction of oligomers, the deglycosylation of NKp30 with Endo F1 (leaving a single GlcNAc
unit at the glycosylation site) completely depletes the sample of oligomers (Figure 5b). Elution profile
of concentrated oligomeric fraction of NKp30_Stalk shows that most of the protein remains in the
oligomeric form and only a minor fraction dissociates to monomers, highlighting slow kinetics of the
oligomer dissociation. However, deglycosylation of the same oligomeric fraction again depletes the
oligomers and only monomeric protein remains in the sample.
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Figure 5. Glycosylation is necessary for NKp30 oligomerization. (a) SEC-MALS analysis of NKp30_Stalk
and NKp30_LBD, confirming that the stalk region is required for oligomerization. (b) SEC-MALS
analysis of recombinantly expressed NKp30_Stalk with wild-type glycosylation (black), uniform,
simple glycans (blue), both showing non-covalent oligomers, and deglycosylated sample, which does
not form oligomers (red). (c¢) Normalized continuous size distributions of sedimenting species for
glycosylated and deglycosylated NKp30_Stalk oligomers and for its monomeric fraction. The main
peak corresponds to the NKp30_Stalk monomer, whereas a broad distribution of oligomeric species is
present in glycosylated NKp30_Stalk samples.

We repeated the same experiment and analyzed it using analytical ultracentrifugation, which led
to the same conclusion; NKp30_Stalk does not form oligomers when deglycosylated (Figure 5c).
Sedimentation analysis provided better resolution of the oligomeric species than SEC and thus allowed
us to estimate their size. The main peak at 1.8 S, with a predicted molar mass of 18.8 kDa, matches the
expected mass of the glycosylated NKp30_Stalk monomer (18.9 kDa). The molar masses predicted for
the peaks corresponding to the oligomeric species indicated the presence of oligomers with 3, 5, 10,
and 20 units, on average. The fitted f/fy ratio of 1.6 suggests that the oligomers have a considerably
elongated or flattened shape. Interestingly, NKp30_Stalk with wild-type glycosylation expressed in
HEK293T cells (20-25 kDa) showed a more homogeneous oligomer profile with one dominant species
of ca 8 units and with secondary species of ca 16 units, based on their calculated molar masses of 180
and 320 kDa, respectively. These findings corroborate the molar masses calculated from the MALS
signal (Figure 5b), which are within the same range. In summary, not only the presence of the stalk
domain but also the glycosylation is essential for the formation of NKp30 oligomers.

2.4. B7-H6 Forms Equimolar Complex with Monomeric NKp30, But Not with Its Oligomeric Form

To study the impact of B7-H6 on NKp30 oligomers, we followed the NKp30:B7-H6 interaction
using hydrodynamic approaches. NKp30_Stalk and B7-Hé were analyzed by SEC-MALS separately
and in a complex at a 1:1 molar ratio (Figure 6a). Shifts in the elution volume and in the calculated
molar mass suggest the formation of the complex in the monomeric and oligomeric fractions of the
NKp30_Stalk construct. The ratio between the areas of monomeric and oligomeric peaks did not change,
indicating that B7-H6 binding does not disrupt or induce NKp30 oligomerization. Subsequently,
we analyzed the binding of the monomeric and oligomeric fractions separately by AUC. The monomeric
fraction of glycosylated NKp30_Stalk sedimented predominantly at 1.7 S (monomer) and marginally
at 3.5 S (dimeric or trimeric species). B7-H6 sedimented as monomer at 2.4 S. The equimolar mixture
of these proteins sedimented as a 1:1 complex at 3.1 S, with a relatively small peak observed at 1.7 S,
which is most likely an excess of the free monomer of NKp30 (Figure 6b).
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Figure 6. NKp30_Stalk oligomers cannot be saturated by B7-Hé6. (a) Normalized SEC (Size Exclusion
Chromatography) elution profiles of NKp30_Stalk, B7-H6 and their equimolar mixture with MALS
detection. (b) Sedimentation analysis of complex formation for B7-H6 and NKp30_Stalk monomeric
fraction and (c) of NKp30_Stalk oligomeric fraction with B7-H6 labeled with ATTO488 dye performed
at two wavelengths. Letters S and T denote the type of protein glycosylation (HEK293S GnTI™ or
HEK293T N-glycans, respectively).

To monitor the binding of the oligomeric fraction, we labelled B7-H6 with NHS-ATTO488
fluorescent dye and performed the experiment at 280 nm (total signal) and 480 nm (B7-H6 only)
wavelengths (Figure 6c). The bimodal distribution of NKp30_Stalk HEK293T oligomers changed to a
single oligomeric complex upon the addition of B7-H6, with a sedimentation coefficient of 11.2 S that
corresponds to ca 340 kDa at the fitted overall f/f( ratio of 1.7. This value is lower than expected for
the fully saturated NKp30_Stalk_HEK293T putative octamer (ca 180 kDa plus eight times 30-33 kDa
tor each glycosylated B7-H6, i.e., approximately 420440 kDa for the fully saturated 1:1 complex).
This suggests that not all NKp30 binding sites in the oligomeric species are accessible for B7-H6 binding
and that NKp30 molecules might sterically block the access to the neighboring binding sites within
the oligomer itself or with the B7-H6 molecules bound to it. The modest increase in MALS-calculated
molar mass for the oligomeric NKp30:B7-H6 complex (Figure 6a) supports these inferences. Indeed,
the ratio between the areas of monomeric and oligomeric NKp30:B7-H6 differs between 280 nm and
480 nm, which indicates that the amount of B7-Hé present in oligomers is smaller than the amount of
NKp30 in oligomers (Figure 6c). Finally, the areas under the oligomeric peak are not equal between the
two wavelengths, suggesting that only approximately 60% of the NKp30 binding sites are occupied by
B7-H6 in the oligomers. This matches well with the observed mass difference between the oligomeric
complex (340 kDa) and the oligomers (180 kDa), resulting in ca 160 kDa of B7-H6 bound to the oligomers,
or approximately five B7-H6 molecules per eight NKp30 molecules in the oligomeric complex. Hence,
B7-H6 binds both monomers and oligomers of NKp30, but only sub-equimolar amount of NKp30
binding sites is available for B7-Hé6 binding in the oligomeric fraction.

2.5. Affinity of NKp30:B7-H6 Interaction Differs between Surface and Solution

To reevaluate the impact of glycosylation on the interaction of B7-H6 and NKp30, we measured
the affinity of this interaction using proteins with different glycosylation patterns. B7-H6 has six
predicted N-glycosylation sites, five of which were confirmed by our MS analysis (Table 51). B7-Hé6 in
wild-type (T), simple (S), and Endo Fl-deglycosylated (D) glycosylation states were immobilized on
the SPR chip. The same analyte, the monomeric fraction of NKp30_Stalk, was measured in individual
cells. Neither the dissociation constant K nor the maximal response Byqy values significantly differed
among all tested B7-H6 variants (Figure 7a). Therefore, B7-H6 glycosylation does not significantly
affect the NKp30 receptor binding.
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Figure 7. Characterization of the NKp30:B7-H6 interaction by SPR and ITC. Type of protein glycosylation:
T—wild-type, S—uniform, D—deglycosylated, Mono—monomeric, Oligo—oligomeric fraction of
NKp30_Stalk. Titles above individual graphs describe the given experiment: SPR or ITC, protein bound
to SPR sensor or present in ITC cell + protein flown over the sensor or titrated into the cell, respectively.
(a) B7-H6 glycosylation does not affect NKp30 binding. (b,d) Glycosylation of NKp30 weakens its
interaction with B7-Hé. (c,e) Stalk region and oligomerization of NKp30 enhance its affinity to B7-H6 in
SPR but not in ITC. (f) Comparison of all thermodynamic parameters measured for the NKp30:B7-Hé
interaction with different protein variants.

Subsequently, we investigated the effect of NKp30 deglycosylation on B7-H6 ligand binding.
A previous study had already shown that the point mutation of the glycosylation site Asn68 (N68Q)
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reduces the affinity for the B7-H6 ligand, whereas the N42Q mutation of the Asn42 glycosylation
site almost completely abrogates binding [22]. For this reason, we performed a binding assay with
NKp30 deglycosylated with Endo F1. Interestingly, in comparison with the aforementioned study,
the affinity of both deglycosylated NKp30_LBD and NKp30_Stalk did not significantly differ from
that of their wild-type or uniformly glycosylated counterparts in both SPR and isothermal titration
calorimetry (ITC) measurements (Figure 7b—e). In fact, for NKp30_LBD, the affinity even moderately
increased from uniform glycans to wild-type glycans to deglycosylated protein (Figure 7b,d). Similarly,
only slight differences in affinity were found among NKp30_Stalk glycosylation variants (Figure 7c,e).
However, Endo F1 treatment leaves a single GIcNAc unit at each glycosylation site, whereas point
mutations completely block glycosylation. Hence, these results cannot be compared directly.

In contrast, NKp30_Stalk variants showed higher affinity than the shorter NKp30_LBD construct
when analyzed by SPR (Figure 7c), thus confirming earlier observations that the stalk region contributes
significantly to B7-H6 binding. The affinity of the NKp30_Stalk monomeric fraction was approximately
two times higher than that of NKp30_LBD, as shown by both SPR and ITC analyses (Figure 7b,d).
Even higher affinities were recorded by SPR for the NKp30_Stalk oligomeric fraction, which was
bound approximately ten times more strongly than NKp30_LBD and four times more strongly than
the NKp30_Stalk monomeric fraction. Simultaneously, the B,y was higher, as expected for oligomer
binding (Figure 7c) and in line with a previous study, thus jointly concluding that the observed increase
in affinity results from the avidity contribution of the oligomers [21].

Surprisingly, the affinity of the NKp30:B7-H6 interaction was similar when comparing NKp30_LBD
with the monomeric and oligomeric fractions of NKp30_Stalk by ITC (Figure 7d,e), albeit with a tenfold
decrease in affinity of the oligomeric fraction compared to SPR results. In addition, ITC results showed
lower stoichiometry for the oligomeric fractions of NKp30_Stalk (Figure 7f), thus suggesting that not
all binding sites of the oligomer are saturated and that they might be sterically blocked and inaccessible
for B7-H6 binding. These findings match our results from the sedimentation analysis (Figure 6c), i.e.,
only 60-70% NKp30_Stalk T oligomers are accessible.

2.6. Crystal Structure of Glycosylated NKp30:B7-Hé Complex

To understand the role of glycosylation in the NKp30:B7-Hé interaction in more detail, we solved
the crystal structure of NKp30 with uniform glycosylation in complex with Endo F1-deglycosylated
B7-H6. Although we were unable to crystallize this complex with the oligomer-forming NKp30_Stalk
construct, we obtained diffracting crystals using the NKp30_LBD monomeric protein. The structure
(PDB 6Y]JP) was solved at 3.1 A resolution, and the refinement parameters are summarized in Table 1.
The asymmetric unit of the crystal contains two NKp30_LBD molecules (LBD_A/B) and three B7-H6
molecules (B7-H6_C/D/E), as shown in Figure 8 below. The molecules are completely localized, except
for two missing loops in B7-H6 (residues 151-159 and 149-155 in chains D and E, respectively). In fact,
one more NKp30_LBD chain that interacts with B7-H6 (chain E) is present in the crystal but its loose
localization did not allow us to build it in the structure.

When viewing neighboring symmetry-related molecules, surrounding the asymmetric unit of
the crystal, a dimer of two NKp30_LBD:B7-H6 complexes (LBD_A:B7-H6_C and LBD_B:B7-H6_D)
becomes apparent (Figure 9). The interaction interfaces between NKp30 and B7-H6 are conserved
and highly similar to the interaction surface observed in the 3PV6 structure; the contact between
NKp30_LBD_A and B7-Hé6_C chains comprises four hydrogen bonds or salt bridges (chain A Gly51
N—chain C Thr127 OG1, chain A Val53 N—chain C Pro128 O, chain A Glu111 OEl—chain C Lys130 NZ
and chain A Glu111 OE2—chain C Lys130 NZ), and the interface has a Pisa server complex formation
significance score of 0.225 [27]. The contact between chains NKp30_LBD_B and the symmetry-related
B7-H6_D comprises five hydrogen bonds or salt bridges: four analogical to the aforementioned bonds
and an additionally B47 Arg NH1—D84 Asp OD1 bond. The interface has the same score, 0.225,
according to the Pisa server.
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Table 1. Data collection statistics and structure refinement parameters for the NKp30_LBD:B7-H6
crystal structure. Values in parentheses refer to the highest resolution shell.

PDB Code 6YJP
Data processing statistics
Space group c2
Unit-cell parameters a, b, ¢ (f\); o, B,y (%) 166.0, 86.5, 111.3; 90, 97.6 90
Resolution range (A) 48.95-3.1 (3.29-3.1)
No. of observations 99061 (12123)
No. of unique reflections 27102 (3968)
Data completeness (%) 95 (87)
Average redundancy 3.7(3.1)
Mosaicity (°) 0.09
Average I{a(I) 5.7 (0.8)
Solvent content (%) 65
Matthews coefficient (A3/Da) 3.54
Wilson B-factor (A2) 105.5
Ruerge 0.104 (0.971)
Rpim 0.081 (0.804)
CC1/2 0.995 (0.645)
Structure refinement parameters
Ryvork 0272
Riree 0.322
Ran 0.275
Average B-factor (A2) 155.6
RMSD bond lengths from ideal (A) 0.005
RMSD bond angles from ideal (%) 1.59
Number of non-hydrogen atoms 6907
Number of water molecules 0
Ramachandran statistics: residues in allowed/favored region (%) 99.5/92.9
Rumege = Ly Zilli =0/ ZnZikis  Rom =  EaZilm—=1)7"h =@/ Ly Lil, and R =

EhHPk,obs‘ - |Fh,cach/ ZhlPh,nbs , where I is the observed intensity, (I;) is the mean intensity of multiple
observations of symmetry-related reflections, and Fj ops and Fj o, are the observed and calculated structure
factor amplitudes. Rk is the R factor calculated on 95% of reflections excluding a random subset of 5% of
reflections marked as “free”. The final structure refinement was performed on all observed structure factors. RMSD,
root-mean-square deviation, PDB, published structure.

Figure 8. Crystal structure of uniformly glycosylated NKp30_LBD in complex with deglycosylated
B7-H6. The asymmetric unit contains two molecules of NKp30_LBD (chains LBD_A and B) and three
molecules of B7-H6 (chains B7-H6_C, D and E). Interaction interface between chains LBD_A and
B7-H6_C corresponds to the interaction surface observed in the previously published structure of this
complex (PDB 3PV6) [20].
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C-terminus B7-H6_D
LBD_A LBD_B

Figure 9. A dimer of the NKp30_LBD:B7-H6 complex is observed in the presented crystal structure.
Within the NKp30:B7-H6 complex, both pairs of molecules bind to each other almost identically,
and the binding mode of the two proteins is also very similar to that described based on the previously
published structure of the complex (PDB 3PV6) [20]. However, the structure of the NKp30_LBD dimer
is distinct to the previously published structure of NKp30_LBD itself (PDB 3NOI) [19]. The dimer
has a two-fold rotation symmetry, and the N-glycosylation site at Asnd2 of LBD_A (GlcNAc residue
highlighted as spheres) is close to C-terminus of LBD_B (highlighted in red) and vice-versa.

In the crystal structure, electron density maps allowed us to model N-acetylglucosamine at
NKp30_LBD asparagine residues 42 (chains A and B), and B7-H6 residues 208 (chains C and D) and
43 (chain E). Furthermore, low-quality peaks in the electron density map, corresponding to glycans,
were observed near NKp30_LBD asparagine residues 68 (chain A) and 121 (chain B), and near B7-Hé6
residues 43 (chains C,D), 57 (chains C,D,E), 174 (chains C,D,E), 208 (chain E), and 242 (chains C,E).
In the case of NKp30_LBD Asn42, the glycosylation changes the orientation of the Asn42 side chain and
main chain and consequently, the placement of residue Ala43 in comparison with NKp30_LBD in PDB
3NOI and 3PV6. Noticeably, the glycosylation site at Asn42 of one NKp30_LBD molecule (LBD_A)
localizes in the proximity of the C-terminus of the other NKp30_LBD molecule (LBD_B) and vice versa
(Figure 9). In NKp30_Stalk or in full-length NKp30 receptor, this C-terminal part of its ligand binding
domain would be followed by the 15 amino acids long stalk region. Both the glycosylation and the
stalk regions are required for NKp30 oligomerization, suggesting that this NKp30_LBD dimer may be
the building block of these oligomers.

NKp30_LBD chains A and B form a dimer different from that observed in the crystal structure
of NKp30 itself (PDB 3NOI) [19], whereas NKp30 was only monomeric in the crystal structure of
the NKp30:B7-Hé6 complex (PDB 3PV6) [20]. Both dimers have two-fold symmetry and a similar
patch of mutual contacts (residues Arg28, Asn42, GIn45, and Glul28 participate in hydrogen bonds
in both cases); however, their mutual orientation is very different: when chains A are superimposed,
the positions of the same residues in chain B differ by 9-15 A (Figure 10). The NKp30 dimer in PDB
3NOI comprises sixteen hydrogen bonds or salt bridges, and the interface scores 0.176 in the Pisa server,
whereas the dimer observed in the present structure PDB 6YJP comprises eleven hydrogen bonds or
salt bridges, and its interface scores 1.0 in the Pisa score, which indicates a more stable interaction and
relevant interface. Interestingly, Asn42 of NKp30_LBD is positioned directly at the dimer interface
in PDB 3NOJ, and in close contact with Glu26 and Arg28 from the second chain, whereas GlcNAc
at Asn42 in PDB 6Y]P is located outside of the interface, right next to the C-terminus of the second
chain—at the beginning of the stalk region.
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Aligned: LBD_A_6YJP:LBD_3NOI

Aligned: LBD_A_6YJP:LBD_3NOI

Figure 10. Glycosylation-induced NKp30 dimerization positions the glycans at Asn42 residues near
the C-terminal stalk regions. The NKp30_LBD dimers observed in the present crystal structure PDB
6Y]JP and the PDB 3NOI [19] were aligned using molecules on one side of the dimer only (grey color).
On the left —the N-glycosylation site at Asn42 of LBD_B, highlighted as spheres, is near the C-terminus
of LBD_A (highlighted in red), whereas the Asn42 residue in LBD_3NOI is buried within the dimer
interface, interacting with Glu26 and Arg28 (all highlighted as spheres). On the right—side view of the
dimer interface showing the difference in arrangement of the two dimers.

3. Discussion

The first key stage of this study was the preparation of the stable, soluble, extracellular part
of the B7-H6 protein. Members of the B7 family have moved to the forefront of cancer research for
their underlying involvement in tumorigenesis [17] and tumor recognition [16] and for their role
as regulators of immune responses and immunotherapy outcomes, such as B7-H1, also known as
PD-L1, one of the most discussed checkpoint inhibitors in recent years [28]. Because B7-H6 can
induce NKp30-dependent NK activation and cytokine secretion [12], therapeutic interventions based
on the NKp30:B7-H6 interaction may provide a new strategy for tumor treatment. Wu et al. [29]
have shown that the B7-Hé-specific bispecific T cell engager (BiTE) directs host T cells to mediate
cellular cytotoxicity and interferon-y secretion, which is therefore a potential therapeutic strategy
for B7-H6" hematological and solid tumors. More recently, T cells expressing B7-Hé-specific human
single-chain fragment variable (scFv) as chimeric antigen receptor (CAR) have been shown to induce
potent anti-tumor activity in vitro and in vivo against tumors expressing high amounts of B7-Hé [30].

Although B7-H6 was the target molecule in these approaches, other strategies have been
developed exploring the potential of B7-H6 as a natural ligand for the activating receptor NKp30.
Kellner et al. [31,32] generated a fusion protein consisting of the ectodomain of B7-Hé6 and of the
CD20-specific scFv 7D8. In the functional assay, the authors found that the B7-H6:7D8 fusion protein
could stimulate NKp30-mediated NK cell cytotoxicity. The same strategy was successfully applied to
create a HER2-specific B7-H6 fusion protein targeting HER2" tumors [33]. In our study, we initially
tried to express not only the B7-H6 construct described above (Figure 1), but also a shorter construct
corresponding to the N-terminal IgV B7-H6 domain (Asp25—Val140) only. However, this shorter
construct could not be expressed at all, thus suggesting that, although the two Ig-like domains of
B7-H6 are structurally well separated, the extracellular part of B7-H6 is stable only when expressed as
a whole. Furthermore, we found that mutating the odd cysteine in the B7-H6 IgC domain (Cys212Ser)
greatly stabilizes the molecule by promoting correct disulfide bond formation, reaching a ten-fold
increase in yield over the wild-type B7-H6 ectodomain. Moreover, glycerol addition was optimal for
long-term B7-Hé storage, both in solution and in frozen state, preventing its aggregation, especially
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at higher protein concentrations. This optimized protocol for recombinant B7-H6 production may
be useful for further studies involving B7-H6 fusion immunotherapeutics or requiring large-scale
expression of this tumor antigen in a stable and well-folded form.

Oligomerization of the NKp30 ectodomain has been previously characterized using constructs
expressed in 5f9 insect cells providing uniform, simple paucimannose N-glycans, similar to those
present in HEK293S GnTI™ cell lines. When recombinantly expressing these constructs, the authors
found that both NKp30_Stalk and NKp30_LBD oligomerized in their study, although the latter to a
lesser extent [21]. However, both proteins had a considerable number of additional amino acid residues
at both their N- and C-termini, namely ADLGS and GSENLYFQGGS followed by a decahistidine tag,
respectively. In our study, we used the same LBD and Stalk regions of the NKp30 ectodomain, but we
expressed these NKp30 constructs in human cell lines, providing uniform mannose- or wild-type
glycosylation, and with a limited number of flanking amino acids. Regardless of the glycosylation
type or presence, at low concentration the NKp30_LBD construct showed no tendency to oligomerize.
At high sample concentration, however, dimer formation has been observed for this construct in our
sedimentation analysis (Figure S4). Thus, we can conclude that although the ligand binding domain of
NKp30 itself shows some tendency to self-associate (as evidenced by dimer formation observed at
high concentration in solution by AUC and by dimeric arrangement found in the crystal), presence of
the stalk region is a prerequisite for stable NKp30 oligomerization in solution.

In addition, the ability of the NKp30_Stalk construct to oligomerize is lost upon its deglycosylation
with endoglycosidase F1, thereby highlighting the unappreciated but key role of glycosylation in NKp30
oligomerization. Hermann et al. [21] observed that NKp30_Stalk oligomers bound to immobilized
B7-Hé6-Ig have an extremely low nanomolar K, as assessed by SPR and ELISA (both surface-based
interaction methods), and hypothesized that the increase in apparent ligand binding affinity of the
oligomers is caused by the increase in the avidity of higher-molecular-order NKp30 complexes under
these conditions. We noted a similar trend in our SPR analysis when using immobilized B7-HS,
observing a higher affinity for NKp30_Stalk than for NKp30_LBD, and an even higher affinity for
the NKp30_5Stalk oligomeric fraction. In contrast, when analyzing the same system by AUC and ITC
(solution-based techniques), we found that both monomeric and oligomeric fractions of NKp30_Stalk,
and NKp30_LBD, showed similar thermodynamic parameters and affinity to soluble B7-H6, but the
oligomers exhibited significantly lower binding stoichiometry. This suggests that interaction data
on immobilized B7-H6 and oligomerizing NKp30_Stalk construct collected using surface methods
might not correctly express Kp values for interactions of individual binding sites and that the NKp30
oligomers might not be completely biologically active species, at least when present in solubilized
form and not on the cell surface.

Another important aspect of the NKp30:B7-H6 interaction is the glycosylation of the NKp30
ectodomain, especially on Asnd2 and Asn68 sites, as shown by Hartmann et al. [22] in binding
experiments with NKp30 human IgGl-Fc fusion constructs expressed in HEK293T cell lines.
Interestingly, mutating these glycosylation sites affected binding to B7-H6, but not to BAG-6,
as determined by SPR or ELISA, respectively. Moreover, NKp30_Stalk-Ig binding to natural ligands,
in various tumor cell lines, was even stronger in the absence of glycosylation, albeit abrogated in B7-H6*
reporter cell lines. This key role of glycosylation and of the stalk region in signal transduction was
further corroborated by using various NKp30-transfected CD3( reporter cell lines stimulated by B7-H6*
target cells [22]. In our study, we did not observe marked differences in NKp30:B7-H6 affinity between
the NKp30_Stalk and NKp30_LBD constructs, and neither between the NKp30 variants expressed with
wild-type human or uniform oligomannose N-glycans, or deglycosylated, independent of the method
that we used to measure these interactions. The deglycosylated proteins used in our study still had a
single GlcNAc residue at each glycosylation site, in contrast to the disruptive Asn-Gln mutations used
in the previous study, which may account for the differences in the results. Nevertheless, our findings
indicate that glycosylation most likely does not directly affect the NKp30:B7-H6 interaction and instead
primarily affects the ability of NKp30 to oligomerize. Impaired oligomerization would then translate
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into lower apparent binding affinities, when using surface-based methods such as SPR and ELISA,
and into impaired signal transduction in cell-based experiments. The role of the stalk domain in
CD3(-mediated activation of NK cells was thoroughly characterized by Memmer et al. [7] who showed
that mutations in the stalk region close to LBD weaken the Kp of B7-H6-Fc whereas BAG-6 binding,
again, remained mostly unaffected, although NKp30-Fc IgG fusions and SPR detection were used in
these experiments. Subsequent reporter cell-based assays showed that Arg143 (end of the NKp30 stalk
region) alignment with the aspartate of CD3( is required for signal transduction and that this alignment
might be achieved by ligand-induced receptor clustering and/or stalk-dependent conformational
changes [7]. NKp46, another member of the NCR family, exhibits similar complex behavior on the cell
surface. It forms dimers and later on also clusters within the immune synapse, which activate NK cell
polarization [34,35].

Although NKp30 constructs artificially dimerized through IgG-Fc fusion may not be the
best tools to describe the natural behavior of this receptor at the plasma membrane of NK cells,
their thorough characterization should be useful for developing immunotherapeutics. Over ten
years ago, Arnon et al. [36] demonstrated using human prostate cancer cell lines that treatment with
NKp30-Ig dramatically inhibits tumor growth in vivo in mice by successfully recruiting activated
macrophages via antibody-dependent cellular cytotoxicity (ADCC). Strikingly, while IgG1 Fc-fusions
are regularly used in NCR-related immunology research, no immunotherapy product based on them
has been developed thus far.

The original motivation for our work was to understand better how NKp30 oligomers are formed
and structured. To this end, we used multiple techniques, but not all of them produced conclusive results,
such as structural mass spectrometry (cross-linking and H/D exchange) or cryo-electron microscopy.
We also tried to crystallize the NKp30_Stalk construct and thus solve its oligomeric structure, albeit to
no avail. Neither this protein nor its complex with B7-H6 formed crystals. Nevertheless, we solved
the structure of the glycosylated NKp30_LBD:B7-H6 complex, which is somewhat similar to the
previously known structures of NKp30_LBD (PDB 3NOI, [19]) and of the NKp30_LBD:B7-H6 complex
(PDB 3PV6, [20]). However, both previously published structures were solved using bacterially
expressed, non-glycosylated refolded NKp30_LBD. Therefore, our structure provides new insights
into the mechanism of oligomerization of this protein.

Most interestingly, our crystal structure shows the formation of an NKp30_LBD dimer in the bound
state with B7-H6. The symmetrical arrangement of Asn42 glycosylation sites, near the C-terminal stalk
region beginnings on both sides of the dimer, strengthens our hypothesis of glycosylation-supported,
stalk region-mediated NKp30 oligomerization. In contrast to the structure of the glycosylated
NKp30_LBD dimer, in the dimer of the refolded NKp30_LBD observed in the PDB 3NOI crystal
structure, the Asn42 residue is in close contact with neighboring side chains of other amino acids
of the dimerization interface. With such a bulky glycan chain bound to the Asn42, this type of
dimer is unlikely to exist. Therefore, we may assume that glycosylation induces the observed dimer
arrangement and that this arrangement is further stabilized by the interaction between the glycan
moiety and the stalk region of full-length NKp30.

Moreover, for soluble NKp30_Stalk, the stalk regions that extend on both sides of the dimer would
be free to interact with stalk regions of other NKp30_Stalk dimers, thereby forming linear oligomers
composed of such dimers. To acquire at least some low-resolution data on the structure of these
oligomers, we have also performed SEC-5AXS analysis of the NKp30_LBD, NKp30_Stalk monomeric
and oligomeric fractions, and their complexes with B7-H6 (Figure S5). Representative examples of
the resultant ab initio molecular envelopes calculated from the collected SAXS data are shown in
Figure 56 [37,38]. The lack of further structural data on how individual NKp30_Stalk molecules or their
possible dimers are arranged in space precludes any further modelling of molecular arrangements of
these oligomers. Nevertheless, the overall shape of the calculated envelopes is highly asymmetrical,
that is, prolate or oblate rather than spherical, and this asymmetry is in perfect agreement not only with
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the prediction based on the crystal structure but also with our sedimentation analysis of the oligomers
indicating asymmetrical elongated or flattened particles.

Another interesting aspect of our crystal structure is the overall topology of the dimer of the
NKp30_LBD:B7-H6 complex observed in the crystal lattice. Its arrangement is compatible with both
NKp30 molecules inserted within the same NK cell membrane and B7-H6 in the cell membrane of a target
tumor cell (Figure 11). Such arrangement would bring the membranes of both cells into close contact,
and such an effect could be further potentiated by NKp30 oligomerization. Importantly, Xu et al. [39,40]
analyzed the crystal structure of the Fab of inhibitory antibody 17B1.3 in complex with the ectodomain
of B7-H6 and found that 17B1.3 could bind to a site on B7-H6 that was completely different from
the binding site on NKp30 (PDB 4Z50). Using an NKp30 reporter cell line and B7-Hé6-expressing
P815 tumor cells, they concluded that the bulky 17B1.3 antibody acts by sterically interfering with
close cell—cell contacts at the NK cell-target cell interface, thereby blocking immunological synapse
formation and NK cell activation [40].

Tumor cell g

Figure 11. Model of the possible position of the NKp30_LBD:B7-Hé6 dimeric complex, as observed in the
crystal structure (PDB 6Y]P), within the NK cell immune synapse. B7-Hé has a very short stalk sequence
of several amino acids only, whereas NKp30 has the 15 amino acids long stalk region at its C-terminus
(red lines). The stalk is long enough to confer flexibility to the NKp30 ligand binding domain. Such an
arrangement would bring the membranes of both cells into very close contact, and such an effect could
be further potentiated by NKp30 oligomerization. Local deformation of the NK cell plasma membrane
caused by the conformational change of the stalk region induced by ligand binding might trigger signal
transduction through the CD3( chains associated with the NKp30 transmembrane domain thanks to
the interaction of CD3( Asp36 residue with NKp30 Argl43 residue occurring at plasma membrane
which is required for NKp30 signaling [7].

These results support the proposed close interaction mediated by the NKp30 dimer ligated with
two B7-H6 monomers, as observed in the presented crystal structure. However, further studies are
required to confirm such an arrangement directly on the membrane of living NK cells, as well as the
oligomeric arrangement of NKp30. Considering the short length of the stalk region, it is unlikely
that NKp30 forms octameric, decameric, or even larger oligomers through its stalk region on the cell
surface, in contrast to its oligomerization in solution. Therefore, data on NKp30 receptor oligomers
collected in solution, using its solubilized ectodomains interacting in three-dimensional (3D) space,
should not be directly extrapolated to its natural habitat within the plasma membrane and to a 2.5D
space on the cell surface. Moreover, all future immunotherapeutic strategies and reagents designed to
target or trigger this NK cell receptor:ligand system should also allow enough flexibility with respect
to the B7-H6 moiety, thus ensuring its proper orientation and interaction with NKp30.
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4, Materials and Methods

4.1. Cell Culture and Vector Design

HEK293T cells were kindly provided by Radu A. Aricescu [24]. HEK293T and HEK293S GnTI™
cells [25] (0.3-6 x 10%/mL) were maintained in ExCELL293 serum-free medium (Sigma, St. Louis,
MT, USA) supplemented with 4 mM L-glutamine in square-bottom glass DURAN flasks with gas
permeable caps (DWK Life Sciences, Wertheim, Germany) using 30-40% of the nominal volume
at 135 rpm on orbital shaker placed within the incubator at 37 °C and 5% CO, [26]. Transient
expression in both HEK293T and HEK293S GnTI™ cell lines was performed using the plasmid pTW5sec,
a derivative of the pTT5 plasmid backbone [41] modified in-house to contain a woodchuck hepatitis
virus post-transcriptional regulatory element (WPRE) and a leader peptide of secreted alkaline
phosphatase in frame with Agel and Kpnl cloning sites, followed by a C-terminal histidine tag.
Therefore, proteins recombinantly expressed using this plasmid were secreted into the cell culture
media and purified by immobilized metal affinity chromatography (IMAC).

4.2. Protein Expression and Purification

For high-density transfection, 800 x 10° HEK293 cells were centrifuged for 5 min at 90x g. Cells
were resuspended in 34 mL of ExCELL293 medium in an empty flask and 800 ug of DNA (1 ug/10°
cells) were diluted in 6 mL of phosphate-buffered saline (PBS) and filtered through a 0.22 pm filter into
the flask with cells. Subsequently, linear 25 kDa polyethyleneimine (IPEI) was added in a 1:3 DNA:IPEI
(w/w) ratio. Cells were incubated in high density on a shaker for 1.5-4 h at 37 °C. Afterwards, up to
400 mL ExCELL293 medium and 0.5 M valproic acid [42] were added to a final concentration of 2 mM.
Cells were harvested after 7 days or earlier, when viability dropped below 70%, by centrifugation for
30 min at 15000x g at 20 °C. The supernatant was filtered through a 0.2 pum filter, diluted two-fold with
PBS buffer, and loaded onto a pre-equilibrated 5 mL HiTrap TALON column using an AKTAprime
FPLC system (GE Healthcare, Chicago, IL, USA). Protein was eluted with 250 mM imidazole in PBS,
concentrated using Amicon Ultra (MWCO 10000; Sigma, St. Louis, MT, USA) concentrators, filtered
using spin filter and subjected to size-exclusion chromatography on Superdex 200 Increase 10/300
GL column (GE Healthcare, USA) as a final purification step with HEPES buffer (10 mM HEPES pH
7.5, 150 mM NaCl, 10 mM NaN3) as the mobile phase. For NKp30_Stalk, fractions were collected
separately for oligomeric and monomeric species, and immediately frozen in liquid nitrogen. Protein
glycosylation and disulfide bonds pairing were characterized by mass spectrometry (for details see
Supplementary Methods) [43—45].

4.3. Protein Labelling

B7-H6 expressed in HEK293S GnTI™ cells was stained with ATTO 488 fluorescent dye (Sigma,
USA) using NHS labelling chemistry according to the manufacturer’s instructions. Nine volumes
of B7-H6 solution in HEPES buffer were mixed with one volume of 1 M bicarbonate buffer, pH 8.5.
ATTO 488-NHS ester was added to the protein solution at a molar ratio of 1:3 (protein: ATTO488-NHS).
Reaction mixture was incubated for 60 min in the dark at room temperature on a roller shaker at 35
rpm. The labelled protein was purified on a HiTrap Desalting column (GE Healthcare, USA) connected
to an AKTA basic HPLC system.

4.4. Deglycosylation

For deglycosylation of NKp30 and B7-H6 expressed in HEK293S GnTI™ cell lines, the proteins in
HEPES buffer at 1 mg/mL concentration were mixed with recombinant GST-tagged endoglycosidase F1
(Endo F1) [46] in a 200:1 (w/w) ratio (target protein:Endo F1). For B7-H6, the buffer was supplemented
with 20% glycerol to increase protein stability. The mixture was incubated for 3h at 37 °Cor at4 °C
overnight while mixing. Then, the solution was loaded onto a 5 mL GST-trap column (GE Healthcare,
Chicago, IL, USA) connected to the fast protein liquid chromatography (FPLC) system to capture
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the Endo F1, while collecting the flow-through containing deglycosylated protein. The solution was
concentrated to 200 uL. and loaded onto a Superdex 200 Increase 10/300 GL (GE Healthcare, Chicago,
IL, USA) column for further purification and characterization of the deglycosylated proteins. Samples
from collected fractions were used for SDS-PAGE analysis.

4.5. Differential Scanning Fluorimetry

Differential scanning fluorimetry was performed using SYPRO Orange Protein Gel Stain (Thermo
Scientific, Waltham, MA, USA). Its 5000x DMSO stock solution was diluted to 50x concentrated
solution. The samples were prepared by mixing 4 pL of B7-H6 expressed in HEK2935 GnTI™ cells with
10 uL of 2x concentrated screen buffer and 1 pL of 50x concentrated stain solution and complemented
by HEPES buffer up to 20 uL. The sample without protein was used as a blank, and the sample with no
additive was used as a reference. Data were collected on a Rotor-Gene 2000 Real Time Cycler (Corbett
Research, Sydney, Australia) at an excitation wavelength of 300 nm. Fluorescence was measured at
570 nm. The temperature increased stepwise, 0.5 °C each 30 s from 25 °C to 95 °C. The data were
evaluated using OriginPro 8 software (version 8.500161). Melting points can be extrapolated by finding
the inflection point of sigmoid melting curves. By depicting the data as a negative derivative of relative
fluorescence (—d(RF)/T), the melting points correspond to the minima of the melting curves.

4.6. Sedimentation Analysis

Sedimentation velocity measurements were performed on an analytical ultracentrifuge
ProteomeLab XL-I (Beckman Coulter, Brea, CA, USA). Protein samples were purified by gel filtration,
using the mobile phase buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 10 mM NaN3) as a reference.
Sedimentation velocity experiments were conducted with 20 uM protein samples using double
sector cells and An50-Ti rotor at 20 °C and 36,000 or 48,000 rpm for oligomeric or monomeric
samples, respectively. Absorbance scans were recorded at 280 or 480 nm at 3-7 min intervals.
Buffer density, protein partial specific volume, and particle dimensions were estimated in Sednterp
(www.jphilo.mailway.com). Data were analyzed in Sedfit [47] using the continuous sedimentation
coefficient distribution c(s) model. Analysis of NKp30_LBD at high concentration was performed with
its 20 mg/mL sample at 50,000 rpm using 3 mm centerpiece; scans were recorded every 2 min using the
interference optics. The data were fitted with the nonideal ¢(s) model in Sedfit [48].

4.7. Size-Exclusion Chromatography with Multi-Angle Laser Light Scattering (SEC-MALS)

SEC-MALS experiments were performed using an FPLC station equipped with miniDAWN Tristar
light scattering (Wyatt Technologies, Santa Barbara, CA, USA) and Shodex RI-101 (Showa Denko K.K.,
Tokyo, Japan) refractive index detectors with a Superose 6 Increase 10/300 GL column (GE Healthcare,
Chicago, IL, USA) equilibrated in 20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM NaNj buffer. Single
proteins or protein complexes, typically at 1 mg/mL concentration, were loaded onto the column.
The molecular weight was estimated using the refractive index as measure of concentration. The results
were analyzed using Astra software (Wyatt Technologies, Santa Barbara, CA, USA).

4.8. Isothermal Titration Calorimetry

Thermodynamic parameters of NKp30:B7-Hé6 interactions were determined using the PEAQ-ITC
instrument (Malvern Panalytical, Westborough, MA, USA). All measurements were performed in the
10 mM HEPES pH 7.5, 150 mM NaCl, 10 mM NaNj buffer. First, control heat was determined by
buffer-buffer titration. For protein interaction measurements, 200 uL of 20-30 pM NKp30 variants
were loaded into the cell and 40 uL of 200-300 uM B7-H6 into the syringe (these concentrations varied
slightly in different experiments). An initial injection of 0.4 uL of B7-H6 was followed by 25 injections of
1.5 uL. Injection duration was 2 s, in 120 s intervals, performing the measurements at 25 °C and stirring
the cell solution at 750 rpm. The data were evaluated using NITPIC [49], Sedphat [50], and GUSSI
software [51].

103



104 Selected Publications

Cancers 2020, 12, 1998 19 of 24

4.9. Surface Plasmon Resonance

Surface plasmon resonance (SPR) experiments were performed to measure NKp30_Stalk and
NKp30_LBD binding, in three different N-glycosylation states (wild-type glycans, simple glycans,
and deglycosylated with Endo F1), to B7-H6, also in three glycosylation states. Measurements were
performed using the Biacore T200 system (GE Healthcare, Chicago, IL, USA) in a buffer composed of
10 mM HEPES pH 7.5, 150 mM NaCl, 1 mg/mL dextran, and 0.05% Tween-20. Three glycosylation
variants of B7-H6 were biotinylated (EZ-Link NHS-Biotin; Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions and immobilized to the streptavidin sensor. Binding
experiments were performed in single cycle kinetics mode with 15 sequential injections of NKp30
samples in each cycle with concentrations ranging from 1 nM to 16.3 uM. Data from a reference flow
cell with an empty channel were subtracted and fitted using the Biacore T200 evaluation software
(version 3.0). Maximal fitted responses from each cycle were analyzed using Sedphat [50] software
using the AB hetero-association model.

4.10. Protein Crystallization

Protein crystallization was performed at the Division of Structural Biology of the Wellcome Centre
for Human Genetics, University of Oxford. Initial screening was performed using the sitting drop
method in 300 nL (100 nL of protein solution and 200 nL of crystallization reagents) using the Hydra
and Cartesian instruments. All crystallization plates were stored in Rock Imager (Formulatrix, Bedford,
MA, USA) at 21 °C. Four commercially available screens (Index, Proplex, PACTpremier, Crystal screen)
were used for the equimolar mixture of deglycosylated B7-H6 with NKp30_Stalk or NKp30_LBD, both
expressed in HEK293S GnTI™ cells; the mixture was concentrated to 10 mg/mL before the drop set-up.
Initially, needle-shaped crystals of NKp30_LBD:B7-H6 complex were obtained in 0.1 M sodium citrate
pH 5.0, 20% PEG 8000. These crystals were crushed and used for seeding in optimization performed
using the sitting drop method in 300 nL (200 nL of protein solution and 100 nL of crystallization
reagents). The number of crystals grew in the drops that were seeded, and diffraction data were
collected for a few of them. 25% glycerol was used as cryoprotectant and data were collected at
100 K. The best diffraction data were collected from crystals grown in 0.1 M sodium citrate pH 6.7,
11.7% PEG 6000.

4.11. Diffraction Data Collection

Eleven diffraction data sets were collected at the Diamond Light Source (Didcot, Oxfordshire, UK)
atbeamline 102 using a wavelength of 0.97949 A and a PILATUS 6M-F detector (Dectris, Baden-Daettwil,
Switzerland). The resolution of all data sets was 3-4 A and the crystals degraded during the data
collection. Eventually, three data sets from three crystals (set B7x1: images 1 to 800 (80°), set B8x5:1 to
800 (80°), and set B8x3:1 to 450 (45°)) were merged to process the data for optimal results. The data
were integrated in XDS [52] and merged and scaled in AIMLESS from the CCP4 software package [53],
in space group C2 (recommended by POINTLESS and ZANUDA) and alternatively in P1. Finally,
C2 was selected as the correct space group based on the phase problem solution and refinement.
Data suffered by strong anisotropy, with effective resolution in the direction of axis a being the lowest,
ca. 4.4 A. Anisotropy corrections were not applied to the data. Final data processing statistics are
shown in Table 1.

4.12. Structure Solution and Refinement

The phase problem was solved in space group C2, using MORDA [54] and PHASER [55],
data cut off 3.8 A and already known structures of NKp30 and B7-H6 as models (PDB code 3PV6
for both molecules). The asymmetric unit in C2 contains three B7-H6 protein chains and two NKp30
chains. After refinement trials in REFMACS5 [56], considering manual optimization of restraints,
B-values and translation, rotation, and screw-rotation (TLS) parameterization, the structures were
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refined in LORESTR (automatic REFMACS pipeline for low-resolution structure refinement, [57]),
using atomic B-factors, without TLS and with restraints to homologs optimized specially for each run
of the refinement. Five percent of reflections were used as a test set (Rgee set). Manual editing was
performed in COOT [58]. Structure quality was checked using the validation tools implemented in
MOLPROBITY [59]. There are four Ramachandran outliers (chain C Gly83 and Val152, chain D Gly83,
and chain E GIn182), which is 0.5% of refined residues. The final structure parameters are outlined in
Table 1.

4.13. Data and Structure Deposition

Diffraction data have been deposited in the SBGrid Data Bank under code 753 (doi:10.15785/SBGRID/753).
The crystal structure has been deposited in the Protein Data Bank under code 6YJP.

5. Conclusions

Glycosylation is an essential post-translational modification of cell surface proteins, not only
stabilizing them in the extracellular environment but also providing new functional modalities.
Moreover, glycosylation is crucial for immune recognition and self-non-self discrimination, especially
when involving receptors of the innate immune system, which often bind to their ligands with weak
affinities. Accordingly, their ability to transduce the signal into the cell should significantly vary as a
function of their glycosylation presence and its type. Glycans may help these receptors to create stable
signaling complexes through dimerization and oligomerization or to organize them within complex
dynamic structures of the immune synapse. In this study, we exemplified this behavior for the NK
cell activation receptor NKp30, whose oligomerization depends on its N-glycosylation. Furthermore,
we solved the first crystal structure of a glycosylated NKp30 ligand binding domain, in a complex with
its tumor ligand B7-H6, highlighting why glycosylation is crucial for the NKp30 oligomerization and
for signal transduction. Furthermore, our results indicate that glycosylation should not be overlooked
when planning or conducting structure-function studies. In conclusion, our structure of the complex
between glycosylated NKp30 and B7-Hé provides a template for designing molecules to stimulate
NKp30-mediated cytolytic activity for tumor immunotherapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/7/1998/
s1, Supplementary methods of mass spectrometry and small-angle X-ray scattering, Figure S1: Direct mass
spectrometry of NKp30_Stalk with uniform glycans produced by the HEK293S GnTI™ cell line., Figure S2:
Fragmentation spectrum of N-glycans produced by the HEK2935 GnTI™ cell line, Figure 53: Fragmentation
spectrum of N-glycans produced by the HEK293T cell line, Figure S4: Sedimentation analysis of NKp30_LBD at
high concentration, Figure 55: SEC-SAXS data collected for NKp30_LBD, NKp30_Stalk monomeric and oligomeric
fractions, B7-H6 and its complex with NKp30_Stalk monomeric and oligomeric fractions, Figure S6: DAMMIF
envelopes ab initio calculated from the SAXS data for the abovementioned proteins, Table S1: Mass spectrometry
analysis of disulfide bonds in the prepared recombinant proteins.
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Abstract

Human NKR-P1 (CD161, KLRBT) and its ligand LLT1 (CLECZ2D) are a prototypical inhibitory
C-type lectin-like receptor:ligand pair of NK cells with a critical role in homing lymphocytes to
immune-privileged sites, particularly in multiple sclerosis, rheumatoid arthritis, and Crohn's
disease. Furthermore, NKR-P1:LLT1 inhibitory signaling is associated with glioblastoma,
non-Hodgkin's lymphoma, breast, and prostate cancer. However, the lack of structural data
on the formation of the NKR-P1:LLT1 complex limits our understanding of this signaling. We
thus solved the crystal structures of NKR-P1 and the NKR-P1:LLT1 complex. NKR-P1 forms
a homodimer with an unexpected arrangement that enables LLT1 binding in two modes,
bridging two LLT1 molecules, thereby forming interaction clusters suggestive of an inhibitory
immune synapse. Moreover, observing the formation of these clusters by SEC-SAXS
analysis in solution and by dSTORM super-resolution microscopy on the cell surface, and
following their role in receptor signaling using in vitro cytotoxicity assay with freshly isolated
NK cells, we show how NKR-P1:LLT1 clustering allows these proteins to overcome the weak
affinity of C-type lectin-like receptors to their ligands. Furthermore, only the ligation of both
primary and secondary LLT1 binding interfaces leads to effective NKR-P1 inhibitory
signaling. Therefore, our findings show how inhibitory receptor cross-linking and clustering

work together to trigger signal transduction upon cellular contact in the immune synapse.
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Introduction

Natural killer (NK) cells are innate immune lymphocytes equipped with a wide range of
activating and inhibitory surface receptors, allowing them to sensitively recognize and Kkill
malignant, infected, or other transformed cells through "missing-" and "induced-self"
mechanisms and through antibody-dependent cell-mediated cytotoxicity (ADCC)'. In
addition, NK cells also contribute to the initiation and development of the adaptive immune
response, secreting several classes of cytokines, especially proinflammatory IFN-y'.
Interestingly, recent findings show that NK cells are even capable of maintaining a form of
immunological memory” 2, thus further highlighting the principal roles NK cells play in
immunity, particularly through their receptors.

NK receptors comprise two structurally divergent classes: the families of immunoglobulin-like
receptors and C-type lectin-like receptors (CTLRs)®>*. CTLRs are encoded within the natural
killer gene complex (NKC, human chromosome 12), and, unlike C-type lectins, CTLRs
neither bind calcium ions nor engage carbohydrate ligands® °. Instead, CTLRs are known to
interact with protein ligands. For example, receptors such as Ly49, CD94/NKG2, or NKG2D
recognize MHC class-l like molecules®, whereas receptors of the NKR-P1 subfamily
recognize structurally highly related Clr/Ocil CTLRs. These are encoded by CLECZ genes®
that are genetically tightly linked with the NKR-P1-coding KLR genes. This unique
CTLR:CTLR interaction system is involved in both non-MHC missing-self and induced-self
recognition® * >. Several inhibitory and activating NKR-P1 receptors have been described in
mice and rats; however, the human receptor NKR-P1 (CD161, KLRB1 gene) remains since
1994 the only human orthologue described so far’. Nevertheless, based on structural and
functional homology to NKR-P1, the human activating CTLR:ligand pairs NKp65:KACL
(KLRF2:CLEC2A)® and NKp80:AICL (KLRF1:CLEC2B)* have been proposed as the
activating counterparts of human NKR-P1% "0,

Human NKR-P1 (CD161) was first reported as a marker of NK cells’, in which NKR-P1 acts
as an inhibitory receptor” ' 2 up-regulated by IL-12'%. However, NKR-P1 is also expressed
by natural killer T (NKT) cells™, mucosal-associated invariant T (MAIT) cells’®, and other
subsets of T-lymphocytes'®, wherein NKR-P1 acts as a co-stimulatory receptor, increasing
IFN-y secretion' '7. Unsurprisingly, NKR-P1 is even detected in immature CD16- CD56° NK
cells™ and in precursors of Th17 and MAIT cells in the umbilical cord blood™. Recently,
NKR-P1 was identified in glioma-infiltrating T cells, having an inhibitory, immunosuppressive

role in T cell-mediated killing of glioma cells®®. In addition, NKR-P1 promotes
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transendothelial migration to immunologically privileged niches upon interaction with its
endogenous ligand, lectin-like transcript 1 (LLT1)"®2"22,

LLT1 (gene CLEC2D) is primarily expressed on activated monocytes and B cells®. In these
cells, LLT1 helps to maintain NK cell self-tolerance'® 2°. However, IL-2 can induce its
expression on NK and T cells®. Furthermore, LLT1 is up-regulated on glioblastoma®,
prostate and triple-negative breast cancer®® #’, and B cell non-Hodgkin's lymphoma?® cells, in
which LLT1 contributes to immune evasion by dampening NK cell cytotoxicity. Interestingly,
increased numbers of CD161* Th17 cells have been detected in glioma tumors®.
Concomitantly, the functions of NKR-P1 receptors on IL-17-producing regulatory T cells®, on
subsets of Tc17 cells®', and all Th17 cells' are particularly relevant because these cells
have been implicated in several autoimmune diseases (Crohn's disease®, multiple
sclerosis®®, rheumatoid arthritis®, and psoriasis®). Therefore, the analysis of NKR-P1
receptors and ligands such as LLT1 is essential to gain a deeper insight into the structure-
function relationships underlying both physiological and pathogenic processes in the immune
system.

Human NKR-P1 and LLT1 are type Il transmembrane glycoproteins with similar protein
topology*: an N-terminal cytoplasmic signaling tail, a transmembrane helix, a flexible stalk
region, and a C-terminal C-type lectin-like domain (CTLD)* 7 *. Moreover, both NKR-P1 and
LLT1 were shown to form disulfide homodimers™ *, likely linked in their stalk regions.
However, the structure of NKp65:KACL complex® is the only one among all complexes of
the human CTL receptor:ligand subfamily that has been solved so far. A subsequent study
further showed that the interaction between NKp65 and KACL is protein-based and
independent of glycosylation®. Based on these data, a model of the NKR-P1:LLT1 complex
was subsequently proposed, and key interaction residues were identified through surface
plasmon resonance (SPR) analysis of NKR-P1 and LLT1 mutants, highlighting the fast
kinetics of this interaction® 4°. Furthermore, the structures of related mouse NKR-P1B
ectodomain complexed with murine cytomegalovirus (MCMV) immunoevasin protein m12, or
with its cognate ligand Clrb, have been recently reported*" “2. Notwithstanding, no
comprehensive model of the CTLR:ligand complexes' dimer:dimer interaction, corresponding
to the natural state of these proteins when expressed on the cells' surface, is available yet.
Previously, we reported the first structure of LLT14® forming a non-covalent dimer following
the conserved dimerization mode of CLEC2-encoded ligands, regardless of glycosylation*.
Here, we investigated the structure of human NKR-P1 and examined the effects of NKR-P1
dimerization on LLT1 binding, thereby solving the structure of the human NKR-P1 receptor.
Accordingly, in this study, we show that NKR-P1 forms a non-covalent dimer that differs from
the dimerization mode observed for CD69% 6, Clrg?’, and LLT1%, and we discuss the role of

glycosylation in its dimerization. Furthermore, the crystal structure of NKR-P1 in complex
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with LLT1 explains the previous in-solution interaction observations while simultaneously
showing a novel assembly of this complex utilizing two different non-symmetric binding sites
on LLT1. Lastly, by combining dSTORM nanoscopy cluster analysis of NKR-P1 on the cell
surface with data from the obtained crystal structures, biophysical interaction and structural
analyses in solution, and in vitro NK cell killing assays, we show for the first time that human
NKR-P1 receptor overcomes its weak affinity for LLT1 by ligand binding-induced cross-
linking and clustering, thus elucidating the mode of signal transduction of this receptor within

the NK cell immune synapse.

Results

Structure of the human NKR-P1 ectodomain

Two crystal structures of the human NKR-P1 ectodomain were solved: the structure of
glycosylated NKR-P1 possessing uniform Asn-GlcNAc:Mans N-glycans (NKR-P1_glyco) and
of deglycosylated NKR-P1 with N-glycans cleaved off after the first GIcNAc residue (NKR-
P1_deglyco); statistical data on all structures are outlined in Table 1. NKR-P1 in both crystal
structures follows the general fold characteristic of a CTL domain — two a-helices (a1 and
a2) and two antiparallel B-sheets with the conserved hydrophobic WIGL motif within the
domain core (Figs. 1 and 2a). The two B-sheets are formed by B-strands (30, B1, B1' and 5,
and B2, B2', B3, and B4, respectively (assignment according to Zelensky and Gready®, also
used to describe other related CTL structures®” “°). In addition, three intramolecular disulfide
bonds stabilize the domain: Cys94-Cys105, Cys122-Cys210, and Cys189-Cys202.

Table 1. Data processing statistics and structure refinement parameters. Values in parentheses refer to the highest
resolution shell.

Crystal structure NKR-P1 glyco NKR-P1 deglyco NKR-P1:LLT1

PDB code 5MGR 5MGS 5MGT
Data processing statistics

Space group P3+21 P1 P212124

Unit-cell parameters a, b, ¢ (A); a,

68.24, 68.24, 127.19;

44.81, 68.40, 101.56;

44.58, 80.15, 272.95; 90,

B.y() 90, 90, 120 101.88, 100.72, 100.64 90, 90
Resolution range (A) 43.3 '11_88051 84— ;‘18_9638_’11 Q%O) 76.90 — 1.90 (1.94 — 1.90)
No. of observations 1287150 (76917) 610421 (26224) 1452154 (80494)

No. of unique reflections 32555 (1900) 87081 (4353) 78617 (4472)

Data completeness (%) 100 (100) 97.9 (95.1) 100 (99.9)
Average redundancy 39.5 (40.5) 7.0 (6.0) 18.5(18.0)
Mosaicity (°) 0.08 0.09 0.05
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Average lio{l) 41.0(7.4) 129 (1.7) 14.0 (3.0)
Solvent content (%) 47 42 57
Matthews coefficient (A*/Da) 232 213 232
Rmerga! 0.061 (0.637) 0.085 (0.894) 0.153 (0.976)
Rpim 0.010 (0.102) 0.053 (0.618) 0.052 (0.337)
CC1/2 1.000 (0.975) 0.999 (0.671) 0.998 (0.890)
Structure refinement parameters
Rwork 0.167 0.157 0.166
Riree 0.202 0.207 0.201
Ran 0.168 0.157 0.166
Average B-factor (A?) 33 32 26
RMSD bond lengths from ideal (A) 0.016 0.018 0.019
RMSD bond angles from ideal (°) 1.7 1.8 1.8
Number of non-hydrogen atoms 2481 8344 7030
Number of dimers per asymmetric 1 LLT1 (AB), 2 NKR-P1 (CD,
unit (chains) 1 NKR-P1 (AB) 4 NKR-P1 (AB, CD, EF, GH) EF)
Number of watgr molecules in the 225 682 691
asymmetric unit
- AB 95, AB 147
Positions of modeled GIcNAc C 116, ABCEFGH 157, : !
residues AB 116, AB 169 ABCDEFGH 169 F 116, CDF 157, CDEF 169
Ramachandran statistics: residues
in favored regions (%); number of 98; 0 98; 0 98; 0
outliers*®

R,im = Zh Zi (nh - 1)_1/: Iy — <‘[h>‘/zhzi]hi , and

, where [hi is the observed intensity, <Ih> is the mean intensity of multiple

FRise = 20 2l = () 2 2
R= Zh ||‘va1,an _|Fh,calc /Zh‘}:‘h,obs

observations of symmetry-related reflections, while -F;mbs and Fh

cale a@re the observed and calculated structure factor

amplitudes, respectively. mek is the R factor calculated on 95% of reflections excluding a random subset of 5% of

reflections marked as "free". The final structure refinement was performed on all observed structure factors.

Human NKR-P1 homodimer is similar to murine dectin-1 homodimer

The asymmetric unit of NKR-P1_glyco contains two monomers, whereas the asymmetric
unit of NKR-P1_deglyco contains eight NKR-P1 monomers. All these monomers are
arranged into very similar homodimers, with pairwise RMSD on C® atoms up to 0.5 A (Fig.
2b). However, these homodimers have an unexpected configuration: they do not follow the
usual dimerization mode observed for CTLDs of the CLECZ2 ligands such as CD69 or LLT1
with helix a2 at the dimerization interface. Instead, the dimerization interface of NKR-P1 is

formed by helix a1, as in the murine C-type lectin-like pattern recognition receptor dectin-14°,
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with which human NKR-P1 shares only 32% sequence identity of the CTLD (Fig. 2c). The
RMSD of the C* atoms between NKR-P1 and dectin-1 dimers is 3.7 A in the overlapping
region (matching 196 from the total of 250 residues of the NKR-P1 dimer). The structurally
distinct region mainly covers helices a2, whose positions differ up to 7 A between NKR-P1
and dectin-1. We also observed a highly similar arrangement with helix a1-centered
dimerization interface in the structure of a covalent disulfide dimer of rat NKR-P1B receptor
ectodomain® (Fig. S1a) with 1.4 A RMSD of the C* atoms between these two dimers (PDB
ID 5J2S, manuscript in preparation). On the contrary, the non-classical dimer of mouse NKR-
P1B observed in the PDB ID 6E7D structure** has an entirely different overall arrangement
(Fig. S2a).

The dimerization interface of the NKR-P1 homodimer consists of six protein-protein and
several water-mediated hydrogen bonds (Tab. S1), a peptide bond interaction via
delocalized electrons (Lys126-Glu127), and a small hydrophobic core comprising Leu119,
Ala120, and lle168 from both chains (Fig. S3). The contact surface area is ca. 500 A2
Compared with the helix o2-centered LLT1 dimer (7-12 hydrogen bonds, stronger
hydrophobic core, 500-800 A? contact surface area)*, the helix al-centered NKR-P1 dimer

forms through a smaller contact surface area with fewer contact residues.

———————
po p1 Lo al p1 a2 Lo p2
NKR-P1 TT =T b Q000000000 -
90 100 110 120 130 140 150
NKR-P1 ...GLLNCPIYWQQLREKCLLFSHTVNPWNNSLADCSTKESSLLLIRDKDELIHTQNLIRDKAILFWIGL
NKp65 -+ - HNYLCPNDWLLNEGKCYWFSTSFKTWKESQRDCTQLQAHLLVIQNLDELEFIQNSLEKPG.HFGWIGL
NKp80 SADQTIVLCQSEWLKYQGKCYWFSNEMKSWSDSYVYCLERKSHLLIIHDQLEMAFIQKNLRQL.NYVWIGL
1 1 F4 FYYYY S
—
L1 p2’ L2 L3 B3 LS B4 L6 Bs
NKR-P1 =% TTT =#TT TT TT > »>TT >
160 170 180 190 200 210 220
NKR-P1 NFSLSEKNWKWINGSFLNSNDLEIRGDAKENSCISISQISVYSEYCSTEIRWICQKELTPVRNKVYPDS
NKp65 YVIFQGNLWMWIDEHFLVPELFSVIGPTDDRSCAVITGNWVYSEDCSSTFKGICQRDAILTHNGTSGV.
NKp80 NFTSLKMTWTWVDGSPIDSKIFFIKGPAKENSCAAIKESKIFSETCSSVFEWICQY . .. ...
'YV 3 A AA AAAA3 A A 2
b —_— —
B0 p1 Lo ol B1* o2 LO p2 L1
LLT1 TT =T b 2000000000 - Q0000000000 — TT
B8O 920 100 110 120 130 140

LLT1 QAACPESWIGFQRKCFYFSDDTKNWTSSQRFCDSQDADLAQVE
EKACL PVACSGDWLGVRDECFYFSDDTRNWTASKIFCSLQKAELAQ

SFQELNFLLRYKGPSDHWIGLSREQGQ
TQEDMEFLKRYAGTDMHWIGLSRKQGD

AICL QSLCPYDWIGFQNEKCYYFSKEEGDWNSSKYNCSTQHADLTIIDNIEEMNFLRRYKCSSDHWIGLKMAKNR
1 1 2 A AA A —
p2r L2 L3 p2r p3 L5 P4 L6 ps
LLT1 T T - TT TT
15? 16? 11’9 >* 18? 19?

LLT1 PWKWINGTEWTRQFPILGAGECAYLNDKGASSARCYTERKWICSKSDIHV
KACL SWEKWTNGTTFNGWFEIIGNGSFAFLSADGVHESRGFIDIKWICSEKPKYFL
AICL TGQWVDGATFTKSFGMRGSEGCAYLSDDGAATARCYTERKWICRERIH. .

A Adddda 3 A Ak 3 2

Figure 1. Sequence alignment of human NKC-encoded receptor:ligand pairs showing shared structural and functional
sequence motifs. Secondary structure elements and loop regions (L) are denoted for NKR-P1 and LLT1 above the alignments.
The paired numbers at the bottom indicate the disulfide pairs in the NKR-P1 and LLT1 structures; asterisks mark His176Cys
mutation in LLT1 and lle168 residue in NKR-P1. The predicted N-glycosylation sites of NKR-P1 and LLT1 are denoted with
orange triangles. The conserved WIGL motifs are underlined in black. Blue lines above the sequence indicate the regions
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involved in forming the non-covalent dimers of NKR-P1 or LLT1. Conserved residues are marked red; bold letters denote strictly
conserved residues. (a) Sequence alignment of CTLDs of human NKR-P1-related NK cell receptors, i.e., human NKR-P1,
NKp65, and NKp80. NKR-P1 residues contacting LLT1 in the NKR-P1:LLT1 complex in the primary binding mode, and NKp65
residues contacting KACL in the NKp65:KACL complex, are highlighted in green. Purple triangles indicate NKR-P1 residues
that engage LLT1 in the NKR-P1:LLT1 complex in the secondary binding mode. (b) Sequence alignment of CTLDs of LLT1-
related human CLECZ ligands, i.e., LLT1, KACL, and AICL. LLT1 residues contacting NKR-P1 in the NKR-P1:LLT1 complex in
the primary binding mode, and KACL residues contacting NKp65 in the NKp65:KACL complex, are highlighted in green. Purple
triangles indicate LLT1 residues that engage NKR-P1 in the NKR-P1:LLT1 complex in the secondary binding mode.

dectin-1
helix ae1-centered dimer

LLT1
helix a.2-centered dimer LLT1 & NKR-P1

Figure 2. The structure of human NKR-P1 shows a unique dimerization interface. (a) Ribbon diagram of the NKR-P1
CTLD. Secondary structure elements are labeled in different colors: helix a1 is red, helix a2 is yellow, and B-strands and loops
are cyan. (b) Comparison between NKR-P1 dimers formed by the glycosylated (cyan), deglycosylated free (green), and LLT1-
bound (blue) forms of NKR-P1. (¢) Comparison between helices a1- and a2-centered dimerization of murine dectin-1 (PDB 1D
2CL8, magenta) and human LLT1 (PDB ID 4QKI, green), respectively; helices a1 and a2 are shown in red and yellow.
Structural alignments of dectin-1 and NKR-P1 homodimers and LLT1 and NKR-P1 homodimers, prepared by aligning only one
monomer from each dimer, are shown on the right-hand side. Although the CTLD fold is conserved in each pair of the aligned
monomers, the helix al1- and helix a2-centered dimers show inverse arrangement.
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Glycosylation of human NKR-P1 affects its dimerization

The NKR-P1 ectodomain contains three potential N-glycosylation sites at residues Asn116,
Asn157, and Asn169 (Fig. 1a). Glycosylation at Asn169 is visible in the electron density
maps of both NKR-P1_glyco and _deglyco structures: in NKR-P1_glyco, the complete
GIcNAcz2Mans carbohydrate chain is localized in chain A, whereas a partial GlcNAc:Mans
chain is localized in chain B (Fig. S3a). In NKR-P1_deglyco, a single GlcNAc unit remaining
at Asn169 can be well-identified in all eight NKR-P1 chains. Interestingly, the localized first
GIcNAc units linked at Asn116 in NKR-P1_glyco and the overlapping GIcNAc units at Asn116
and Asn157 remaining in NKR-P1_deglyco participate in dimerization contacts with residues
of helices a1 and regions 2, L1, and p2' of the opposite subunit of the NKR-P1 homodimer
(Fig. S3b). In NKR-P1_glyco, five hydrogen bonds between Asn116:GIcNAc and the
opposite subunit stabilize the helix a1-centered homodimer (Tab. S1). The contact surface
area between the opposite chain of NKR-P1 and the localized GIcNAc unit is approximately
125 A2,

In NKR-P1_deglyco, density at the homodimer interface can accommodate the remaining
GIcNAc unit of either Asn116 of one chain or Asn157 of the opposing chain of the NKR-P1
dimer (for details, see Methods, Tab. 1, and Fig. S3c). Conversely, in NKR-P1_glyco, the first
GIcNAc unit at Asn116 is well defined in electron density in both chains, A and B, of the
NKR-P1 dimer, while no electron density was found for glycosylation at Asn157. This
suggests that although the glycosylation on either Asn116 or Asn157 can contribute to the
dimer formation, dimerization might be impaired by steric hindrance if both N-glycans are
present simultaneously. To test this hypothesis, we expressed NKR-P1 S159A mutant, thus
abrogating glycosylation on Asn157. The overall fold of the mutant is comparable to the wild-
type NKR-P1, as assessed by CD spectroscopy (Fig. S4a). Indeed, when analyzed by
analytical ultracentrifugation, the mutant protein exhibited substantial levels of oligomeric
species (Fig. S4b), whereas the wild-type NKR-P1 ectodomain is purely monomeric®'. Thus,
glycosylation heterogeneity may affect the propensity of human NKR-P1 to dimerize and,

therefore, its ability to form multimeric complexes with LLT1.

Structure of the human NKR-P1:LLT1 complex

The crystal structure of the NKR-P1:LLT1 complex is formed by deglycosylated NKR-P1 and
LLT1 ectodomains. The asymmetric unit of the crystal contains a complex of dimeric NKR-
P1 with dimeric LLT1 and an extra dimer of NKR-P1 (Fig. 3a). These NKR-P1 dimers have
the same helix a1-centered dimerization interface as the structures of the unbound NKR-P1
dimers described above (Fig. 2b). The LLT1 dimer retains the expected helix a2-centered

dimerization mode (Fig. 2c), identical to that described previously in unbound LLT1
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structures*®. LLT1 has clearly identifiable GIcNAc units at residues Asn95 and Asn147. The
NKR-P1 glycosylation observed in the electron density of the complex matches the
glycosylation identified in the NKR-P1_deglyco structure.

The LLT1 homodimer engages its partner bivalently, i.e., one dimer interacts with two NKR-
P1 dimers related by crystallographic symmetry: each LLT1 monomer binds to a different
subunit of a distinct NKR-P1 homodimer (Fig. 3a). There is no apparent induced fit of the
binding partners — the RMSD of C® atoms between the non-interacting and the interacting
NKR-P1 dimers (NKR-P1_glyco and the complex) is 0.5 A, and that of LLT1 (PDB ID 4QKH
and the current complex) is 0.7 A. Moreover, the N-linked glycosylation chains do not directly

contribute to the interaction.

LLT1 engages NKR-P1 in two distinct interaction modes

NKR-P1 and LLT1 establish two types of contact in this structure — the primary (LLT1 chain
B:NKR-P1 chain D) and the secondary (LLT1 chain A:NKR-P1 symmetry-related chain C)
interaction modes. The primary interaction mode matches well the structure of the
homologous human NKp65:KACL complex (PDB ID 4I10P)* — the RMSD of C® atoms of the
two complexes is 1.3 A (one chain of the receptor and one chain of the ligand in each case,
Fig. 3b, lower left). Similarly, in the structure of mouse NKR-P1B complexed with MCMV
immunoevasin m12, the observed interaction interface matches the primary mode in the
present structure of the human NKR-P1 complex, although the area covered by the m12
protein is considerably larger (Fig. S1b,c)*'. The recently described structure of the mouse
NKR-P1B:ClIrb complex (PDB ID 6E7D)* also showed an interaction interface common for
both NKR-P1 receptors (Fig. S2b,c). However, the receptor:ligand arrangement observed in
the second interaction mode of the NKR-P1:LLT1 complex is unique and differs from all
known homologous complexes in the orientation of the ligand (Fig. 3b, lower right, Fig. S2b).
The interaction interfaces of human NKR-P1 involved in both primary and secondary
interaction modes are very similar. They are formed mainly by the membrane-distal residues
of the LO, L3, L5, and L6 loops and by B3 and B4 strands (Fig. 3c,d) that form a flat surface
for interaction with LLT1. By contrast, in LLT1, the primary and secondary interaction
interfaces are substantially different, albeit sharing a small number of residues. While the
loops LO', LO, L3, L5, L6 and strands (33 and B4 form the primary interaction patch of LLT1
(Fig. 3c), residues of the loops L2 and L5, strand (32" and helix a2 are involved in the second
interaction interface (Fig. 3d). Both interaction modes place the membrane-proximal parts of
the receptor and the ligand on opposite sides of the complex, creating a plausible model for
interaction between two neighboring cells.

The primary interaction mode is established through nine direct and several water-mediated
hydrogen bonds, in addition to two charge-supported and m-m stacking (Tyr201-Arg175)
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interactions, with a total contact surface area of ca. 800 A? (Tab. S1). The four strongest
bonds occur between the NKR-P1 residues Arg181, Tyr201, Lys148, and Ser199 and the
LLT1 residues Glu179, Glu162, Ser129, and Tyr177, respectively (Fig. 3c). The second
interaction mode is established through five direct hydrogen bonds, two charge-supported
and a hydrophobic (LLT1:Pro156 — NKR-P1:Ala149, Leu151) interaction, with a total contact
surface area of ca. 550 A? (Tab. S1). The three strongest bonds occur between the NKR-P1
residues Asp147, Ser199, and Arg181 and the LLT1 residues Arg153, Lys169, and Asn120,
respectively (Fig. 3d).

Besides interaction with LLT1, NKR-P1 dimers bound in primary and secondary mode also
have non-negligible mutual accessory contact (NKR-P1 chain D and NKR-P1 chain C in
symmetry-related position). The interface area has 440 A? and is established through seven
direct hydrogen bonds (Tab. S1). Four residues are towering above the interface: Asn143
and Arg146 of chain D and Asn174 and Asn176 of chain Csym (none of the asparagine
residues is a glycosylation site). The interface also has several water-mediated contacts.

10
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Primary mode

d Secondary mode

NKR-P1 D147

LLT1

Figure 3. The structure of the NKR-P1:LLT1 complex shows two distinct binding modes. (a) The overall organization of
the complex crystal structure. The LLT1 dimer (green/lemon) contacts the NKR-P1 dimer, formed by the blue monomer and the
cyan monomer. The second blue-cyan NKR-P1 dimer is related to the first by crystal symmetry. The cyan NKR-P1 monomer
interacts with LLT1 in the primary interaction mode, whereas the blue NKR-P1 monomer engages LLT1 using the secondary
interaction interface. Black asterisk marks the mutual accessory contact of NKR-P1 bound in primary and secondary mode.
Additionally, the asymmetric unit of the crystal contains another NKR-P1 dimer (pink/magenta) lacking contact with LLT1. (b)
Overall comparison of the structure of dimeric KACL (purple) in complex with two NKp65 monomers (red; PDB ID 4I0P) and
the structure of the LLT1 dimer (green/lemon) with the two interacting NKR-P1 molecules in the primary (cyan, left side) and
secondary (blue, right side) binding modes. Comparison with only the primary or secondary NKR-P1:LLT1 interaction modes is
highlighted in the lower section (both in a side view, using 90° y-axis rotation). (¢) NKR-P1:LLT1 primary interaction interface.
Contact residues within 5 A distance are colored in yellow. Amino acids forming the four strongest contacts are highlighted in
red. (d) NKR-P1:LLT1 secondary interaction interface. Contact residues within 5 A distance are colored in yellow. Amino acids
forming the three strongest contacts are highlighted in magenta.
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NKR-P1:LLT1 complex formation in solution

To characterize the size and shape of the NKR-P1:LLT1 complex in solution, we have
performed analytical ultracentrifugation (AUC), microscale thermophoresis (MST), and small-
angle X-ray scattering coupled to size-exclusion chromatography (SEC-SAXS) experiments.
The acquired AUC data are concentration-dependent and reflect the dynamic nature of this
interacting system, similar to the results from the SEC-SAXS measurements. The free
human NKR-P1 ectodomain is monomeric, with a sedimentation coefficient sxw of 2.1 8
corresponding to an estimated molecular mass of 18 kDa, matching the expected value of
17.5 kDa closely. The LLT1 ectodomain forms a stable non-covalent dimer (2.9 S) that does
not dissociate into monomers, except in very low concentration (previously characterized in
Skalova et al., 2015* and Blaha et al., 2017°"). When increasing the loading concentration
of the NKR-P1:LLT1 equimolar mixture, the sedimentation coefficient of the complex
increases as well, reaching an sxow value of 3.7 S at the highest analyzed concentration
(Fig. S4c). This value, when corrected for non-ideality caused by the high protein loading
concentration used (18 mg/ml), corresponds to an estimated zero-protein-concentration
sedimentation coefficient s%ow value of 4.5S, and a moderately elongated particle with
approximate dimensions of 10-15 x 4-5 x 4-5 nm. That compares well with the 8-10 x 5—
6 x 4-5 nm dimensions expected for the possible NKR-P1:LLT1 interaction assemblies
observed in the complex's crystal structure, i.e., monomer:dimer:monomer or dimer:dimer
(note that while N-glycan chains are not present in the deglycosylated complex's structure,

they were present during all our analyses in solution).

Secondary interaction mode is involved in NKR-P1:LLT1 binding in solution

To understand whether the secondary interaction mode observed within the crystal structure
is also utilized in the solution, we designed an N120R, R153E, K169A triple mutant of LLT1
(LLT1S™), thus abolishing the three strongest contacts in the LLT1 secondary interaction
interface (Fig. 3d). The LLT15™ mutant was expressed and purified in the same way as the
wild-type LLT1, and it also displayed a comparable CD spectrum (Fig. S4a). NKR-P1:LLT15M
equimolar mixture concentration series reached an szow value of 3.3 S (corresponding to an
estimated s%o. value of 3.9 S), clearly showing the formation of the complex of a smaller
size compared to the wild-type NKR-P1:LLT1 mixture, possibly a monomer:dimer assembly
(Fig. S4d). By integrating the whole continuous size distribution ¢(s) curves and plotting the
resulting weight-average S values against the LLT1 proteins' concentrations used, binding
isotherms were constructed for both dilution series and firstly best-fit to the simplest hetero-
association binding model A+B&AB, where A is the LLT1 dimer and B is the NKR-P1

monomer (Fig. S5a). LLT15™ showed about three-fold weaker overall affinity than the wild-
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type LLT1, which was further corroborated by independent MST analysis using fluorescently
labeled NKR-P1 titrated with LLT1 or LLT15'™ (Fig. S5b). To analyze the difference between
wild-type LLT1 and LLT15™ concerning the binding of the second NKR-P1 monomer, we also
best-fit the data using the A+B<~AB+B<~BAB model (Fig. S5¢). While for the wild-type LLT1
this improved the fit and provided two different Kp values, possibly corresponding to primary
and secondary interaction modes, for LLT15™, the fitted Kp values remained unchanged,
disproving binding of the second NKR-P1 monomer. Similarly, when the AUC and MST data
were globally fit together with the AUC parameters fixed at the previously best-fit values, the
LLT15™ MST data could be fitted equally well with both AB and BAB model while the fit is
poor for the AB model in the case of wild-type LLT1 (Fig. S5d). Taken together, our data
show that the secondary interaction interface is not just a crystal contact, but it contributes

significantly to the overall affinity of the NKR-P1:LLT1 interaction.

SEC-SAXS analysis confirms NKR-P1:LLT1 higher-order complex formation

The observation of assemblies of even higher-order is unlikely in the AUC sedimentation
velocity experiment, given the fast kinetics of this interaction, the long time scale of the
experiment, and the fact that protein concentration steadily decreases along the
sedimentation boundary. However, the NKR-P1:LLT1 complex's crystal structure suggests a
chain-like arrangement of receptor:ligand dimers. To determine if any such assemblies exist
in the solution, we performed SEC-SAXS analysis of the NKR-P1:LLT1 equimolar mixture at
15 mg/ml loading concentration. Two distinct peaks of absorbance at 280 nm, corresponding
to two distinct SAXS peaks, were observed in the SEC-SAXS experiment (Fig. 4). For
analysis and ab initio modeling of the SAXS envelopes, we sampled and merged four data
intervals from the first peak and two data intervals from the second peak (Figs. 4 and S6).
The radius of gyration calculated from the SAXS signal steadily decreases with the retention
volume, with two small plateaus in the main peak, suggesting a dynamic balance between
complex formation and dissociation (Fig. 4). As a result, the merged scattering curves could
not be fitted well to scattering curves simulated from any single structure of the NKR-
P1:LLT1 complex or its components. For further analysis, we constructed models of
assemblies of NKR-P1:LLT1 complex in varying lengths (number of protein chains),
considering all possible permutations of the order of the molecules using only primary, only
secondary, or both interaction modes in alternating fashion. The resultant library of all these
models was then used by the OLIGOMER software to best-fit the observed SAXS
experimental curves. By this approach, the sampled SAXS data fit reasonably well to the
superimposed calculated scattering curves of groups of NKR-P1:LLT1 complex structures of
higher stoichiometry (x2 1.29 — 3.47; note that complete glycosylation was not modeled but it

contributed to the scattering; Fig. S6). Following the continuously decreasing radius of
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gyration calculated from the SAXS data, the stoichiometry of the best-fit structures of the
NKR-P1:LLT1 complex continuously decreases with the retention volume as well. SAXS
scattering curve of the first peak is best-fit with two to three LLT1 dimers interacting in a
chain-like oligomer with two to three NKR-P1 dimers, the curve of the second peak to one
LLT1 dimer interacting with one NKR-P1 dimer in primary or secondary mode. The most
abundant components of the superimposed structures are best-fit to the averaged ab initio
SAXS envelopes in Fig. S6. Notably, OLIGOMER generally favored assemblies utilizing the
secondary interaction mode against models with the primary mode alone.

SAXS frame number
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Figure 4. SEC-SAXS analysis of NKR-P1:LLT1 shows higher-order complex formation. Overlay of the size-exclusion
chromatography profile (black line) and SAXS scattering signal (red line) for the NKR-P1:LLT1 equimolar mixture at 15 mg/ml
loading concentration. Both signals show two distinct peaks. For each collected SAXS frame, the radius of gyration was
calculated using AUTORG (blue circles). For the calculation of ab initio SAXS envelopes and further analysis by OLIGOMER
(Fig. S6), six intervals of the SAXS data were selected and merged (frames 355-367, 368-378, 379-388, 389-399, 431-440,
481-491; denoted as columns with diagonal hatching). SAXS scattering curve (a), Kratky plot (b), and pair distance distribution
function (c) for the intervals 389-399 and 481-491 are shown in the inset for data quality assessment of the merged data.
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NKR-P1 signal transduction in live cells

To answer the guestion of the biological relevance of these higher-order complexes in the
context of a live cell, we performed single-molecule localization microscopy studies with
NKR-P1-expressing cell line and quantified the surface distribution of NKR-P1 with respect
to LLT1 or LLT15™ binding. Next, we analyzed the effect of soluble LLT1 or LLT15™ on the

inhibitory potential of native NKR-P1 expressed on the surface of freshly isolated NK cells.

LLT1 ligation induces NKR-P1 receptor clustering

Full-length NKR-P1 transfectants generated using the piggyBac system were induced to
express the receptor in a limited density to allow for single-molecule localization microscopy.
Cells were then incubated in the presence or absence of soluble LLT1 or LL15™, fixed, and
labeled with anti-NKR-P1 Alexa-647 mAb. Direct stochastic optical reconstruction
microscopy (dSTORM) images were acquired, and Voronoi tessellation cluster analysis was
used to assess the effect of soluble LLT1 on the nanoscale organization of NKR-P1 on the
cell surface (Fig. 5a). In the absence of LLT1, we detected clusters of events with an
average area of 1870 + 777 nm? (Fig. 5b) and an average diameter of 41 £ 7 nm (Fig. 5c),
mostly clusters with a diameter ranging from 10 to 40 nm (Fig. 5d), indicative of Alexa-647
doubly labeled NKR-P1 homodimers (ca. 6 nm + 10 nm linking error per each mAb + 15 nm
of localization precision). The addition of soluble LLT1 significantly increased the cluster
diameter (to 47 + 6 nm; p < 0.0001, Fig. 5¢,d), the cluster area (2713 * 1180 nm? p <
0.0001, Fig. 5b) and the number of events detected in the clusters (38.8 + 12.3; p < 0.0001,
Fig. 5e), whereas the density of events in clusters remained unchanged, as expected (Fig.
5f). Furthermore, the effect of LLT15™ addition on NKR-P1 nanoscale organization was
statistically indistinguishable from the negative control while being significantly different from
the effect of LLT1 addition. Therefore, the secondary interaction interface in LLT1 is
necessary for the formation of larger nanoscale NKR-P1 clusters upon interaction. No
significant difference in the total density of events per inner cell surface (evaluated area) was
found (Fig. 5g), pointing to stable expression levels of NKR-P1 throughout the measurement.
Consequently, the size of NKR-P1 nanoclusters increases (beyond one homodimer unit) not
because of differences in NKR-P1 expression levels but because LLT1 cross-links two or

more NKR-P1 homodimers.
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Figure 5. Soluble LLT1 affects NKR-P1 distribution on the cell surface. NKR-P1 stable transfectants were incubated in the
presence or absence of soluble LLT1 or LLT15™
microscopy. (a) Representative brightfield (BF) and dSTORM images of full-length NKR-P1 HEK293 stable transfectants on
PLL-coated slides incubated without (black) or with LLT1 (red) or LLT1%™ (green), fixed and stained with Alexa-647-labeled anti-

NKR-P1 mAb; scale bars represent 5 um. The 10 pm? regions (red boxes in dSTORM images) are magnified and shown with

, and the cell surface distribution of NKR-P1 was monitored by super-resolution

corresponding cluster maps and binary maps, scale bars represent 1 pm. (b-g) Analysis of full-length NKR-P1 clustering:
average cluster area (b), average cluster diameter (c), size distributions of cluster diameters overlaid with Poisson distribution
functions (d), average events per cluster (e), density of events detected per cluster (f) and total density of the detected events
(g). In (b,c) and (e,f), each plotted point represents the mean value obtained from the analysis of the total inner surface of a
single cell. The horizontal bar represents the overall mean value, the box represents the interquartile range, and the error bars
represent SD. Data are from 46 NKR-P1* control cells and 41 or 47 NKR-P1* cells incubated with LLT1 or LLT15™ in seven or
four independent experiments, respectively. One-way ANOVA with Bonferroni correction, *p < 0.05, **p < 0.01, ***p < 0.001,

Ak

p < 0.0001, ns. non-significant.
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LLT1 secondary interaction mode is required for NKR-P1 inhibitory signaling

An NK cell-mediated cytotoxicity assay was performed to investigate further the influence of
NKR-P1 cluster formation on cellular signalization. NK cells isolated from the blood of three
different healthy donors were activated with IL-2 and mixed with the K562 target cells in a
40:1 effector:target cell ratio and incubated for 4 hours with PBS buffer as a negative control
or with the soluble LLT1 or LLT1%™ (both in two different concentrations). In the absence of
NKR-P1 ligand, K562 cells are well-susceptible to NK cell-mediated lysis (Fig. 6, PBS
control, less than 10% live K562 cells). The lysis was substantially blocked in the presence
of soluble LLT1, as expected. By contrast, the LLT1°™ variant with a mutated secondary
interaction interface was incapable of blocking NK cell-mediated cytotoxicity. As observed by
dSTORM on the cell surface (Fig. 5), LLT15™ does not promote NKR-P1 cluster formation.
This mutant also fails to signalize via the NKR-P1 inhibitory receptor pathway. Therefore,
based on both the microscopy and the cytotoxicity assay data, we conclude that NKR-P1
clustering triggered by LLT1 ligation is biologically relevant and indispensable for cellular

signalization.
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Figure 6. Inhibitory effect of soluble LLT1 on the NK cell-mediated cytotoxicity. NK cells from three different donors (blue,
red, and green) and K562 target cells were incubated with PBS buffer only (negative control) or with the soluble LLT1 or
LLT15™ proteins, both in 50 and 250 uM concentrations corresponding to the 1x and 5x% Kp values, respectively, as analyzed by
the AUC for the primary interaction mode (cf. Fig. S5). Results are represented as means of live K562 cells in each condition
with standard deviation. When applicable, data were statistically evaluated by one-way ANOVA. Considering p < 0.05 as
statistically significant, the inhibitory effect of soluble LLT1 significantly differs from LLT15™, which does not differ from the
condition without any NKR P1 ligand.
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Discussion

Comparison with homologous NK cell receptor:ligand complexes

Currently, there are only two similar CTL:CTL NK cell receptor:ligand complexes with known
3D structure: human NKp65:KACL® and mouse NKR-P1B:Clrb*?. These homologous
complexes are topologically similar to the primary interaction mode of the NKR-P1:LLT1
complex (Fig. 3b). Sequence identity of the extracellular part of NKR-P1 with NKp65 is 33%
and with murine NKR-P1B 42%, while sequence identity of the extracellular part of LLT1 with
KACL is 49% and with murine Cirb 51%. The structure of the human NKp65:KACL complex
comprises two monomeric NKp65 units interacting separately and symmetrically with a
dimeric KACL ligand. Crystal structure of the murine NKR-P1B:Clrb complex shows two Clrb
dimers interacting with one NKR-P1B dimer placed between them (each Cirb dimer interacts
with one of the two NKR-P1B chains). The arrangement of the murine complex is similar to
the herein presented NKR-P1:LLT1 complex's structure, apart from the fact that the murine
complex is symmetric while we observe two distinct binding interfaces, the primary and the
secondary interaction mode of LLT1.

Despite different oligomeric forms of NKR-P1:LLT1, NKR-P1B:Cirb, and NKp65:KACL
complexes, the primary receptor:ligand interaction is similar in all three cases at the level of
monomer:monomer superposition — the receptor:ligand pair of monomers overlaps basically
along the whole chain. The most structurally conserved regions are generally sequentially
conserved beta-sheets in the core of the proteins. Figure 7 shows in red the fragments with
conserved 3D position, amino acid type, and length of at least three amino acids. Such
criteria are fulfilled by these fragments: in ligands — KCFYFS (in human LLT1 residues 85-
90), NWT (95-97), WIGL (132-135), WKW (143-145), and WICSK (182-186), and in
receptors — WIGL (in human NKR-P1 residues 153-156) and ICQ (209-211). Therefore, it
seems that for their interaction, the mutual orientation of the receptor and ligand scaffold is
more important than the actual interaction interface.

We noted only three amino acid interaction pairs conserved in the interaction interface in at
least two out of the three homologous complexes. They are gathered around residues
Tyr165-Tyr171-Phe148, Arg175-Arg181-Arg158, and Tyr177-Tyr183-Phe160 of the ligand
(Tab. S2). The arginine residues form equivalent hydrogen bonds in Clrb and KACL cases. In
LLT1, the arginine assumes a different conformation and forms an intramolecular hydrogen
bond with Asn183. The primary interaction mode in NKR-P1:LLT1 mainly relies on main
chain contacts that enable fast kon/kos kinetics, thus corroborating the previously published
SPR-based findings® *, and our AUC analysis. Hence, a topologically similar complex is
formed in all three cases, although the underlying intermolecular mechanism of recognition

is semi-independent of the actual fold and amino acid composition. However, the secondary
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interaction mode is unique to the NKR-P1:LLT1 complex and is not found in the other related

complexes.

a

Figure 7. Anatomy of NK cell CTL receptor:ligand interactions. (a) The primary mode of interaction between human NKR-
P1 (blue) and LLT1 (green). The residues colored red show conserved sequence fragments at least three residues long
corresponding structurally in the superposition of the three receptor:ligand interaction pairs (primary mode of human NKR-
P1:LLT1, murine NKR-P1B:ClIrb, and human NKp65:KACL). The residues partially conserved at their interaction interface (see
Tab. S2) are shown as sticks for the case of NKR-P1:LLT1. (b) Overlapped interaction pairs of the primary mode of human
NKR-P1:LLT1 (green), murine NKR-P1B:Clrb (cyan), and human NKp65:KACL (magenta).

Effect of receptor a1-centered dimerization on complex affinity

Li et al.* reported that the orientation of NKp65 bound to its ligand precludes the putative
a2-centered dimerization of NKp65. Similarly, a hypothetical NKp65 a1-centered dimer is
implausible as well, based on steric hindrance and the lack of stabilizing interactions. This
observation contrasts with the ai-centered dimerization of NKR-P1 present in both its
unbound and complexed crystal structure. Interestingly, the single-nucleotide polymorphism
(SNP) c.503T>C of the human KLRB1 gene, causing the substitution of isoleucine 168 for
threonine in the NKR-P1 CTLD, was reported to have a 37% frequency of the Thr168
allele®. The authors showed that the Thr168 isoform of NKR-P1 has a lower affinity to LLT1
and a weaker inhibitory effect on NK cells. They proposed that lle168 forms a part of the
interaction interface between NKR-P1 and LLT1, directly affecting LLT1 recognition by NKR-
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P1%2. However, the structure of the NKR-P1 homodimer shows that lle168 is found at the
dimerization interface rather than at the membrane-distal interaction interface — more
specifically, in a small hydrophobic pocket within the dimerization interface (Fig. S3d).
Therefore, we propose that the substitution of the nonpolar isoleucine residue by polar
threonine caused by c¢.503T>C SNP indirectly affects the binding affinity because this
substitution destabilizes the a1-centered NKR-P1 homodimer. Glycosylation often has a
significant impact on receptor homooligomerization, as recently evidenced for, e.g., NK cell
activation receptor NKp30%%. NKR-P1 homodimerization is also regulated by its glycans,
specifically the glycans present on Asn116 and Asn157 (Fig. S3b). Core glycan chains
present at these residues contribute partially to the a1-centered dimerization interface, but at
the same time, the glycans clash together. As a result, the stability of the a1-centered NKR-
P1 homodimer is improved by abrogating N-glycosylation on Asn157, leaving only the
Asn116 glycan at the dimer interface (Fig. S4b). Interestingly, a ¢.470A>G SNP causing
N157S mutation is also listed in the human genome variation database. However, the clinical
significance of N157S mutation was not yet investigated, although it could significantly affect
NKR-P1 signalization via stabilizing its ligand-bound state. The oligomeric state of the
receptor might thus modulate the overall NKR-P1:LLT1 binding affinity. The NKp65:KACL
complex stands out for its high affinity (Kq ~ 0.67 nM)* — ca. 3000x stronger than that of
NKp80:AICL (Kq ~ 2.3 pM)® and 70000-130000x than that of NKR-P1:LLT1 (Kg ~ 48 pM**;
this study 90 pM). Due to the exceptionally high NKp65:KACL binding affinity, any putative
ancestral a1-centered dimerization interface may have been lost in NKp65. In contrast, the
NKR-P1 and NKp80 receptors may have evolved to compensate for their low affinity to their

ligands by utilizing the a1-centered dimerization and enabling an increased avidity effect.

Comparison with the previously proposed NKR-P1:LLT1 binding model

The SPR analysis of single-residue mutants of both binding partners, performed by
Kamishikiryo et al.*® “° and updated by Kita et al.* ® based on the published LLT1 structure,
identified several key residues of NKR-P1 and LLT1 essential for their interaction and
proposed several pairs of interacting residues (Tab. S3). The mutated residues that had
detrimental or moderate adverse effects on binding in these SPR studies are mainly found in
the primary interaction interface (Fig. 1 and Tab. S3) — in LLT1: Tyr165, Asp167, Lys169,
Arg175, Arg180, and Lys181, and in NKR-P1: Arg181, Asp183, Glu186, Tyr198, Tyr201, and
Glu205. However, the proposed interaction pairs do not always agree with the mutual
orientation of both proteins observed in the present crystal structure of the NKR-P1:LLT1
complex. For example, the proposed LLT1/NKR-P1 pairs Tyr177/Tyr198 and Arg175/Glu200
correspond well with our observed interaction pairs LLT1:Tyr177:0OH/NKR-P1:Ser199:0 and
LLT1:Arg175:N/NKR-P1:Glu200:OE2, respectively. On the other hand, the proposed pairing
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of Glu179 from LLT1 loop L6 with Ser193 and Thr195 from NKR-P1 loop L5 only resembles
the crystal structure contacts of Glu179 with Arg181 (loop L3) and Tyr198 (strand [4),
located near NKR-P1 loop L5. In contrast to the SPR studies, we observed no contact
between Tyr165 and Phe152, although LLT1:Tyr165 is used in the primary interface, and
Phe152 is close to the NKR-P1 LO interaction region. Lastly, we cannot confirm the
suggested direct bond between LLT1:Lys169 and NKR-P1:Glu205. Although these residues
are close to each other in the primary mode (the closest distance 4.3 A), they clearly do not
form a pivotal bond of the interaction interface. Furthermore, the Lys169 side chain is rather
flexible, as suggested by the low quality of its electron density map in the primary mode, in
contrast to all other nearby side chains with well-defined positions.

Because the secondary binding mode observed in the NKR-P1:LLT1 structure involves a
different region of LLT1 than the region used in the primary binding mode, the orientation of
LLT1 and NKR-P1 in this binding mode does not match the interaction pairs proposed in the
SPR studies. Notwithstanding, the NKR-P1 interaction interface is very similar in primary and
secondary mode; therefore, some of the previously proposed NKR-P1 interaction residues
are also involved in the secondary mode (Arg181, Asp183, Tyr198, and Tyr201).
Interestingly, residue LLT1:Lys169 establishes several contacts with NKR-P1 (Arg181,
Ser199, and Glu200) in secondary interaction mode. However, the pair Lys169/Glu205
proposed by Kamishikiryo et al.*® %0 is not observed in this mode either, and these residues
are even farther apart — ca 11 A. The presence of Lys169 in both primary and secondary
interaction interfaces of LLT1 suggests that this residue plays an important role in the overall
complex formation. Accordingly, the reported Lys169Glu mutation of LLT1% “° would lead to
a co-localization of several negative side chains in the secondary interface (Glu200 and
Asp183 of NKR-P1, and mutated Glu169 of LLT1), thus indicating that the disruption of the
NKR-P1:LLT1 interaction observed in the previous SPR experiments most likely resulted
from the weakening of the secondary rather than the primary interface. Kamishikiryo et al.®®
40 subsequently restored binding by introducing the Glu205Lys mutation in NKR-P1. Based
on our structure, this effect would be explained by the strengthening of the primary interface.
Thus, the previously published SPR-based interaction data largely agree with the interaction
modes observed between NKR-P1 and LLT1 in the present crystal structure, although some
previously suggested interaction pairs were misassigned and are not present in either
interaction interface.

Assembly of the NKR-P1:LLT1 complex on the cell surface
Several authors have previously suggested an avidity effect of multimerization upon the
interaction that compensates for the low affinity of the NKR-P1:.LLT1 complex®” 9 47,

Interestingly, in the present structure of this complex, we indeed observe the formation of a
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chain of repeating NKR-P1 and LLT1 homodimers. This pseudo-linear multimer has a zigzag
shape in which the membrane-proximal parts of the two proteins are on opposite sides (Fig.
8), and it is structurally based on the alternating helix al/a2-centered NKR-P1/LLT1
homodimers (the chain-forming effect) and the simultaneous involvement of both primary
and secondary interaction modes (steric effect). On the contrary, an artificially constructed
multimeric model of NKR-P1:LLT1 engaged in just the primary mode shows a chain of
homodimers with a non-linear, almost helical conformation (Fig. S7a). Furthermore, the
NKR-P1 stalk regions sterically clash, and the LLT1 stalk regions are exposed outside the
complex core in many different directions. Thus, such multimer is unlikely compatible with
cell membrane anchoring and formation within the immune synapse. NKR-P1:LLT1 engaged
in just the secondary mode would also form a helical multimer with both receptor and ligand
stalk regions pointing in many different directions outside the complex core (Fig. S7b). At the
same time, when bound to LLT1 dimer in both primary and secondary interaction mode, the
neighboring NKR-P1 molecules create a mutual accessory contact of not an insignificant
energetic contribution to the stability of the whole assembly (Fig. 3a, marked with a black
star). This accessory contact encompasses a similar number of hydrogen bonds and size as
the secondary binding interface between NKR-P1 and LLT1 itself (Fig. S8), and it could thus
be considered an additional stabilizing element favoring a combination of the primary and
secondary binding modes rather than a single one of them.

To determine whether such zipper-like clusters of NKR-P1:LLT1 occur not only in crystal and
to some extent in solution (Fig. 4 and S6) but also on the cell surface, we used single-
molecule localization microscopy to examine full-length NKR-P1 transfectants labeled with
anti-NKR-P1 Alexa-647 mAb in the presence or absence of LLT1 and LLT15™ (Fig. 5). We
observed a significant increase in NKR-P1 cluster size and area upon the addition of soluble
LLT1, but not its secondary interaction mode mutant, LLT15™, Additionally, our SEC-SAXS
data were best-fit with multimer chains in alternating primary and secondary interaction
modes (Fig. S6), even though the artificial test models discussed above were included in the
analysis as well. Acceptable ¥* values were obtained primarily for multimer models
containing the alternating arrangement. Taken together, we conclude that combining both
interaction modes is necessary for a biologically plausible multimeric interaction, as further

supported by the NK cell-mediated cytotoxicity assay results (Fig. 6).
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Figure 8. Organization of the NKR-P1:LLT1 complexes on the cell surface. (a) Representation of four adjacent asymmetric

units within the NKR-P1:LLT1 complex crystal, excluding the additional unrelated NKR-P1 dimer. The NKR-P1 (blue and cyan)

and LLT1 (green and lemon) dimers alternate in primary (cyan and green) and secondary (blue and lemon) interactions,

==
==

forming a chain-like structure. The schematic depiction of this arrangement is shown in the inset with the same color code. The
black and white triangles represent N-termini positions, pointing behind and in front of the display plane, respectively. (b)
Depiction of the hypothetical arrangement of the chain-like structure upon contact of an NK cell (bottom, blue) with a target cell
(top, green) showing the crystal structure of two NKR-P1 dimers (cyan and blue) interacting with two LLT1 dimers (green and
lemon) in the primary (cyan and green) and secondary (blue and lemon) modes. The first three N-terminal residues in the

structures are highlighted in red. The flexible stalk regions connecting the N-termini and cell membranes are represented as

23



134  Selected Publications

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448687; this version posted June 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

speckled lines of the corresponding color-coding. The view on the right-hand side is clipped for clarity at the plane indicated on
the left-hand side view. (c) Schematic depiction of NKR-P1 extracellular domain dynamics and possible ligand binding
arrangements. NKR-P1 is expressed as a disulfide-linked homodimer; however, its CTLDs may undergo conformation change
similar to monomer-dimer equilibrium. Such putative equilibrium would be shifted towards monomeric species for the wild-type
protein and its 1168T allelic variant®?, while a dimeric arrangement corresponding to the non-covalent dimer observed in the
herein described crystal structures would be promoted for the S159A variant (left-hand side). Such NKR-P1 dimer could then
interact with the cognate LLT1 ligand (itself being expressed as a disulfide-linked homodimer as well and forming stable non-
covalent dimers with its CTLDs) in the previously suggested standard model of NK cell receptor — CTL ligand interaction
(middle) or alternate with the dimeric ligand in the proposed chain-like arrangement based on NKR-P1:LLT1 complex crystal

structure (right-hand side).

Albeit such functional multimerization of NK CTLRs has been mostly overlooked, the
formation of similar nanoclusters is well described for interaction between the
immunoglobulin family of KIRs and MHC class | glycoproteins® or for interaction between
KIR2DL1 and NKG2D®®. Moreover, a periodic zipper-like network of interacting dimers was
reported in the crystal structures of the co-stimulatory immunocomplexes B7-1:CTLA-4 and
B7-2:CTLA-4%: *_ Interestingly, B7-1 is expressed on the cell surface in a dynamic
equilibrium between monomers and non-covalent dimers. Upon interaction with the co-
stimulatory receptor CD28, B7-1 forms an interaction network composed of B7-1 and CD28
homodimers. The uncoupling of this interaction is facilitated by B7-1 dissociation to
monomers, whereas insertion of B7-1 obligate dimer leads to prolonged, abnormal signaling
between antigen-presenting cells and T cells®®.

Although as full-length proteins, both LLT1 and NKR-P1 form covalent disulfide homodimers
on cell surface” *, to our knowledge, the dimeric state of their CTL ectodomains has not yet
been assessed in live cells. Conversely, the formation of the helix a2-centered non-covalent
homodimer of soluble LLT1 ectodomain has been previously characterized*® > 4 and likely
occurs within the full-length protein as well. The human NKR-P1 helix a1-centered dimer
uses fewer intermolecular contacts and has a smaller contact surface area than helix o2-
centered dimeric CTLRs and is thus less stable. Nevertheless, its formation would
expectedly increase in the context of the full-length NKR-P1 receptor disulfide homodimer. At
the same time, the length of the NKR-P1 stalk region (25 amino acids) confer enough
flexibility for CTLD monomer/dimer equilibrium within the disulfide homodimer of the full-
length receptor itself, which would be then further regulated by polymorphism and
glycosylation heterogeneity at the NKR-P1 dimerization interface (Fig. 8c, bottom left). Thus,
similarly to the B7-1:CD28 system, an equilibrium between the monomeric and dimeric
states of CTL ectodomains, modifying and fine-tuning the ability of NKR-P1 to form stable
higher-order complexes with LLT1, may consequently regulate the strength and signaling of
the NKR-P1:LLT1 system, while cross-linking of NKR-P1 by LLT1 within the immune
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synapse may provide enough avidity for stable signal transduction by this low-affinity
interaction complex.

In conclusion, presented data altogether show that the crystal structure of the NKR-P1:LLT1
complex constitutes a novel way of C-type lectin-like NK cell receptor:ligand multimerization
on the cell surface that explains how ligand binding overcomes low affinity through receptor

cross-linking within the immune synapse.
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Methods

Protein expression and purification

Stabilized H176C form of the soluble LLT1 ectodomain (GIn72-Val191) was transiently
expressed in HEK293S GnTI cells, as previously described*. The N120R, R153E, K169A
secondary interaction mode mutant LLT15™ was cloned and produced in the same way. The
C-type lectin-like domain of human NKR-P1 was produced similarly in stably transfected
HEK293S GnTI" cells®'. Briefly, the expression construct corresponding to the extracellular
CTL domain of NKR-P1 (Gly90-Ser225) was subcloned into the pOPINGGTneo plasmid
(kindly provided by Prof. Ray Owens, University of Oxford), flanked by the N-terminal
secretion leader and by the C-terminal His-tag (with the ETG and the KHHHHHH at the N-
and C-termini of the secreted protein, respectively). Suspension culture of HEK293S GnTI
cells® was transfected with a 1:3 (w/w) mixture of the expression plasmid and 25-kDa linear
polyethyleneimine. The stably transfected cell pool was selected on 200 ng/ul G418 within
three weeks. The secreted proteins were purified from the harvested media by two-step
chromatography — an IMAC was performed on a Talon column (GE Healthcare), followed by
SEC on a Superdex 200 10/300 GL (GE Healthcare) in 10 mM HEPES pH 7.5 with 150 mM
NaCl and 10 mM NaNs. For deglycosylation, GST-fused Endo F1%° was added in a 1:100
weight ratio to proteins in SEC buffer with 50 mM citrate pH 5.5 and incubated for 2 hours at
37°C. The deglycosylated proteins were then purified by batch affinity chromatography on
Glutathione Sepharose 4B resin (GE Healthcare) followed by SEC, as described above.

Crystallization

NKR-P1 glycosylated (structure NKR-P1_glyco) — Soluble human NKR-P1 ectodomain at
20 mg/ml in SEC buffer was crystallized using the sitting drop vapor diffusion method. Drops
(100 nl of reservoir solution and 100 nl of protein solution) were set up using a Cartesian
Honeybee 961 robot (Genomic Solutions) at 294 K. The reservoir consisted of 20% w/v PEG
3350, 200 mM di-sodium tartrate pH 7.2 (PEG/lon screen, condition 36; Hampton
Research). A hexagonal crystal with dimensions of 150 x 150 x 20 ym was cryoprotected by
soaking in the reservoir solution with the addition of 25% (v/v) ethylene glycol.

NKR-P1 deglycosylated (structure NKR-P1_deglyco) — The Endo F1-deglycosylated soluble
human NKR-P1 ectodomain was concentrated to 12 mg/ml and crystallized as described
above. The reservoir consisted of 20% w/v PEG 3350, 200 mM ammonium fluoride, and
200 mM lithium chloride pH 6.2 (PEG/lon screen, condition 3, Additive screen, condition 17;
Hampton Research). A 50 x 50 x 150 um rod-shaped crystal was cryoprotected as above by
adding 25% (v/v) glycerol.
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NKR-P1:LLT1 complex (structure NKR-P1:LLT1) — The Endo F1-deglycosylated soluble
human NKR-P1 and LLT1 ectodomains were mixed at a 1:1 molar ratio and concentrated to
8 mg/ml of total protein concentration. The protein complex was crystallized as described
above; drops (200 nl of the reservoir and 100 nl of protein solutions) were seeded with 50 nl
of stock solution of crushed needle-shaped crystals of deglycosylated NKR-P1 grown in 20%
w/v PEG 3350, 200 mM ammonium fluoride pH 6.2 (PEG/lon screen, condition 3; Hampton
Research). The reservoir consisted of 200 mM ammonium sulfate, 20% w/v PEG MME
5000, 100 mM Tris pH 7.5 (Proplex screen, condition 1-40; Molecular Dimensions). A
tetragonal bipyramid crystal of dimensions 30 x 30 x 80 uym was cryoprotected as detailed

above by adding 25% v/v glycerol.

Data collection

All diffraction data were collected at the Diamond Light Source (Harwell, UK) at beamline 103
using a wavelength of 0.97625 A and a PILATUS3 6M detector. The crystal-detector
distance was set to 340 mm, exposure time per image was 0.02 s, oscillation width was 0.1°,
and the temperature was 100 K. 7200 images were collected for each dataset. In the case of

the NKR-P1:LLT1 complex, only 5000 images were finally used for data processing.

Data processing and structure solution

All diffraction images were indexed and integrated using the XDS package®’, scaled using
AIMLESS®, and 5% of randomly selected reflections were used as an Ri.e set. The phase
problem was solved by molecular replacement — NKR-P1_glyco: in program BALBES®?
using the structure of the human NK cell receptor KLRG1 bound to E-cadherin (PDB ID
3FF7%); NKR-P1_deglyco: 6 chains found in PHASER® using murine NKR-P1A (PDB ID
3T3A%) were completed with 2 chains found in MOLREP®”; NKR-P1:LLT1: 4 chains found in
BALBES as NKR-P1 chains (using the structure of murine dectin-1, PDB ID 2BPD*) were
completed with two more chains in MOLREP, and all 6 chains were manually reinterpreted
as 4 NKR-P1 chains and as 2 LLT1 chains. Refinement was performed using REFMAC55®
and by manual editing in COOT®. The last cycle of refinement was performed using all

reflections. The final data processing and structure parameters are outlined in Tab. 1.

Structure quality assessment

NKR-P1_glyco — The structure, comprising one dimer of the glycosylated human NKR-P1
CTLD, is overall well defined in the electron density map, corresponding to the high
resolution of the structure (1.8 A). Glycosylation at the dimerization interface does not show
the overlapping features observed in the structures of deglycosylated NKR-P1 (below).

GIcNAc was modeled on Asn116 with full occupancy in both chains, whereas glycosylation
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at Asn157 was not observed in the electron density map. All modeled glycosylation chains
(GlcNAczMans at A/Asn169, GlcNAc:Mans at B/Asn169, and GIcNAc at residues Asn116 in
both chains) are well localized in the electron density map.

NKR-P1_deglyco — The asymmetric unit comprises four dimers of the human NKR-P1 CTLD
deglycosylated after the first GIcNAc unit. The length of the localized part of the protein chain
varies from the shortest chains A, F, and G, with modeled residues Leu91-Leu214, to the
longest chain H, with residues Gly90-Arg218. GIcNAc at residue Asn169 is well localized,
while GIcNAc units bound to Asn116 and Asn157 at the dimerization interface are present in
alternative and overlapping positions; residue Asn116 also shows alternative conformers.
GIcNAc units bound to Asn157 and Asn116 were modeled with 0.5 occupancies, and only
the most distinct units from each overlapping pair were modeled (Tab. 1).

NKR-P1:LLT1 — The asymmetric unit contains two dimers of the human NKR-P1 CTLD and
one dimer of the LLT1 CTLD. The structure has a well-defined electron density map, and all
protein chains can be unambiguously assigned. The most distinct difference peaks
correspond to non-interpretable small ligands. LLT1 has well-localized GIcNAc units at
residues Asn95 and Asn147. Localized GlcNAc units of NKR-P1 are the same as those

identified in the NKR-P1_deglyco structure (previous paragraph).

PDB deposition
The crystal structures were deposited in the Protein Data Bank under the codes 5MGR
(NKR-P1_glyco), 5MGS (NKR-P1_deglyco), and SMGT (NKR-P1:LLT1).

CD spectroscopy

Circular dichroism (CD) spectra of wild-type and S159A NKR-P1 and wild-type and SIM
LLT1 were recorded using a Chirascan Plus CD spectropolarimeter (Applied Photophysics)
and a 0.1 cm pathlength quartz cell. Spectra were recorded over the wavelength range of
195-260 nm in steps of 1 nm at room temperature. The sample concentrations were
0.2 mg/ml and 0.3 mg/ml for NKR-P1 and LLT1 protein samples, respectively; in 10 mM
HEPES, 150 mM NaCl pH 7.5 sample buffer. The CD signal was expressed as ellipticity, and
the resulting spectra were buffer subtracted. Secondary structure composition was analyzed

using the CDNN program provided with the Chirascan Plus CD spectropolarimeter.

Analytical ultracentrifugation

NKR-P1:LLT1 complex formation and dimerization of NKR-P1 S159A mutant were analyzed
in an analytical ultracentrifuge ProteomelLab XL-l equipped with an An-50 Ti rotor (Beckman
Coulter, USA)™. For the sedimentation velocity experiment, samples of glycosylated NKR-

P1, LLT1, and their equimolar mixtures with increasing concentrations in SEC buffer were
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spun at 48000 rpm at 20°C, and 150 scans with 0.003 cm spatial resolution were recorded in
5-min steps using absorbance optics. Buffer density and protein partial specific volumes

were estimated in SEDNTERP (www.jphilo.mailway.com). Data were analyzed with

SEDFIT™ using the continuous c(s) distribution model. Binding isotherms (and figures
illustrating AUC data) were prepared in GUSSI? and then best-fit in SEDPHAT™ using
hetero-association models A+B<&AB or A+B&AB+B<~ABB, where A is the LLT1 dimer and
B is NKR-P1 monomer, respectively. Only Kp and sedimentation coefficients of AB or ABB

were floated in the fit; the other parameters were kept constant at known values.

Microscale thermophoresis

For the microscale thermophoresis (MST) measurements of NKR-P1:LLT1 and NKR-
P1:LLT15™ interactions, the NKR-P1 has been fluorescently labeled with Atto 488 NHS-ester
(Merck) at pH 6.5; the excess label was removed by size exclusion chromatography.
Fluorescently labeled 100 nM NKR-P1 was mixed with dilution series of LLT1 or LLT15™ and
analyzed in standard capillaries in an NT.115 Monolith (NanoTemper) using 30% LED
excitation power and 60% MST power. Raw data were analyzed in PALMIST™; the exported
isotherms were best-fit in SEDPHAT" and figures prepared in GUSSI™2,

Small-angle X-ray scattering

SEC-SAXS data for the NKR-P1:LLT1 complex were collected at the Diamond Light Source
(Didcot, UK) at beamline 21 using an Agilent 1200 HPLC system with 2.4 mL Superdex 200
column (GE Healthcare), a Pilatus P3-2M detector, 12.4 keV radiation, and 4.014 m sample-
to-detector distance. The human NKR-P1 and LLT1 ectodomains with GlcNAc:Mans glycans
diluted in 10 mM HEPES, 150 mM NaCl, 10 mM NaNs, pH 7.5 were mixed at a 1:1 molar
ratio. The data were collected at 293 K for buffer and protein samples at a 15 mg/ml loading
concentration. The data in selected intervals (frames 355-367, 368-378, 379-388, 388-399,
431-440, 481-491) were solvent-subtracted in SCATTER (developed by Robert Rambo at

the Diamond Light Source, http://www.bioisis.net/tutorial/9) and merged and characterized

using the ATSAS™ package. As proof of the data quality, the scattering plot, Kratky plot, and
pair distance distribution function P(r) are shown in Fig. 4 for intervals 389-399 (a sample
data range from the first peak) and 481-491 (a sample data range from the second peak).
The scattering plot and Guinier plot for all the data ranges are shown in Fig. S6.

Using the P(r) pair distance distribution functions, twenty ab initio structure models were
calculated with DAMMIF 2.7.278 for each data interval. The models were compared using the
DAMSEL command and averaged using DAMAVER"". The final models were visualized in
CHIMERA as envelopes 15 A above the beads. Agreement between the SAXS data and
our 3D crystal structure of the NKR-P1:LLT1 complex was evaluated using OLIGOMER™. All
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possible multimers of NKR-P1:LLT1 assemblies were considered (see the Results section
and Fig. S6).

Super-resolution microscopy

dSTORM microscopy — Full-length NKR-P1 stable transfectants were generated in
HEK293S GnTI" cell line using the piggyBac transposon-based system with doxycycline-
inducible protein expression®®. Microscopy samples were prepared from cells treated with
5 ng/ml doxycycline overnight. Cells were washed with PBS and incubated with 8.4 mg/ml
LLT1 or LLT1S™, or PBS, for 1 hour at 37 °C. After incubation, cells were allowed to settle on
the surface of PLL-coated slides for 25 min at 37 °C. Cells were then fixed with 4% PFA and
0.2% GA for 10 min at room temperature and washed three times with PBS. For antibody
staining, cells were first blocked with 5% BSA for 30 min and stained with Alexa Fluor® 647
anti-human CD161 antibody (clone HP-3G10; BioLegend) at 10 pg/ml in blocking solution for
60 min. Samples were washed five times with PBS before post-fixation with 4% PFA and
0.2% GA for 10 min. Finally, cells were treated with 15 mM NH4Cl and washed two times
with PBS.

dSTORM images were acquired with Carl Zeiss Elyra PS.1 in the Laboratory of Confocal
and Fluorescence Microscopy (Faculty of Science, Charles University). Fiducial markers
were added to the buffer and allowed to settle on the sample for 1 hour. Before
measurement, the buffer was exchanged to glucose oxidase/catalase/MEA-based imaging
buffer and sealed with cover glass and silicon to prevent buffer oxidation. For each cell,
2 x 10* raw images were acquired in HP TIRF illumination mode with an exposure time of
15 ms, using 100% of 642 nm laser power and 100%, 1.46 numerical aperture, oil immersion
objective.

Image data analysis — Super-resolution dSTORM images were reconstructed from raw
image sequences with the ThunderSTORM plug-in®' for the ImageJ processing software®?.
Sub-pixel localization of molecules was performed by fitting an integrated Gaussian point-
spread function models using the maximum likelihood estimation fitting method®.
Reconstructed dSTORM images were corrected for drift using fiducial markers and for
multiple localizations from a single source by merging events within 20 nm appearing in
subsequent frames (with an off-gap of 5 frames).

Voronoi tessellation cluster analysis was performed in ClusterViSu® on a whole inner cell
surface. A threshold value of 250 was chosen by comparing the distribution of Voronoi
polygon surface values between localizations in experimental regions and randomized
regions of the same density of events. Clusters containing less than two events were

discarded from the data set.
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Statistical analysis — Multiple means were compared with one-way analysis of variance
(ANOVA) with Bonferroni correction in OriginPro 2018 (v. b9.5.1.195). Graphs show mean
values, and error bars represent the SD. Values of p > 0.05 are indicated as not significant;
statistically significant p values are indicated with asterisks (*p <0.05, **p<0.01,
***p <0.001, *** p <0.0001).

NK cell-mediated cytotoxicity assay

The influence of LLT1 or LLT15™ on inhibition of the cytotoxic activity of primary NK cells was
assessed by flow cytometry. Primary NK cells were isolated by negative selection using an
NK cell isolation kit (Miltenyi Biotec) according to the manufacturer's protocol. Purified NK
cells were cultured overnight at 1 x 108 cells/ml in RPMI 1640 supplemented with 10% FCS,
100 units/ml penicillin, 100 pg/ml streptomycin, and 80 ng/ml IL-2 (Sigma-Aldrich) for their
activation. K562 target cells were stained with CellTrace Violet Proliferation Kit (Thermo
Fisher). Following the staining, 1 x 10* target cells were mixed with activated NK cells in a
40:1 (E:T) ratio. Various concentrations of LLT1 protein variants were added, keeping the
final reaction volume at 20 ul. After 4 hours of incubation, the cell mixture was centrifuged at
300 x g and stained with 1 pg/ml 7-AAD. Cells were analyzed using a BD LSR Il flow
cytometer (BD Biosciences). Three independent cytotoxicity assays using NK cells from
three different healthy donors were performed in triplicates (or duplicates if PBMC fraction
did not provide enough NK cells). Data are presented as a mean of measurements with SD.
When applicable, data were statistically evaluated by one-way ANOVA with values of p <

0.05 considered statistically significant.
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Abstract: Targeted cancer immunotherapy is a promising tool for restoring immune surveillance and
eradicating cancer cells. Hydrophilic polymers modified with coiled coil peptide tags can be used
as universal carriers designed for cell-specific delivery of such biologically active proteins. Here,
we describe the preparation of pHPMA-based copolymer conjugated with immunologically active
protein B7-Hé via complementary coiled coil VAALEKE (peptide E) and VAALKEK (peptide K)
sequences. Receptor B7-H6 was described as a binding partner of NKp30, and its expression has been
proven for various tumor cell lines. The binding of B7-H6 to NKp30 activates NK cells and results
in Fas ligand or granzyme-mediated apoptosis of target tumor cells. In this work, we optimized
the expression of coiled coil tagged B7-HBS, its ability to bind activating receptor NKp30 has been
confirmed by isothermal titration calorimetry, and the binding stoichiometry of prepared chimeric
biopolymer has been characterized by analytical ultracentrifugation. Furthermore, this coiled coil
B7-H6-loaded polymer conjugate activates NK cells in1 vitro and, in combination with coiled coil scFv,
enables their targeting towards a model tumor cell line. Prepared chimeric biopolymer represents
a promising precursor for targeted cancer immunotherapy by activating the cytotoxic activity of
natural killer cells.

Keywords: coiled coil; HPMA polymer; NK cell; NKp30; B7-H6; immunotherapy

1. Introduction

The immune system is defending our body not only from external threats (e.g., pathogens,
toxins) but also from the harm that may come from the inside (e.g., malignant growth of
transformed cells) in a process called immunosurveillance [1]. As healthy cells undergo
malignant transformation, the dynamic mutual communication with immune cells turns
into immunoediting [2-4]. Despite all efforts of numerous lymphocyte populations, this
process is not always leading to tumor suppression, but may instead result in tumor
escape [3,5,6]. This immune system failure is caused by the tumor’s ability to surround itself
with a tumor-suppressing microenvironment [7]. Cancer treatment with immunotherapy
strikes tumor barriers and facilitates restoration of immunosurveillance.

The key cellular players in immunotherapy are cytotoxic effector cells, such as T-cells
(as well as their subpopulations NKT lymphocytes, Te-lymphocytes, or y8T-lymphocytes)
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and NK cells [8]. NK cells tend to be overlooked, as they represent ‘only” around 12% of
the blood lymphocytes [9]. However, they have a unique ability to rapidly identify and
eliminate transformed or stressed cells [10]. They participate in tumor immunosurveillance
and could be used in targeted immunotherapy [11-16]. Therapeutic approaches targeting
NK cell activation in cancer treatment are based on native NK cell recognition mechanisms.
Alternatively, mAbs can be used for immune checkpoint blockade to prevent NK cell
suppression [17]. Moreover, NK cells can be harnessed in various adoptive cell therapies
where they are in vitro activated, re-educated, or genetically modified with tumor-specific
chimeric antigen receptors (CARs) [18-20].

Another therapeutic strategy is the mediation of the cellular contact between NK cells
and cancer cells. Such interaction could be promoted by mAbs that target tumor markers
and at the same time activate NK cells via Fcy receptor (CD16) in antibody-dependent
cell-mediated cytotoxicity (ADCC) [21]. Moreover, this interaction may be enhanced using
antiCD16 scFv in fusion with antitumor scFv (targeting, for example, CD19, CD33, CD22,
or EpCAM); such a molecule is then called bispecific killer engager (BiKE) [22,23]. The
BiKE could be further extended with another recognition domain or with the addition of
activating IL-15 (TriKE) [24,25]. This concept could be developed and generalized, such
immunoactive therapeutics could also consist of the extracellular domains of NK cell
receptors (targeting NK cells activating ligands as markers of tumor cells) [26] or with the
NK cells activating ligands (targeting different NK cells activating pathways) [27].

NK cells activating receptors play a critical role in triggering NK cells as anti-cancer
therapeutic agents; some of them are dominant in this task, namely NKG2D, 2B4, NKp30,
or NKp80 [28]. Receptor NKp30 belongs to the natural cytotoxicity receptor (NCR) family,
as well as receptors NKp46 and NKp44 [29]. NKp30 is a type I transmembrane protein
consisting of an N-terminal immunoglobulin-like domain, stalk region (15 amino acids),
transmembrane helix, and C-terminal cytoplasmic domain enabling signalization through
association with CD3¢ chain [30]. Structurally, NKp30 is part of the CD28 family of
proteins [31]. Three specific cellular ligands of NKp30 have been identified so far: BAGS,
B7-H6, and galectin-3, all of which could be found on the tumor surface, but while BAG6
and B7-H6 activate NK cell cytotoxicity, galectin-3 blocks it completely [31-34].

Protein B7-H6 is expressed exclusively on the surface of tumor cells, which makes this
tumor-induced self-molecule a valuable tumor marker triggering NK cells [31,35]. Like
other members of the B7 family, B7-H6 is an immunoglobulin-like type I transmembrane
protein. Its extracellular part is composed of a membrane-distal IgV-like domain and
a membrane-proximal IgC-like domain [5]. Several crystal structures of NKp30:B7-Hé
immunocomplex have been published so far, revealing structural features of this interac-
tion [36-38].

The potential of NKp30:B7-H6 interaction in immunotherapy has already been ex-
plored. One of the first therapeutic constructs successfully triggering NK cells via ADCC
was the NKp30-Fc IgG fusion construct, targeting B7-H6 on prostate cancer cells and
resulting in in vivo tumor removal in mice [39]. Coating lymphomas or breast cancer cells
with B7-Hé and thus mimicking an “induced-self” phenotype for NK cell recognition has
also been reported as a therapeutic strategy. To this end, B7-H6 in fusion with single-
chain fragment variable (scFv) of the 7D8 mAb, that targets CD20" cells, has been used in
in vitro cytotoxicity assay alone, in combination with similar ULBP2:7D8 construct or with
antiCD20 mAb rituximab, demonstrating the synergy among the two [40] or three [41]
various activation pathways. Furthermore, B7-H6:antiHER2-scFv fusion protein can also
promote targeted killing of breast cancer cells [42]. B7-H6" tumors could also be targeted
with NKp30-based CARs composed of NKp30 extracellular domain and T cell receptor
activation motifs [43], or CARs engineered with antiB7-H6 scFv [44,45].

Although strategy with bivalent fusion proteins seems promising, expression of such
molecules is limited to a single polypeptide chain, and some targets may be expressed
with difficulty (protein stability, expression yield) when fused with the partner. However,
recombinant therapeutic proteins must be of exceptional purity and stability, even in
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blood circulation [46]. One possible strategy to improve both the recombinant protein
therapeutic presentation and its stability in vive is the use of polymeric carriers. Polymers
tailored for specific applications have various uses in biosciences, ranging from biomaterials
used to prepare medical devices and tissue-engineering scaffolds or improved protein
crystallization reagents [47] to smart drug-delivery agents optimized for cancer vaccination
and immunotherapy [48-51]. Among the latter, the N-(2-hydroxypropyl)methacrylamide
(pHPMA)-based copolymers are especially widely studied and developed for various
purposes in biomedical applications, primarily as drug carriers. They are water-soluble,
non-toxic, non-immunogenic, and biocompatible. Moreover, due to their intrinsic “stealth
properties”, the pHPMA copolymers are invisible to major blood plasma proteins and thus
avoid unwanted aggregation [52].

The polymeric carrier must be appropriately modified to deliver biologically active
molecules into various parts of the organism. In cancer treatment, these molecules could
be small drug compounds or more complex and delicate therapeutic proteins. The choice
of a linker is crucial in both cases, but could be more problematic for proteins, as the
recombinant expression does not offer the possibility to use the same reactive organic
chemistries. One possibility is to use a peptide heptad repeat pattern (abcdefg), forming
helical and supra-helical structures, i.e., so-called coiled coil motifs [53]. Although there are
many naturally occurring coiled coil-based protein domains, these polypeptides could also
be synthesized de novo with enhanced drug delivery properties [54]. Moreover, pHPMA
copolymers could carry more than only a single species cargo, which makes them a
versatile tool for biomedical applications, as in the case of targeting BCL-1 cells with
pHPMA-(VAALEKE), bearing doxorubicin and scFv of monoclonal antibody B1 attached
via complementary (VAALKEK), sequence [55].

The major advantage of the coiled coil peptide-bearing polymeric carrier is its versatility—
practically any biologically active protein equipped with a suitable coiled coil peptide
sequence can be attached to the polymeric carrier. Moreover, the coiled coil anchoring
system allows attachment of more than one protein ligand to the polymeric carrier, thus
providing bispecific or even multi-specific constructs capable of biorecognition with more
than one biological target. To our best knowledge, such a polymer-based bispecific system
is described in this work for the first time.

It has been repeatedly demonstrated [56—61] that polymer systems with coiled coil
peptides enable the use of the so-called pre-targeting strategy. This means that first, a
tumor-specific targeting protein equipped with a coiled coil tag is administered to the body,
followed by a multivalent polymer containing the complementary coiled coil sequence.
Kopecek et al. has shown [59] that careful adjustment of the time interval between the
administration of the cancer-specific protein and the polymer significantly improves the
efficacy of treatment of non-Hodgkin’s lymphomas based on cross-linking CD20 antigens.

Very recent work has reported [62] that treatment of the malignant lymphomas with
a combination of two different targeting ligands (antiCD20 and antiCD38 Fab antibody
fragments) induces apoptosis resulting from cross-linking of the corresponding receptors
after administration of a multivalent albumin-based cross-linking effector. The combination
of the two ligands led to a higher level of apoptosis than applying either one of the two
proteins. This result suggests that the combination of two ligands attached to one polymeric
carrier might increase the therapeutic potential of similar types of nanomedicines.

In this work, the same complementary (VAALEKE)y and (VAALKEK)y coiled coil
motifs forming stable heterodimers were used to prepare protein-polymer complexes
targeting cancer cells and activating NK cells simultaneously. Malignant cells could be
targeted with monoclonal antibodies recognizing common tumor markers, like carbonic
anhydrase IX (CAIX), a sign of cellular hypoxia [63]. scFv fragment of such monoclonal
antibody M75 with coiled coil motif has been reported as a targeting molecule for solid
hypoxic tumors [64]. Therefore, we have functionalized the pHPMA copolymer not only
with the coiled coil M75 scFv but also with a newly prepared coiled coil version of the NK
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cell-activating ligand B7-HS6, thus enabling tumor targeting and direct activation of human
NK cells.

The binding of activating ligands on peptide-polymer conjugates represents a promis-
ing strategy to directed cancer immunotherapy because the described pHPMA copolymers
could deliver more than a single bioactive moiety, enabling activation and targeting at the
same time. Moreover, the polymer itself represents a promising precursor for targeted can-
cer immunotherapy due to possibly improved pharmacokinetics such as reduced catalytic
degradation, prolonged blood circulation, and enhanced permeation and retention (EPR)
effect that conjugation with polymer is usually associated with [65].

2. Materials and Methods
2.1. Preparation of Polymer-Peptide Conjugates

Synthesis and characterization of the coiled coil peptide bearing polymer (PolCC) have
been previously described [64]. Peptides (VAALEKE)4, complementary to the (VAALKEK),4
peptides present on the recombinant proteins and forming together a coiled coil structure,
were attached to HPMA copolymer via azide-alkyne cycloaddition (“click” chemistry).
Reactive propargyl groups (13 mol.%) on the polymeric carrier were modified with the
VAALEKE peptide (3.9 mol.%) and biotin (0.86 mol.%), resulting in a 56 kDa PolCC con-
jugate (Scheme 1, left-hand side) with approximately eight coiled coil peptides on each
polymer chain (40% w/w). The newly synthesized conjugate based on HPMA copoly-
mer of increased length (PolCC+, Scheme 1, right-hand side) was prepared similarly,
except for using RAFT polymerization and copper-free click chemistry—full details of
PolCC+ conjugate synthesis and characterization are given in Supplementary Materials
(File S1). Reactive groups (2.5 mol.%) on the polymeric carrier were modified with the
VAALEKE peptide (1.6 mol.%) and biotin (1 mol.%), resulting in a 130 kDa PolCC+ conju-
gate with approximately ten coiled coil peptides on each polymer chain (26% w/w). The
obtained polymer conjugates were purified by size-exclusion chromatography (SEC).
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Scheme 1. Representation of PolCC and PolCC+ conjugates’ chemical composition.
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2.2. Cell Lines

HEK?293T cells were a kind gift from Prof. Radu A. Aricescu [66]. Cells were adapted
for cultivation in suspension in EX-CELL 293 serum-free medium (Sigma, St. Louis, MO,
USA) supplemented with 4 mM L-glutamine. Cells were maintained in the square-shaped
glass bottles placed on an orbital shaker in a humidified incubator (37 °C, 5% CO;) [67].

HT-29 cells were provided by the Institute of Molecular Genetics, Czech Academy of
Science, Prague. C33 cell line transfected with CAIX gene (C33_CAIX) or with a control
vector containing neomycin resistance gene (C33_Neo) were kindly provided by Dr. Eliska
Svastova (Institute of Virology, Slovak Academy of Sciences) [68]. Cells were cultivated
in high glucose DMEM medium supplemented with 10% FBS, 100 U/mL penicillin, and
100 ug/mL streptomycin. For splitting, cells were treated with trypsin/EDTA. Both C33
transfectants were maintained under 900 pg/mL of G418 antibiotics. If not mentioned
otherwise, all cell-culture media and supplements were purchased from Sigma, St. Louis,
MO, USA.

2.3. Vector Design

The extracellular domain of NKp30-activating ligand B7-H6 was expressed using
pTWb5sec plasmid, a derivative of pTT5 plasmid backbone [69,70]. This vector contains
secretion leader, the extracellular domain of B7-H6 (residues D25-T244 with stabilizing
mutation C2125 [37]), coiled coil motif consisting of four VAALKEK sequence repeats,
a histidine tag, and WPRE element increasing mRNA stability and protein yield. The
expressed coiled coil B7-H6 protein thus contains an additional ITG- amino acid sequence
at its N-terminus and a -GT(VAALKEK)4HgG sequence on its C-terminus.

The extracellular domain of B7-H6 without the coiled coil tag (residues D25-1.245
with C212S mutation) and ligand-binding domain of NKp30 (residues L19-E130 represent-
ing receptor ectodomain without stalk region) were cloned as described previously [37].
Additionally, vectors for a high-affinity variant of both B7-H6 and B7-H6CC proteins, har-
boring the recently published S60Y, F82W, L129Y mutations enhancing the affinity towards
NKp30 [71], were also prepared.

2.4. Protein Expression and Purification

Coiled coil B7-Hé6 (B7-H6CC), high-affinity coiled coil B7-H6 (haB7-H6CC), high-
affinity B7-Hé6 (haB7-H6), wild-type B7-H6, and NKp30 ligand-binding domain were
expressed in suspension-adapted HEK293T cells using a high-density transient transfection
protocol and 25 kDa linear polyethyleneimine (PEL Polysciences, Warrington, PA, USA) as a
transfection reagent [69]. On the day of transfection, cells were harvested by centrifugation
(5 min, 100x g, 25 °C) and diluted with fresh EX-CELL 293 medium (Sigma, St. Louis, MO,
USA). Next, DNA (1 pg of DNA per 1 x 10° cells) was diluted into PBS, sterilized using
a 0.22 pm syringe filter, and added directly to the cell culture. The medium volume was
adjusted to reach a cell density of 20 x 10° cells/mL. Transfection reagent in weight ratio
4:1 (4 ug of PEI per 1 ug of DNA) was added immediately to the high-density cell culture
with DNA. The cell suspension was incubated at high density for 2 h on the shaker in the
humidified incubator at 37 °C and then diluted with fresh medium to the final production
density of 2 x 10° cells/mL. After the dilution, antibiotics (penicillin, streptomycin) and
valproic acid (2 mM final concentration) were added.

Cell culture was harvested by centrifugation (30 min, 10,000 g, 20 °C) 5-7 days
post-transtection. The medium was filtered using 0.22 um Steritop filters (Merck Millipore,
Burlington, MA, USA) and stored at —20 °C for subsequent purification. Proteins were
purified by immobilized metal ion affinity chromatography followed by buffer exchange
and size-exclusion chromatography. Before affinity purification on a HisTrap Talon column
(GE Healthcare, Chicago, IL, USA), the medium was diluted (1:1) with binding buffer
(50 mM NayHPOQOy4, 300 mM NaCl, 10 mM NaNj, pH 7.5). The column was connected
to the AKTAprime FPLC system (GE Healthcare, Chicago, IL, USA). After loading, the
column was washed with binding buffer, and the protein was eluted using the binding
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buffer with 250 mM imidazole. Buffer exchange into a size-exclusion buffer (10 mM HEPES,
150 mM NaCl, 10 mM NaN3, pH 7.5) was done by HiPrep 26/10 desalting column (Cytiva,
Marlborough, MA, USA). Protein was concentrated using Amicon Ultra (MWCO 10,000)
concentrators at 3900x g at 20 °C to reach a suitable sample volume for size-exclusion
chromatography (SEC) on the Superdex 200 10/300 column (GE Healthcare, Chicago, IL,
USA) with SEC buffer as the mobile phase. Representative analytical SEC elution profiles
were acquired with the Superdex Increase 200 10/300 column (GE Healthcare, Chicago, IL,
USA). Protein was frozen in liquid nitrogen and stored at —80 °C.

Production of the antiCAIX antibody M75 scFv fragment with (VAALKEK)4 coiled
coil sequence (scFvCC) was described elsewhere [64]. Briefly, the coiled coil-tagged scFv
was expressed in E. coli strain BL21(DE3) with translocation of the product into periplasmic
space. Protein was then purified separately from the periplasmic and cytosolic cell lysate
fractions using a pentahistidine tag on Ni-CAM and ion-exchange chromatography on
Mono$S columns. The scFvCC purified from the cytosolic fraction showed better purity
and was used in all subsequent experiments. The binding activity of the prepared scFvCC
towards CAIX was verified by ELISA assay as described previously [64].

2.5. Isothermal Titration Calorimetry

Thermodynamic interaction parameters were determined using isothermal titration
calorimetry (ITC). All measurements were performed in the SEC buffer. For each run,
control heat was determined by a buffer-buffer titration.

The interaction of B7-H6CC, haB7-H6, and haB7-H6CC with NKp30 was measured
on MicroCal iTC200 (Malvern Panalytical, Westborough, MA, USA). The measurement of
B7-H6CC: NKp30 was initiated by 0.4 pL injection of 182 pM NKp30 into a cell containing
25.0 uM B7-H6CC, followed by 15 injections of 2.3 uL volume with the duration of 4 s with
180 s intervals. Similarly, the measurement of haB7-H6: NKp30 was initiated by 0.4 pL
injection of 150 M NKp30 into a cell containing 15.6 pM haB7-H6, followed by 19 injections
of 1.8 uL volume with the duration of 3.6 s with 150 s intervals. The measurement of haB7-
H6CC: NKp30 was also initiated by 0.4 uL injection of 124 uM NKp30 into a cell containing
22.4 M haB7-H6CC, followed by 18 injections of 1.8 puL. volume with the duration of 3.6 s
with 150 s intervals. The interaction of wild-type B7-H6 with NKp30 was measured on
MicroCal PEAQ-ITC (Malvern Panalytical). Initial injection of 0.4 pL NKp30 (179 puM)
into a cell containing 24.0 pM B7-H6CC was followed by 25 injections of 1.5 pL volume
with the duration of 3 s with 150 s intervals. All measurements were performed at 25 °C
while stirring the cell at 750 rpm. The data were evaluated using NITPIC (version 1.2.7,
University of Texas Southwestern Medical Center, Dallas, TX, USA; [72]), Sedphat (version
15.2¢, by Peter Schuck, National Institute of Health, Bethesda, MD, USA; [73]), and GUSSI
software (version 1.4.2, University of Texas Southwestern Medical Center, Dallas, TX,
USA; [74]). ITC data were interpreted as A + B <=> AB hetero-association, fitting log(Ka),
AH, and the incompetent fraction of A (B7-H6; stoichiometry N = 1 — incfA) using the
Marquardt-Levenberg algorithm.

2.6. Sedimentation Analysis

Sedimentation velocity experiments were conducted on an analytical ultracentrifuge
ProteomeLab XL-I (Beckman Coulter, Brea, CA, USA) using an An50-Ti rotor and double
sector cells [75]. Proteins and their mixtures at various loading concentrations were spun
at 20 °C and 48,000 rpm. One hundred absorbance scans per measurement were recorded
at 280 nm using the SEC buffer as a reference. Time intervals between scans for B7-
H6CC mixtures with polymer or NKp30 were 7.5 min or 9 min, respectively. PolCC+ was
analyzed at 50,000 rpm and 226 nm (400 scans per 2 min), and its mixtures with B7-H6CC
at 42,000 rpm and 280 nm (100 scans per 7 min). Buffer density, protein partial specific
volumes, and particle dimensions were estimated in Sednterp (www.jphilo.mailway.com,
accessed on 28 July 2021). Data were analyzed in Sedfit (version 16.35r, by Peter Schuck,
National Institute of Health, Bethesda, MD, USA; [76]) using the continuous sedimentation
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coefficient distribution ¢(s) model [77]. Figures were prepared in GUSSI (version 1.4.2,
University of Texas Southwestern Medical Center, Dallas, TX, USA; [74]).

2.7. NK Cell Activation Assay

NK cells were isolated from the blood samples of healthy donors collected at the trans-
fusion station of the Institute of Hematology and Blood Transfusion (IHBT, Prague, Czech
Republic) using the RosetteSep NK cell enrichment cocktail (STEMCELL Technologies,
Vancouver, BC, Canada) according to the manufacturer’s protocol. Blood was incubated
with polyvalent antibodies cocktail, diluted with PBS, topped on the Ficoll high-density
medium, and centrifuged (1200 g, 25 °C, 20 min) in SepMate tubes (STEMCELL Technolo-
gies). Buffy coat zone depleted from non-NK cell lymphocytes was collected. Isolated cells
were washed with PBS, then in 5 mL of red blood cell lysis buffer (eBioscience, San Diego,
CA, USA) and PBS again; each washing step was followed by centrifugation (300x g, 25 °C,
10 min). Finally, cells were resuspended in RPMI medium (Sigma, St. Louis, MO, USA) sup-
plemented with 20% heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL streptomycin,
160 ng/mL IL-2 and kept overnight in a humidified incubator (37 °C, 5% CO»).

Histidine-tagged proteins were immobilized on the Ni%* chelate-coated 96-well plates
(Thermo Fisher Scientific, Waltham, MA, USA). For one well, the total amount of protein
(0.04,0.2, 1, 5, or 50 pmol) was diluted into 50 uL of sterile PBS buffer (cell-culture grade),
transferred to the plate, and incubated for one hour on an orbital shaker. An unbound
protein was washed away with PBS. NK cells were transferred to the wells in 100 pL of the
complete medium. Each well contained the same number of cells in a given experiment, but
the total number of cells varied between 1.5-2.5 x 10 in individual experiments depending
on the blood donor. NK cells were incubated with the proteins on the plate for 4 h (orbital
shaker, humidified incubator, 37 °C, 5% COs).

NK cells were then transferred into a clean U-bottom-shaped 96-well plate, centrifuged
(300x g, 4 °C, 5 min), and the medium was discarded. Cells were stained for 30 min on
ice with antiCD107a antibody conjugated with APC and washed three times with staining
buffer (PBS supplemented with 1% FBS, centrifugation 300 g, 4 °C, 5 min). After the
final wash, cells were resuspended in 120 uL of staining buffer and analyzed by flow
cytometer BD LSR II (BD Biosciences, San Jose, CA, USA) using HTS sample mode. Data
were analyzed using Flow]Jo software (version 10.8.0, Becton, Dickinson and Company,
Ashland, OR, USA). The Mann-Whitney U test with a two-tailed hypothesis was used to
compare the means.

2.8. Cell Staining with Polymer—Protein Complexes

First, expression of CAIX on the cell surface of HT-29 cells and C33 transfectants was
verified using recombinant M75 primary antibody (kind gift from Vlastimil Kral) and goat
anti-mouse IgG secondary antibody with AlexaFluor405 fluorescent label (Thermo Fisher
Scientific, Waltham, MA, USA) with standard staining protocol.

To perform flow cytometry measurements with direct detection of polymer —protein
complexes bound to the cell surface (HT-29 and C33 transfectants), we coupled coiled
coil proteins with fluorescent probes using NHS-chemistry; more precisely, scEvCC was
labeled with AlexaFluor488 and B7-H6CC with AlexaFluor647 (both labels from Life Tech-
nologies, Carlsbad, CA, USA). Cells were detached from culture flasks with accutase
solution (Capricorn Scientific, Ebsdorfergrund, Hesse, Germany), washed, and then resus-
pended in the staining buffer. Cells were labeled for 45 min on ice with polymer—protein
particles; the pHPMA polymer concentration in staining solution was 1 uM, the ratio be-
tween scFvCC:PolCC:B7-H6CC was 2:1:2, controls such as PolCC alone, scFvCC:PolCC or
PolCC:B7H6CC were also included. Cells were washed twice (centrifugation 300x ¢, 4 °C,
5 min) with the staining buffer before fluorescent labeling. Samples were analyzed with
the flow cytometer BD LSR II (BD Biosciences, San Jose, CA, USA) and Flow]Jo software
(version 10.8.0, Becton, Dickinson and Company, Ashland, OR, USA).



Selected Publications 157

Biomedicines 2021, 9, 1597 8of20

3. Results and Discussion
3.1. Design and Production of Coiled Coil B7-H6

The expression construct of NKp30 activating ligand B7-Hé fused with coiled coil
motif is based on the soluble B7-Hé construct described before [37] comprising the entire
B7-H6 extracellular domain (residues D25-T244) and harboring C212S mutation relieving
the molecule of an odd cysteine, a trait known to destabilize recombinant proteins [37,78].
This construct, referred to as wild-type B7-H6 in the following text, was then extended with
28 amino acids (VAALKEK)y coiled coil motif [64] followed by a polyhistidine tag on its
C-terminus to create the coiled coil B7-H6 (B7-H6CC; Figure 1a,b). As B7-H6 is a single-pass
type [ membrane protein [31], this arrangement respects its natural structural features,
leaving the N-terminal domain containing an interaction interface with the NKp30 receptor
unmodified, while C-terminus, which is in the full-length B7-Hé oriented towards cell
membrane, contains the coiled coil sequence. We attempted to produce a B7-H6 construct
with the coiled coil motif on its N-terminus, but protein expression was unsuccessful,
confirming the need to respect natural receptor arrangement.
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Figure 1. Molecular design and recombinant expression of B7-H6CC. (a) A model of B7-H6CC based on the crystal structure
of B7-H6:NKp30 complex (PDB 6Y]P, [37]); (b) schematical representation of B7-H6CC amino acid sequence highlighting
the coiled coil motif; (c¢) Comparison of normalized (ha)B7-H6 and (ha)B7-H6CC SEC elution profiles; (d) SDS-PAGE
electrophoresis as quality control of the expressed proteins, M refers to molecular weight standard.

The interaction interface between the NKp30 receptor and B7-Hé involves the N-
terminal IgV-like domain of B7-H6, which is sufficient for binding [79]. Recently, point
mutations increasing B7-H6 binding affinity towards NKp30 have been identified [71]. To
include this high-affinity variant of B7-H6 in our study, we chose an S60Y, F82W, L129Y
B7-Heé triple mutant reported having the potential to improve NKp30 receptor recognition
and thus antitumor properties of B7-Hé-based recombinant immunotherapeutics [71].

Although stable cell line generation is required to produce some NK cell receptors or
ligands [80], for B7-H6CC, a sufficient yield was achieved by transient expression in the
HEK293T cell line using a high-density transfection protocol. The protein was secreted into
medium and purified by immobilized metal ion affinity chromatography (IMAC) followed
by buffer exchange and size exclusion chromatography (SEC). Immediate buffer exchange
on a desalting column was necessary because B7-H6CC protein tends to precipitate in
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the IMAC elution buffer containing imidazole when being concentrated before SEC. This
protocol led to sufficient protein production yields of up to 20 mg per liter of cell culture,
which is less than previously reported for the wild-type B7-H6 [37], pointing to a negative
impact of the coiled coil tag on the protein stability.

Representative profiles of analytical size-exclusion chromatography and SDS-PAGE
gel showing the quality of the prepared B7-H6CC protein are shown in Figure 1c,d, re-
spectively. In both figures, B7-H6CC is compared with the wild-type B7-H6. The expected
molecular weight of B7-H6CC is approximately 43 kDa as it possesses six N-glycosylation
sites resulting in several glycoforms and blurred bands on the SDS-PAGE gel (Figure 1d).
During SEC, B7-H6CC is eluted as a single peak but with a different elution volume than
the wild-type B7-Hé. This shift could not be explained solely by the increase in protein mass
caused by the coiled coil sequence, which itself has only 3 kDa, but it might result from
non-covalent dimerization of B7-H6CC driven by the nature of the coiled coil sequence.
Indeed, homodimerization of (VAALKEK), coiled coil motif has been described previously
for the scFvCC fragment of the M75 mAb [64]. This interpretation is indirectly supported
by the SDS-PAGE (Figure 1d), where the majority of the coiled coil B7-H6 variants migrate
as a monomer under non-reducing conditions and directly by the sedimentation velocity
analysis discussed below.

3.2. Coiled Coil B7-H6 Binds NKp30 Receptor with an Undisturbed Affinity

To verify that the addition of the coiled coil sequence to B7-Hé did not alter the
binding affinity towards its cognate receptor NKp30, we performed control isothermal
titration calorimetry (ITC) measurements. We determined the binding parameters of
the wild-type B7-H6 to NKp30 first (Figure 2a). The obtained parameters (Kp = 668 nM,
AH = —11.5 kcal/mol, AS = —10.4 cal/mol-K, N = 0.88) did not differ significantly from
previously published data [36,37,71]. Next, we performed ITC titration for B7-H6CC
(Figure 2b). The observed thermodynamic parameters (Kp = 787 nM, AH = —11.2 kcal/mol,
AS = —9.6 cal/mol-K, N = 0.74) match reasonably well those of the wild-type B7-H6.

Similarly, we performed ITC measurements with the high-affinity B7-H6 variant
containing mutations S60Y, F82W, L129Y (haB7-H6) (Figure 2¢,d), which according to a
previous publication, significantly increased the affinity for NKp30 [71]. The authors of
this study used biolayer interferometry (BLI) to determine the thermodynamic parameters.
As the reference interacting pair for evaluating the affinity-matured IgV domain variants
of B7-Hé, they used wild-type IgV domain bound to the humanized Fab of cetuximab in
an effector-silenced IgG1 SEED backbone. The measured Kp was then 409 nM, which is in
reasonably good agreement with our ITC measurements. On the other hand, the affinity
values of haB7-Hé6 differ significantly in our measurements. Compared to the published
value of 9.06 nM for affinity-matured B7-H6, we observed more than ten times weaker
affinity for haB7-H6, i.e., 115 nM, and for haB7-H6CC even more, 259 nM. The discrepancy
in the measured values could be because, in the mentioned publication, the affinity-matured
B7-H6 domain is bound not to the natural IgC domain, but to the humanized Fab of
cetuximab. Even minor changes in the haB7-Hé IgV domain backbone could affect the
binding site for NKp30, and thus the two systems are not directly comparable.

At the same time, however, it is worth noting that BLI is a technique that measures the
interaction on the surface, similar to surface plasmon resonance (SPR), which has been pre-
viously shown to be impractical for measuring binding partners that may oligomerize [37],
as the apparent increase in affinity may be due to avidity contribution of oligomers. In this
case, NKp30 can oligomerize when glycosylated [37] and if the C-terminal stalk domain is
present [81]. However, the BLI in the aforementioned publication was measured with the
soluble extracellular part of NKp30 (L19-T138), which contained a non-negligible part of
the stalk domain (ten from the total of fifteen amino acids). Considering that there is no
available study that would characterize the oligomeric state of the NKp30 variants with
truncated stalk domain, we cannot dismiss the possibility that the contribution of avidity
biased the measured BLI values.
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Figure 2. Wild-type and coiled coil B7-H6 proteins bind NKp30 receptor with comparable affinity. The binding of (a) wild-
type B7-H6 or (b) its coiled coil variant to the NKp30 receptor was compared by isothermal titration calorimetry, confirming
that adding the coiled coil sequence to the C-terminus of B7-H6 does not substantially alter its binding properties in
solution. Next, haB7-H6 (c) and haB7-H6CC (d) high-affinity B7-H6 constructs were analyzed to assess whether the
previously reported mutations indeed increase the affinity. For haB7-H6, the affinity was almost six-fold higher compared
to wild-type B7-H6, but more than ten times lower than published previously for the affinity-matured B7-H6 IgG1 SEED
fusion constructs [71]. Similarly to B7-H6CC, we observed lower stoichiometry and affinity values for the haB7-H6CC than
for the untagged haB7-Hoé.

The thermodynamic parameters measured for the two high-affinity B7-H6 variants
interacting with NKp30 in our ITC analysis were Kp = 115 nM, AH = —12.7 kecal/mol,
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AS = —10.8 cal/mol-K, N = 0.91 for the haB7-H6, and Kp = 259 nM, AH = —11.8 kcal/mol,
AS = —9.5 cal/mol-K, N = 0.65 for the haB7-H6CC. Noteworthy is the difference in mea-
sured stoichiometry for the coiled coil modified variants relative to B7-Hé lacking the
coiled coil tag. This shift in stoichiometry might be caused by dimer formation mediated
by the coiled coil sequence, as observed previously [64,82] and also confirmed within this
study by analytical ultracentrifugation (AUC) analysis (Figure 3a, following page). It is
possible that dimerization of B7-H6 partially sterically hinders the access of NKp30 to the
binding site on the second B7-H6 unit in the dimer. Such steric barrier would affect the
association and dissociation (kon / ko) of NKp30:B7-H6CC complex, thus explaining lower
affinities observed for the B7-H6 coiled coil constructs compared to the untagged proteins.

3.3. B7-H6CC Binds to the Polymer-Peptide Conjugate

To analyze the hydrodynamic behavior of B7-H6CC as well as its interaction with
the pHPMA polymer modified with the complementary (VAALEKE), coiled coil peptide
(PolCC), we employed sedimentation velocity analysis in an analytical ultracentrifuge
(SV-AUC). The B7-H6CC protein alone showed two significant peaks in its sedimentation
coefficient distribution (Figure 3a, purple curve) with sy, values of 2.88 S and 4.17 S
corresponding to B7-H6CC monomer and dimer, respectively. The peaks are not resolved
well in the distribution, which is typical for a monomer-dimer equilibrium. Wild-type
B7-H6 is a monomer in solution [37]; thus, we may attribute the dimer formation to the
presence of the coiled coil tag. As mentioned above, we observed a similar effect of the
(VAALKEK)y coiled coil tag before in the case of the scFvCC fragment of the mAb M75 [64].
The fitted ratio of the frictional coefficients f/fy of 1.6 corresponds to an elongated particle,
suggesting the antiparallel orientation of peptides in the coiled coil dimer.

Next, we analyzed the hydrodynamic states of B7-H6CC with respect to receptor
binding. To this end, we titrated B7-H6CC with the soluble ligand-binding domain of the
NKp30 receptor and analyzed if the interaction affects the oligomeric state of B7-H6CC or
vice versa. As shown in Figure 3a, both monomeric and dimeric B7-H6CC binds NKp30,
and this interaction does not disrupt the coiled coil homodimer. Figure 3b shows weight-
average S values for the whole sedimentation coefficient distributions plotted against the
NKp30 receptor concentration (sw isotherm). The maximum of this curve corresponds to
the maximal complex formation observed at 16 uM NKp30 concentration, thus confirming
the expected 1:1 overall stoichiometry of this protein-protein interaction. The data could
be fitted with the A + B <=> AB binding model, keeping the known values of B7-H6CC
and NKp30 sedimentation and extinction coefficients constant while fitting the affinity and
sed. coefficient of the resultant complex. In this way, we obtained an average 4.88 S value
for the complex and a Kp value of 895 nM (N = 0.78), matching reasonably well the ITC
results described above (Figure 2b).
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Figure 3. B7-H6CC binds both to the coiled coil peptide-polymer conjugate and to the receptor NKp30. (a) Sedimentation
velocity analytical ultracentrifugation analysis of B7-H6CC titration with NKp30 shows that both monomeric and dimeric
B7-H6CC bind NKp30; (b) Binding isotherm from (a) fitted with A + B <=> AB binding model; (c) PolCC titration with B7-
H6CC shows successful hetero-association of the coiled coil peptide pair leading to polyvalent polymer—protein complexes;
(d) PolCC+ titration with B7-H6CC shows a significantly larger proportion of PolCC+:B7-H6CC polymer—protein complexes
with higher stoichiometries than observed for PolCC in (c). (e) NKp30 receptor binds both to the free and polymer-bound

forms of B7-H6CC.
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As shown previously, the (VAALKEK)4 coiled coil homodimer is relatively weak and
is easily disrupted in the presence of the complementary (VAALEKE), peptide bearing
opposite charges [64]; therefore, it should not represent any hurdle in the intended use
of the B7-H6CC protein. To test if this is also true for B7-H6CC, we mixed PolCC with
an increasing molar excess of B7-H6CC and analyzed the resulting polymer—protein com-
plexes (Figure 3¢). The equimolar mixture showed a complete absence of the B7-H6CC
homodimer (Figure 3¢, compare the purple and blue curve), confirming the preferred
hetero-association of the used coiled coil peptide pair. Upon increase of the molar ratio
between the polymer and the protein, the observed distributions shift from a 1:1 (3.5 S
species) to higher stoichiometries, mostly 1:2 (4.5 5), 1:3 (5.6 S), and 1:4 (7.2 S) and only
limited number of even larger polymer—protein complexes.

Considering that there are on average eight (VAALEKE), peptides per PolCC conju-
gate, these results show that not all these peptides are accessible for B7-H6CC binding. To
improve this and create genuinely multivalent polymer—protein complexes, we synthesized
a new version of the coiled coil peptide-polymer conjugate (for details, see Supplemen-
tary Materials). This novel conjugate, PolCC+, has a similar number of (VAALEKE),
peptides per polymer chain; however, the length of the pHPMA polymer backbone was
increased more than twofold, resulting in a lower density of the (VAALEKE), peptides
on the polymer chain and thus potentially fewer sterical clashes between the neighbor-
ing bound B7-H6CC molecules. When titrated with B7-H6CC and analyzed by SV-AUC,
the new PolCC+ conjugate indeed displayed a considerably higher proportion of larger
polymer-protein complexes (Figure 3d).

Finally, we analyzed the interaction of the NKp30 receptor with B7-H6CC when
bound to the PolCC (Figure 3e). We prepared the polymer—protein complexes in a 1:3 molar
ratio and analyzed them in the presence or absence of NKp30, equimolar to the B7-H6CC.
Comparison of the resultant sedimentation coefficient distribution curves clearly shows
a significant shift of the observed S values when NKp30 was added, relative to both B7-
H6CC:PolCC only (green vs. orange curve) and B7-H6CC:NKp30 only (cyan vs. orange
curve). This shift proves the simultaneous complex formation between PolCC, B7-H6CC,
and NKp30. Furthermore, NKp30 binds to all species present in the PolCC:B7-H6CC
mixture, thus confirming the potential for receptor clustering induced by interaction with
such polyvalent polymer-ligand complexes.

3.4. B7-H6CC and B7-H6CC:PolCC Complexes Activate NK Cells

The biological activity of the prepared haB7-H6 and haB7-H6CC proteins was tested
in the NK cell degranulation assay. Recombinant proteins were immobilized on the Ni%*
chelate-coated plates and incubated with human NK cells isolated from the blood samples
of healthy donors. Activation was analyzed by flow cytometry, detecting CD107a on the
NK cell surface as a degranulation marker (Figure 4). Statistical analysis of the data is given
in Supplementary Materials (Supplementary Figure S1).

After isolation, NK cells were pre-activated by overnight cultivation in the presence
of 160 ng/mL IL-2. Recombinant proteins were attached via their polyhistidine tag to the
well’s surface in different concentrations, resulting in various activating conditions. The
total amount of the protein varied from 0.04 up to 50 pmol, which were chosen as sub-
saturating and over-saturating, respectively, according to the manufacturer s declaration
of the wells” binding capacity. The excess of the protein was washed away with PBS, so
unbound NK cell-activating ligand B7-Hé could not block NK cell activation, as described
for soluble B7-H6 escaping in the blood circulation due to its proteolytic shedding from the
surface of tumor cells [83].

In the first experiment, we tested multiple concentrations of B7-H6 and B7-H6CC
in the presence or absence of the coiled coil peptide-polymer conjugate (Figure 4a). In
the second experiment, we compared a limited dilution series of B7-H6CC and its high-
affinity variant haB7-H6CC to compare the capacity of both proteins to induce NK cell
degranulation (Figure 4b).
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Figure 4. Both B7-H6 and B7-H6CC activate NK cells in the plate activation assay. (a) NK cells were incubated in various
conditions with B7-Hé, B7-H6CC, and polymer—protein complexes and in the control conditions. (b) Comparison between
activation potential of B7-H6CC and haB7-H6CC proteins. Activation of NK cells was assessed with flow cytometry as the
surface expression of CD107a molecule, an NK cell degranulation marker.

As presented in Figure 4a, the biological activity of B7-H6CC does not significantly
differ (p < 0.05) from the activity of non-modified B7-H6 or is even higher. Moreover, the
biological activity of the B7-H6CC is not disturbed when bound to the PolCC. We may also
conclude that the (VAALKEK), peptide linker does not interfere with the B7-H6 binding to
NKp30, both in solution and on the NK cell surface, and thus is suitable for attachment
of the protein to the pHPMA coiled coil peptide-polymer conjugate. Next, we compared
the NK cell-activating potential of B7-H6CC with its haB7-H6CC high-affinity version
(Figure 4b). The appropriate concentration range to observe the differences was assessed
by dilution from 5 pmol to the lower values (1, 0.2, 0.04 pmol), as the differences were
better distinguishable in under-saturated conditions. Significant differences (p < 0.05) were
observed in conditions with 1 or 0.2 pmol of added protein where haB7-H6CC exhibited
higher biological activity than B7-H6CC. In this study, we observed significant differences
between the response capability of NK cells from different donors. Thus, the NK cell
activation level (expressed as a percentage of CD107a positive cells upon stimulation)
was always compared only for the single given donor. Data are presented for each donor
separately; global trends of donor-averaged data are presented in Supplementary Figure S2
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CAIX expression

for illustration only. The variation might correlate with the current state of health or
intrinsic differences between the donors.

3.5. Polymer—Protein Complexes Bind to the Target Tumor Cell Line

To analyze if the prepared polymer—protein complexes could be targeted to a cancer
cell line, we used the previously described scFvCC fragment of the M75 mAb recognizing
the carbonic anhydrase IX tumor marker (CAIX) [64]. As CAIX expression is regulated
by hypoxia-inducible factor-1 (HIF-1), the amount of gene transcript correlates with the
oxygen supply; thus, routinely used cancer cell lines such as HeLa or A549 cultivated in
normoxia exhibit no or very low expression levels of CAIX [84,85]. Therefore we used
colorectal carcinoma cell line HT-29, CAIX-positive in normoxic conditions, and C33 cell
line transfected with the CAIX gene (C33_CAIX) and a control C33 line transfected with the
same vector carrying only the same resistance gene (C33_Neo) [68]. Cells were cultivated at
normal oxygen levels. The expression of CAIX was verified with M75 antibody resulting in
CAIX-high cells (C33_CAIX), CAIX-medium cells (HT-29), and CAIX-low cells (CAIX_Neo)
(Figure 5a).

Binding to C33_Neo
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Figure 5. Binding of the polymer—protein complexes to the surface of cell lines with different levels of CAIX expression.
(a) Cells were first characterized for the CAIX expression levels by M75 mAb (first histogram), then HT-29, C33_Neo,
and C33_CAIX cells were stained with polymer—protein complexes (scFvCC + PolCC + B7-H6CC, in red), or with control
complexes lacking the targeting scFvCC (PolCC + B7-H6CC, in blue), or were analyzed unstained (in orange). (b) HT-29
cells were stained with polymer—protein complexes always containing both scFvCC and B7-H6CC proteins; additionally,
proteins were combined with their fluorescently labeled variants (AlexaFluor488 labeled scFvCC, AlexaFluor647 labeled
B7-H6CC) to show the double color labeling and thus binding of complete particles to the cell surface.

PolCC was mixed with either B7-H6CC alone or with both B7-H6CC and scFvCC
at a 1:1 molar ratio simultaneously, and binding of polymer—protein complexes to the
CAIX-expressing cell lines was assessed by flow cytometry with direct detection by using
an AlexaFluor647-labeled B7-H6CC. As seen from the histogram comparison in Figure 5a,
scFvCC:PolCC:B7-H6CC binds specifically on the HT-29 and C33_CAIX cell surface while
PolCC:B7-H6CC, lacking the CAIX-targeting scFvCC moiety, shows only a low background
signal. The signal intensity of scFvCC:PolCC:B7-H6CC-labeled cells correlates with CAIX
expression levels, and in the case of the C33_Neo cell line, only the background signal was
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observed. This analysis confirms that both coiled coil modified proteins, scFvCC and B7-
H6CC, are bound to the complementary coiled coil peptide-polymer conjugate simultaneously.

To directly visualize the simultaneous presence of B7-H6CC and scFvCC on the coiled
coil peptide-polymer conjugate, both proteins were fluorescently labeled, scFvCC with
AlexaFluor488, and already used B7-H6CC with AlexaFluor647. HT-29 cells were decorated
with polymer—protein complexes that always contained the targeting and activating moiety,
but different combinations of labeled and non-modified protein variants (Figure 5b). This
staining resulted in non-stained cells defining experimental background (Figure 5b, in red);
single stained cells in the blue channel, when only scFv_AF488 was detectable (Figure 5b, in
light blue); single stained cells in the red channel, when by contrast only B7-H6CC_AF647
was detectable; and finally, the cells labeled in both channels proving that the polymer
carries both proteins (Figure 5b, in dark blue).

A minor population of the cells labeled with both colors (using scFv_AF488 + PolCC +
B7-H6CC_AF647) and having the signal positive only in the red channel for B7-H6_AF647
could be seen as well. These cells are most likely still labeled with complete polymer—
protein complexes, which, however, contain residual unstained scFvCC remaining in the
NHS-labelling mixture.

To conclude the binding experiments, scFvCC derived from M75 antibody and modi-
fied with (VAALKEK), coiled coil sequence could be bound to the complementary coiled
coil peptide-polymer conjugate. Moreover, it can also target this carrier to the cell surface
and bring to the membrane proximity the carrier cargo. Such cargo was in this study
NK cell-activating ligand B7-H6, also modified with (VAALKEK)4 coiled coil sequence,
with undisturbed biological activity to trigger the degranulation of NK cells. These prop-
erties make the coiled coil peptide-polymer conjugate suitable for delivering bispecific
immunoactive complexes targeting the surface of cancer cells.

4. Conclusions

Biocompatible pHPMA copolymers loaded with bioactive protein compounds are
a promising tool for targeted cancer immunotherapy. This study describes that such a
bioactive protein, NK cell-activating ligand B7-H6, could be recombinantly expressed with
a coiled coil motif for polymer attachment. We have also expressed a variant of B7-Hé with a
slightly enhanced affinity towards the receptor NKp30. Finally, we have tested the binding
of the polymer bearing both targeting moiety (scFvCC targeting carbonic anhydrase IX,
a metabolic marker of cancer cells) and the immunoactive moiety (B7-H6CC activating
NK cells) to the surface of the cancer cells. Described polymer-protein complexes could
be a versatile tool for targeted anti-cancer therapy, as proteins could be easily exchanged
or combined to profit from the synergic effect. However, the best stoichiometry, uniform
complexes’ composition, and stability must be further investigated before the direct cellular
cytotoxicity assays.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biomedicines9111597 /51, File S1: Supplementary methods of PolCC+ coiled coil peptide-
polymer conjugate preparation [86-89], supplementary Figure S1 showing the global statistical
analysis of NK cell activation assays displayed in Figure 4, and Supplementary Figure S2 showing
global trends of donors-averaged data related to Figure 4.
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