ORIGINAL RESEARCH
Oncolmmunology 5:1, e1058459; January 2016; © 2016 Taylor & Francis Group, LLC

Enhancing natural killer cell-mediated lysis
of lymphoma cells by combining therapeutic
antibodies with CD20-specific immunoligands
engaging NKG2D or NKp30

Christian Kellner'*, Andreas Giinther', Andreas Humpe', Roland Repp’, Katja Klausz', Stefanie Derer', Thomas Valerius',
Matthias Ritgen?, Monika Briiggemann?, Jan GJ van de Winkel**, Paul WHI Parren®*®, Michael Kneba?, Martin Gramatzki',
and Matthias Peipp'

'Division of Stem Cell Transplantation and Immunotherapy, 2nd Department of Medicine; Christian-Albrechts-University Kiel; Kiel, Germany; *2nd Department of Medicine;

Christian-Albrechts-University Kiel; Kiel, Germany; 3Genmab; Utrecht, the Netherlands; “Department of Immunology; University Medical Center Utrecht; Utrecht, the Netherlands;

Department of Cancer and Inflammation Research; Institute of Molecular Medicine; University of Southern Denmark; Odense, Denmark; °Department of Inmunohematology and
Blood Transfusion; Leiden University Medical Center; Leiden, the Netherlands

Keywords: ADCC, antibody, CD20, NK cells, NKp30, NKG2D

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; B7-H6, B7 homolog 6; CI, combination index; CLL, chronic
lymphocytic leukemia; DAP10, DNAX-activating protein of 10 kDa; DLBCL, diffuse large B cell lymphoma; FL, follicular lym-
phoma; DRI, dose reduction index; KIR, killer cell immunoglobulin-like receptor; MCL, mantle cell lymphoma; MRD, minimal

residual disease; NK, natural killer; NKG2D, natural killer group 2 member D; ULBP2, UL-16 binding protein 2.

Antibody-dependent cell-mediated cytotoxicity (ADCC) mediated through the IgG Fc receptor FcyRllla represents a
major effector function of many therapeutic antibodies. In an attempt to further enhance natural killer (NK) cell-
mediated ADCC, we combined therapeutic antibodies against CD20 and CD38 with recombinant immunoligands
against the stimulatory NK cell receptors NKG2D or NKp30. These immunoligands, respectively designated as
ULBP2:7D8 and B7-H6:7D8, contained the CD20 scFv 7D8 as a targeting moiety and a cognate ligand for either NKG2D
or NKp30 (i.e. ULBP2 and B7-H6, respectively). Both the immunoligands synergistically augmented ADCC in combination
with the CD20 antibody rituximab and the CD38 antibody daratumumab. Combinations with ULBP2:7D8 resulted in
higher cytotoxicity compared to combinations with B7-H6:7D8, suggesting that coligation of FcyRllla with NKG2D
triggered NK cells more efficiently than with NKp30. Addition of B7-H6:7D8 to ULBP2:7D8 and rituximab in a triple
combination did not further increase the extent of tumor cell lysis. Importantly, immunoligand-mediated enhancement
of ADCC was also observed for tumor cells and autologous NK cells from patients with hematologic malignancies, in
which, again, ULBP2:7D8 was particularly active. In summary, co-targeting of NKG2D was more effective in promoting
rituximab or daratumumab-mediated ADCC by NK cells than co-ligation of NKp30. The observed increase in the ADCC
activity of these therapeutic antibodies suggests promise for a ‘dual-dual-targeting’ approach in which tumor cell
surface antigens are targeted in concert with two distinct activating NK cell receptors (i.e. FcyRllla and NKG2D or B7-H6).

Introduction

The introduction of antibodies into standard treatment regi-
mens has improved the outcome of lymphoma and leukemia
patients significantly.””> However, despite the success, certain
subgroups of patients and particularly those with advanced dis-
ease stages are often refractory to immuno-chemotherapy. Thus,
improving antibody therapy remains a major effort in transla-
tional research.

Various mechanisms of action are discussed to contribute to
the efficacy of therapeutic antibodies in patients, including
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induction of apoptosis, complement-dependent cytotoxicity,
ADCC, phagocytosis and T cell-based immune responses.”
The relative contribution of individual mechanisms is not fully
understood and may vary for different antibodies and tumor
entities. However, results from several animal models sug-
gested that recruitment of effector cells by engagement of
FcyR expressed by various effector cells and induction of cell-
mediated cytotoxicity are important antibody functions iz
viv0.>"® The importance of Fc receptor engagement by thera-
peutic antibodies is also evidenced by clinical observations.
Patients homozygously expressing the FcRyllla allelic variant
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158 V with high-affinity for the IgG Fc domain have higher
response rates and show increased overall survival than individ-
uals expressing the low affinity F allele.”'® Although the pre-
cise role of different effector cell populations including NK
cells, monocytes, macrophages or granulocytes in antibody
therapy is still unclear, a contribution of NK cells, which con-
stitute the major FcyRIIla-positive effector cell population in
the peripheral blood, has been suggested.''™'? Hence, improv-
ing the performance of antibodies by increasing their ability
to recruit NK cells and their potency to induce ADCC is
regarded as an attractive approach to advance antibody therapy
for cancer patients.

Along this line various strategies were followed to enhance
effector cell-mediated antibody functions. For example, a gain in
ADCC capacity was achieved by engineering the antibody Fc
domain to increase its affinity to activating FcyR including
FeyRlIlla on NK cells.'®1° Alternatively, ADCC was enhanced
by combination strategies, in which therapeutic antibodies were
combined with a variety of drugs, cytokines or immunomodula-
tory antibodies, which either provided additional activating
stimuli or blocked inhibitory molecules.'® Employing immuno-
modulatory antibodies in particular appeared attractive to
improve ADCC by NK cells, whose cytotoxic functions are regu-
lated by a complex interplay between sets of stimulatory and
inhibitory cell surface receptors that may constitute potential
targets for immune intervention.'”° For example, NK cell-med-
itated ADCC was enhanced by agonistic antibodies triggering
the co-stimulatory CD137 (4-1BB) molecule or by blocking
antibodies masking inhibitory killer cell immunoglobulin-like
receptors (KIR).ZLM

Previous observations suggested that recombinant immunoli-
gands can be employed to modulate ADCC.*>*® Recombinant
immunoligands are equipped with bispecific binding abilities
and combine a tumor-directed antibody fragment with a ligand
of an activating or co-stimulatory surface receptor expressed by
effector cells. Hence, in an attempt to attract NK cells to lympho-
mas, a single chain fragment variable (scFv) of the CD20 anti-
body 7D8 was fused to UL16-binding protein (ULBP) 2 or B7
homolog 6 (B7-H6),>”** which are ligands of the activating NK
cell receptors natural killer group 2 member D (NKG2D) and
NKp30, respectively.’>** By binding to lymphoma cells the
immunoligands designated as ULBP2:7D8 and B7-H6:7D8
mimicked an induced self phenotype and thereby triggered NK
cells to kill lymphoma and leukemia cells.**** Moreover, co-liga-
tion of NKp30 and NKG2D enhanced NK cell cytotoxicity syn-
ergistically, and both molecules were able to increase ADCC by
monoclonal antibodies. However, NKp30 and NKG2D have
not been directly compared as potential targets for antibody com-
bination approaches. Because NKG2D associates with DNAX-
activating protein of 10 kDa (DAP10) and NKp30 pairs with
FceRly / CD3{ adaptor chains like FcyRIIa,'® the receptors
employ different intracellular routes for signal transduction and
thus may impact on ADCC differentially. Here, the capacity of
ULBP2:7D8 and B7-H6:7D8 to boost NK cell-mediated
ADCC was investigated in an attempt to design novel therapeutic
co-stimulation approaches.
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Results

Therapeutic antibodies, such as rituximab and daratumumab,
effectively engage FeyRIIIa for NK cell-mediated tumor cell kill-
ing. We developed a co-stimulatory approach to further improve
this important effector mechanism by the design of CD20-spe-
cific immunoligands ULBP2:7D8 and B7-H6:7D8. These
immunoligands engage the activating NK cell receptors NKG2D
and NKp30, respectively.

Because rituximab and the CD20 scFv 7D8 contained in the
immunoligands recognize non-identical but cross-blocking epito-
pes, simultaneous binding to individual cells was analyzed.
Despite competition, simultaneous binding of both rituximab
and the immunoligands to individual lymphoma cells was
detected (Fig. 1A), albeit at reduced levels as compared to single
agents (Figs. 1B, C). Particularly this became obvious when rit-
uximab was combined with B7-H6:7D8, which was employed at
higher concentrations than ULBP2:7D8 to compensate for its
previously observed lower cytotoxic capacity.””

To compare the abilities of ULBP2:7D8 and B7-H6:7D8 to
enhance ADCC, cytotoxic effects of combinations between ritux-
imab and the immunoligands were determined by employing the
chronic lymphocytic leukemia (CLL) line MEC2 and the mantle
cell lymphoma (MCL) line GRANTA-519 as targets and alloge-
neic mononuclear cells (MNC) from healthy donors as effector
cells (Fig. 2A). As a result, target cell lysis was significantly
enhanced in the presence of either ULBP2:7D8 or B7-H6:7D8,
indicating that the observed competition in binding was not det-
rimental for this effect (Fig. 1). Calculation of CI values revealed
synergistic effects especially at low antibody concentrations (with
more stars indicating greater synergy). Notably, stronger cyto-
toxic effects were observed when the antibody was combined
with ULBP2:7D8 compared to B7-H6:7D8. Thus, ULBP2:7D8
enhanced ADCC efficiently even though it hardly mediated any
detectable effects under these experimental conditions when
applied as single agent. Synergy between rituximab and the
immunoligands and an enhanced potency of ULBP2:7D8 to
boost ADCC were also observed when purified NK cells were
applied as effector cells (data not shown). In contrast to experi-
ments with MNC, significant lysis of both MEC2 and
GRANTA-519 cells was induced by ULBP2:7D8 and B7-
H6:7D8 even when they were applied as single agents (data not
shown). Similar results were obtained when Ramos Burkitt’s
lymphoma cells were analyzed as target cells (Fig. 2B). Again
ULBP2:7D8 enhanced ADCC more efficiently than B7-
H6:7D8. Synergy between the antibody and each immunoligand
was indicated by calculated combination index (CI) and dose
reduction index (DRI) values and was further demonstrated by
isobologram analysis (Fig. 2C, Table 1). Whereas ULBP2:7D8
reliably boosted ADCC, B7-H6:7D8 was not effective with NK
cells from some donors (data not shown). Overall ULBP2:7D8
was more efficacious than B7-H6:7D8 to boost ADCC. Of note,
this was observed irrespective of the critical FcyRIIIa-V/F allo-
type at amino acid position 158 of the NK cells employed
(Fig. 2D). Moreover, we determined the activation status of NK
cells after incubation with lymphoma cells in the presence of
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Figure 1. (A) Simultaneous binding of rituxi-
mab (200 nM) and the immunoligands A R control R rituximab N ULBP2:7D8
ULBP2:7D8 (10 M) and B7-H6:7D8 (25 pM)
to Ramos cells was analyzed by 2-color flow
cytometry. On the basis of pilot tests, the
molecules were applied at distinct concen-
tration ratios for compensation of different
binding and cytotoxic activities (data not
shown). Secondary antibodies conjugated
to APC and FITC were used for detection of
rituximab and the immunoligands, respec- w0t 10 10! 102 10? LR L L L 1wl 10?
tively. (B) Dose-dependent binding of rituxi- B7-H6:7D8 __rituximab + ULBP2:7D8 ___rituximab + B7-H6:7D8
mab (left panel) and ULBP2:7D8 (right 1 ' w
panel) when either applied alone or in com-
bination. As a control an isotype matched
antibody was combined with the similar
constructed immunoligand (ImLig) binding
HER2 (MFI, mean fluorescence intensity). (C)
Impact of B7-H6:7D8 on binding of rituxi-
mab (left) or vice versa (right). Data points
indicate mean values + SEM obtained in
three independent experiments.
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ULBP2:7D8 and B7-H6:7D8 induce NK cell cytotoxicity were analyzed. Thus, the molecules were applied either in
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Figure 2. For figure legend, see page 5.

€1058459-4

Oncolmmunology

Volume 5 Issue 1




three-drug or in two-drug combinations employing Ramos and
purified NK cells (Fig. 2E). However, the three-drug combina-
tion consisting of B7-H6:7D8, ULBP2:7D8 and rituximab did
not show any additional cytotoxic effects in comparison to the
combination of rituximab and ULBP2:7DS8.

Furthermore, we determined whether the immunoligands
were able to enhance ADCC against freshly isolated tumor cells
(Fig. 3; Table S1), which similarly to cell lines had varying
expression levels of diverse NKG2D ligands and B7-H6 (Fig.
S3). Tumor cells were enriched from peripheral blood of CLL
and MCL patients and analyzed as targets for allogeneic NK cells
from healthy donors. Throughout all experiments rituximab-
mediated ADCC was synergistically enhanced by ULBP2:7D8
(Fig. 3). Improved lysis was also achieved by B7-H6:7D8 in the
majority of experiments, but in agreement with results obtained
with cell lines, ULBP2:7D8 had a higher potency for increasing
ADCC. In some cases, B7-H6:7D8 was unable to boost rituxi-
mab-dependent ADCC or even had inhibitory effects (e.g. CLL
p #6, Fig. 3C).

The combination of an antibody and an immunoligand that
have a distinct tumor target specificity may allow more efficient
engagement of NK cell trigger molecules, a concept we propose
as ‘dual-dual-targeting’. To address this and to analyze a different
target antigen, the immunoligands were combined with the
CD38 antibody daratumumab. As expected, binding of
ULBP2:7D8 and B7-H6:7D8 did not interfere with antibody
binding due to recognition of different target antigens (Fig. 4A).
Using Ramos cells, which co-express considerable amounts of
both CD20 and CD38 (data not shown), ADCC by the IgG1
antibody was significantly enhanced by the immunoligands with
ULBP2:7D8 again exhibiting a higher potential than B7-
H6:7D8 (Fig. 4B). Importantly, ADCC was unaffected when
daratumumab was combined with the control immunoligands
ULBP2:4D5 and B7-H6:4D5 targeting HER2, suggesting that
ULBP2:7D8 and B7-H6:7D8 required interaction with the tar-
get antigen to produce the additional stimulatory effects
(Fig. 4C). Enhanced ADCC was also observed when freshly iso-
lated CLL or MCL cells from patients were applied as target cells
(Figs. 4D, E). Thus, these results underlined the previous obser-
vations obtained in combinations with rituximab. Moreover, it

was formally excluded, that differential sensitization of target cells
for ADCC by ULBP2:7D8 and B7-H6:7D8 was a consequence
of differential cross-blocking effects between the antibody and
the two immunoligands.

NK cells from tumor patients were reported to have reduced
effector functions and ADCC capacity.”” To investigate whether
the immunoligands were capable to improve ADCC mediated
by patients’ NK cells, NK cells from lymphoma or leukemia
patients were isolated from MNC. We included untreated
patients (e.g. CLL p#1) as well as patients under rituximab main-
tenance therapy (e.g. DLBC p#14, FL p#17), who had no detect-
able malignant B cells in the peripheral blood at the time-point of
NK cell isolation. NKG2D and NKp30 surface expression by
these patient-derived NK cells was verified for some individual
patient samples (Fig. 5A). The patient-derived NK cells were
then analyzed as effector cells for combinations of rituximab and
the immunoligands employing allogeneic Ramos and MEC2 tar-
get cells (Fig. 5B). Even though high antibody concentrations
were applied, ULBP2:7D8 enhanced ADCC by NK cells derived
from patients, whereas additional cytotoxic effects by B7H6:7D8
were not consistently observed. Thus, in agreement with results
obtained with NK cells from healthy individuals, the combina-
tion of rituximab and ULBP2:7DS8 triggered cytotoxicity more
efficiently than the combination of rituximab and B7-H6:7DS8.

Moreover, we were interested whether enhancement of
ADCC was also achievable when autologous tumor cells were
used as targets. These may inhibit NK cell cytotoxicity by the
expression of HLA class I-molecules which are recognized by
autologous NK cells through cognate KIR. From two patients,
both NK cells and tumor cells were isolated and analyzed in cyto-
toxicity experiments (Fig. 5C). As a resule, ULBP2:7D8
enhanced rituximab-mediated lysis of autologous tumor cells,
whereas no benefits were observed with B7-H6:7D8 in these
experiments. Since therapeutic antibodies may be promising for
the eradication of minimal residual disease (MRD) cells in a
post-transplantation setting when high E:T ratios are available,
NK cells from a CLL patient who had received transplantation
with HLA-matched allogeneic haematopoietic progenitor cells
were isolated and tested as effector cells (Fig. 5D). In cytotoxicity
reactions using these patient-derived donor NK cells, both

Figure 2. See previous page ULBP2:7D8 and B7-H6:7D8 boost rituximab-induced ADCC. (A) Cytotoxicity against MEC2 and GRANTA-519 cells induced
by single agents and by two-drug combinations of rituximab with either ULBP2:7D8 or B7-H6:7D8. MNC were used as effector cells at an E:T cell ratio of
40:1. Data points represent mean values &= SEM from at least three different experiments. Trastuzumab was employed as a control. Synergistic effects
were graded into very strong synergy (+++++, Cl < 0.1) strong synergy (++++, Cl = 0.1 — 0.3) and synergy (+++, Cl = 0.3 - 0.7). Statistically signifi-
cant differences between groups treated with the single agents or the combinations are indicated (¥, p < 0.05). (B) NK cells were purified by MACS tech-
nology and analyzed as effector cells (E:T cell ratio: 10:1) for combinations between rituximab and ULBP2:7D8 or B7-H6:7D8. Ramos cells served as target
cells. (+++-+, Cl=0.1 — 0.3; +++, C1 = 0.3 - 0.7; *, p < 0.05). Please note that cytotoxic effects of rituximab and B7-H6:7D8 were previously published.29
(C) Isobologram analysis demonstrating synergy of immunoligands and rituximab in NK cell-mediated killing of Ramos cells. The doses of ULBP2:7D8 (left
panel) and B7-H6:7D8 (right panel) resulting in 20% (ED20) lysis were plotted against equally effective doses of rituximab. The diagonal line connecting
the ED20 values of the two agents (Cl = 1) indicates theoretical combination doses which would be required to achieve equal effects, if additive effects
were assumed (expected ED20 for Cl = 1). Synergy between rituximab and the immunoligands is indicated by the experimentally determined combina-
tion doses locating below the corresponding additivity lines (antagonism would have been indicated by combination doses falling above the additivity
lines). (D) Lysis of Ramos lymphoma and MEC2 CLL cells by NK cells homozygously expressing the FcyRllla V/V or F/F allotype at amino acid position 158
in the presence of rituximab and the immunoligands. Data points represent mean values &+ SEM from triplicate determinations. (E) Cytotoxicity against
Ramos cells induced by three-drug combinations of rituximab, ULBP2:7D8 and B7-H6:7D8 (Note: the data depicted in 2B and 2E were obtained in experi-
ments performed in parallel, but were presented in different graphs for illustrative reasons).
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Table 1. Computer simulated Cl and DRI values for combinations of rituximab, ULBP2:7D8 and B7-H6:7D8?

Cl values at lysis of

DRI values at lysis of

Combination ratio 10% 20% 40% 10% 20% 40%
fituximab + ULBP2:7D8 1:50 0.4 03 0.2 33 36 4.1
14.1 224 39.4

fituximab + B7-H6:7D8 1:125 05 05 06 2.1 20 19
133 226 430

ULBP2:7D8 + B7-H6:7D8 251 03 0.2 0.1 5.1 8.7 16.6
7.4 15.9 404

rituximab + ULBP2:7D8+B7-H6:7D8 1:50:125 06 0.4 03 22 3.1 46
9.4 19.0 444

135 346 107.7

@Combination index (Cl) and dose reduction index (DRI) were calculated from dose response curves using Ramos cells and purified NK cells for three differ-
ent effect levels by computer simulation using CalcuSyn software. Upper, middle and lower DRI-values correspond to rituximab, ULBP2:7D8 and B7-H6:7D8,

respectively.

ULBP2:7D8 and B7-H6:7D8 exerted biologic activity and
enhanced ADCC by rituximab. This demonstrates that
ULBP2:7D8 and, with certain restrictions, also B7-H6:7D8, are
capable of enhancing ADCC by patient-derived but donor NK
cells against tumor cells of the patient in vitro.

Discussion

Enhancing the potential of monoclonal antibodies to trigger
ADCC is an attractive strategy to improve their efficacy.'® Here,
we analyzed the ability of the two immunoligands ULBP2:7D8
and B7-H6:7D8 to boost ADCC by NK cells. Both ULBP2:7D8
and B7-H6:7D8 promoted ADCC by the therapeutic antibodies
rituximab and daratumumab synergistically, indicating that NK
cell cytotoxicity was enhanced by simultaneous engagement of
FeyRIIla and either NKG2D or NKp30. However, synergistic
effects were more pronounced when the antibodies were com-
bined with ULBP2:7D8, which exerted a reliable activity with
NK cells from a broad range of different healthy individuals and
tumor patients and which also was able to enhance maximum
extent of ADCC.

ADCC by therapeutic antibodies was enhanced by various
approaches including strategies which relied on modifying the
antibody itself or on combining the antibody with other drugs or
biologics tuning the NK cell activation threshold. Although anti-
body Fc engineering strategies are potent,'” it has been revealed
recently that Fc engineering may impact different effector mecha-
nisms differentially. For instance, the ADCC activity of Fc engi-
neered antibodies with enhanced affinity to FcyRIII was
improved with NK cells but diminished with granulocytes.*®?”
Such potential limitations may be circumvented by combination
strategies. Thus, employing native IgG1 antibodies and achieving
improvements in ADCC by combining the antibodies with
immunomodulatory drugs or biologics that do not interfere with
other antibody effector functions may be advantageous in certain
situations. In combination strategies NK cell-based ADCC was
augmented by toll-like receptor agonists, immunomodulatory
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drugs, cytokines and antibodies."®*®*  Antibody-based

approaches that enhanced NK cell-mediated ADCC include
anti-KIR antibodies blocking interaction with MHC class I mol-
ecules as well as agonistic CD137 antibodies.>"** However, these
antibodies are not directed to the tumor, whereas recombinant
immunoligands such as ULBP2:7D8 and B7-H6:7D8 carry a
tumor targeting moiety and are anticipated to trigger NK cell
functions locally restricted to the tumor site.

NKG2D as well as NKp30 are constitutively displayed by vir-
tually all resting human NK cells, in contrast to other activating
NK cell receptors such as CD137 or NKp44, whose expression is
induced upon activation. Moreover, both NKG2D and NKp30
function as primary stimulatory molecules, which induce NK cell
cytotoxicity upon engagement. Thus, ULBP2:7D8 as well as B7-
H6:7D8 triggered cytotoxicity of NK cells as single agents with-
out co-stimulation. However, ULBP2:7D8 was more effective
than B7-H6:7D8 in boosting ADCC. Although co-engagement
of NKp30 enhanced ADCC in the vast majority of experiments,
in some cases ADCC by rituximab was not enhanced or even
diminished in the presence of B7-H6:7D8 (Fig. 3, e.g. p# 6). It
was assumed that this may reflect different characteristics of the
target cells or properties of NK cells from individual donors. For
example, CD20 expression levels by tumor cells may determine
the coating efficiency or influence the role of cross-blocking
effects. Moreover, a potentially varying expression of endogenous
ligands of NKp30, NKG2D or other stimulatory surface recep-
tors such as NKp46 or DNAM-1 by the tumor cells may have
contributed to the observed effects. Also the relative expression of
different NKp30 splice variants by the applied NK cells may
influence the cytotoxic potential of B7-H6:7D8.% Interestingly,
addition of B7-H6:7D8 to combinations of ULBP2:7D8 and rit-
uximab did not further enhance NK cell cytotoxicity signifi-
cantly. Thus, in this situation, NKG2D and FcyRlIIIa signaling
may have overruled the additional signal provoked by NKp30
engagement. The observed stronger co-stimulatory effect medi-
ated by ULBP2:7D8 was also evident in combination with
daratumumab, a CD38 antibody not competing with the recom-
binant immunoligands for antigen binding. Therefore, the more
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Figure 3. Enhanced killing of patients’ tumor cells by combinations of rituximab and the immunoligands. (A) Both ULBP2:7D8 (left panel) and B7-H6:7D8
(right panel) increased rituximab-mediated ADCC against freshly isolated CLL cells (CLL p #1; ++++, Cl = 0.1 — 0.3; +++, Cl = 0.3 - 0.7). (B) lllustration
of synergistic effects at the 25% effect level by isobolograms. (C) Cytotoxicity induced by varying concentrations of rituximab alone or in combination
with either ULBP2:7D8 or B7-H6:7D8 against a panel of tumor cell samples. NK cells from healthy donors were applied as effector cells (E:T cell ratio =
20:1). Data are presented as mean percentage of lysis from triplicate determinations. Data acquired with different tumor samples were analyzed in a
summary graph for statistical analysis. (* and # indicate statistical significant differences between rituximab as single agent or combined with either
ULBP2:7D8 or B7-H6:7D8, respectively. p, patient).

Since ULBP2:7D8 and B7-H6:7D8 were applied at concen-
trations at which they produced similar cytotoxic effects as single
agents in the mean, the observed differences in target cell killing

pronounced cross-blocking of rituximab binding was excluded as
a major reason for the weaker co-stimulatory activity of B7-

Ho6:7D8.
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by the combinations are presumably not due to different cyto-
toxic potentials of the individual agents. Rather the differential
effects may reflect peculiar characteristics of the receptors. One
explanation for the observed results may be that NKG2D and
NKp30 differ in their intracellular signaling pathways. NKp30
similarly to FcyRIlla signals via FceRIy and CD3{ polypeptides

containing ITAM motifs for signal transduction.'” In contrast,
NKG2D pairs with DAP10 and signals ITAM-independent.’?
The concomitant activation of both FceRIly / CD3{ chains and
DAPI10 triggered signaling may explain why ULBP2:7D8 had a
higher potency to enhance ADCC than B7-H6:7D8. The strong
synergy between ULBP2:7D8 and B7-H6:7D8 may be for the
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Figure 4. For figure legend, see page 9.
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same reason. Previously, FcyRIlla signaling was shown to be dif-
ferentially promoted by other NK cell receptors.'” Whereas
engagement of ITAM-independent receptors such as NKG2D
enhanced FeyRIIla-mediated intracellular Ca** mobilization,
degranulation and cytotoxicity, engagement of the ITAM-depen-
dent NKp46, which signals in a similar manner as NKp30, did
not. These findings suggested that two ITAM-based receptors
synergize weakly and may underline the importance of concomi-
tant activation of different intracellular signaling routes, in agree-
ment with our results. However, differences between
ULBP2:7D8 and B7-H6:7D8 could also be due to the lytic
immunological synapse formed more efficiently by engagement
of NKG2D rather than NKp30. Co-ligation of activating recep-
tors stabilizes the immunological synapse, as it has been demon-
strated for NKG2D and the FeyRIITa.*! Thus, it is conceivable
that ligation of different activating NK cell receptors may differ-
entially impact the stability of the immunological synapse.

Combining two IgGl antibodies to co-target two different
surface antigens on tumor cells may be advantageous. For exam-
ple, dual targeting may promote antibody-effector functions,
because more binding sites are available permitting more IgG1
molecules to attach to a single cell, or hinder tumor cells to
escape by down-modulating just a single target antigen. How-
ever, as suggested by previous studies, improvements of ADCC
were difficult to achieve by combinations of two tumor targeting
IgG1 antibodies.*>***> Here we demonstrated that by employ-
ing the CD38 antibody daratumumab and the CD20-specific
immunoligand ULBP2:7D8, two different antigens can be effi-
clently targeted and result in significantly and synergistically
increased tumor cell killing. On the basis of these results we pro-
pose the ‘dual-dual-targeting’ concept.

In  conclusion, the two recombinant immunoligands
ULBP2:7D8 and B7-H6:7D8 enhanced NK  cell-mediated
ADCC induced by therapeutic antibodies iz vitro using cell lines
and patient-derived tumor cells. In particular ULBP2:7D8
boosted ADCC against a broad range of different target cells and
had a higher efficacy as co-stimulatory molecule than B7-
H6:7D8. Thus, combining therapeutic antibodies with anti-
body-derivatives engaging NKG2D may represent a promising
approach to further increase the efficacy of antibody therapy.
This approach may be especially promising for the eradication of
MRD cells in a post-transplantation setting when high E:T ratios
are achieved.

Materials and Methods

Cell culture

Ramos cells (DSMZ, The German Resource Centre for Bio-
logical Material) were cultured in RPMI 1,640 Glutamax-I
medium (Invitrogen) supplemented with 10% fetal calf serum
(ECS; Invitrogen), 100 units/mL penicillin and 100 pg/mL
streptomycin (Invitrogen). MEC2 cells (DSMZ) were main-
tained in Iscove’s MDM medium containing 20% FCS, 100 U/
mL penicillin and 100 pg/mL streptomycin. GRANTA-519
(DSMZ) and Lenti-X 293T cells (Takara Bio Europe / Clontech)
were kept in DMEM supplemented with 10% FCS, 100 U/mL
penicillin and 100 pg/mL streptomycin.

Preparation of MNC and isolation of NK cells

Experiments were approved by the Ethics Committee of the
Christian-Albrechts-University of Kiel (Kiel, Germany), in accor-
dance with the Declaration of Helsinki. Blood was drawn after
receiving the donors written informed consents. Preparation of
MNC from peripheral blood of patients and healthy donors was
performed as described previously.*® NK cells from healthy indi-
viduals were isolated by MACS technology following the man-
ufacturer’s protocols by negative selection using NK cell isolation
kit (Miltenyi). NK cells from patients were enriched by positive
selection employing CD56-beads (Miltenyi). Purified NK cells
were directly employed in functional assays, or cultured over-
night at a density of 2 x 10° cells/mL in RPMI 1,640 Glutamax-
I medium supplemented with 10% FCS, 100 U/mL penicillin
and 100 pg/mL streptomycin.

Antibodies and immunoligands

The construction of derivatives of the pSecTag2 HygroC vec-
tor for expression of B7-H6:7D8 and ULBP2:7D8 have been
described previously.””** Expression vectors encoding the con-
trol immunoligands (i.e. B7-H6:4D5 and ULBP2:4D5, respec-
tively) were generated by replacing the coding sequences for scFv
7D8 by those encoding scFv 4D5 derived from the humanized
HER2-specific antibody 4D5-8.** The immunoligands were
transiently expressed in Lenti-X 293T cells by calcium-phosphate
transfection (Invitrogen) and purified by affinity chromatography
with nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qia-
gen) as described earlier.”” Concentrations of purified proteins
were estimated against a standard curve of BSA or determined by

Figure 4. (See previous page) ULBP2:7D8 and B7-H6:7D8 enhance ADCC by the CD38 antibody daratumumab. (A) Simultaneous binding of daratumu-
mab (200 nM) and the immunoligands ULBP2:7D8 (10 M) and B7-H6:7D8 (25 wM) to CD20 and CD38 double-positive Ramos cells was analyzed by
flow cytometry. Secondary antibodies conjugated to APC and FITC were used for detection of daratumumab and the immunoligands, respectively. (B)
Synergistic induction of cell lysis by combinations of daratumumab and ULBP2:7D8 (left graph) or daratumumab and B7-H6:7D8 (right graph). NK cells
were effector cells and Ramos cells were analyzed as target cells (E:T ratio = 10: 1). A non-relevant IgG1 antibody served as control. *, Statistically signifi-
cant differences of antibody combinations to the single agents (p < 0.05); ++++-, strong synergism (Cl ranges of 0.1 - 0.3), +++, synergism (Cl ranges
of 0.3 - 0.7). (C) To illustrate antigen-specific enhancement of ADCC, the percentages of increased lysis achieved by combining daratumumab (100 pM)
with ULBP2:7D8 (8 nM) or B7-H6:7D8 (20 nM) were compared with results obtained by combinations of the antibody with equimolar concentrations of
the control molecules B7-H6:4D5 and ULBP2:4D5. (D) Killing of MCL or CLL cells from patients (p) by daratumumab, ULBP2:7D8 and B7-H6:7D8 alone or
in varying combinations. Data points represent mean values + SEM of triplicate determinations. NK cells were effector cells at an E:T ratio of 20:1. For sta-
tistical analysis, patient samples were analyzed in a summary graph (¥, p < 0.05). Please note that improved cytotoxic effects of the combination of dara-
tumumab with ULBP2:7D8 were previously published °. (E) Lysis of patient-derived tumor cells by combination of daratumumab and ULBP2:7D8 at
varying concentrations. NK cells were used as effector cells. ++++, strong synergism (Cl: 0.1 - 0.3), +++, synergism (Cl: 0.3 - 0.7), ++, moderate syner-
gism (Cl: 0.7 - 0.85); + slight synergism (Cl: 0.85 - 0.9).
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quantitative capillary electrophoresis

technology (BioRad) in accordance with the manufacturer’s pro-

using ExperionTM Pro260

tocol. Rituximab and trastuzumab (Roche Pharma AG), which

A

was used as control, were purchased. The CD38 antibody daratu-
mumab was kindly provided by Genmab B.V.%*

Flow cytometry

Flow cytometry was performed on
Navios flow cytometer (Beckman Coul-
ter) as described previously.”” The hexa-
histidine-tagged recombinant immuno-
ligands were detected with a secondary
Alexa Fluor 488-coupled anti-penta His
antibody (Qiagen). Human or chimeric
antibodies were detected with allophy-
cocyanin-labeled mouse anti-human Ig
kappa light chain antibodies (BD Bio-

sciences). Isolated tumor or NK cells
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Figure 5. Tumor cell killing by patient-derived
NK cells. (A) MNC from either healthy individ-
uals or patients were prepared, stained with
antibodies specific for CD56 (PC-7 conju-
gated), CD19 (Pacific Blue-conjugated), CD3
(FITC-conjugated) and either NKG2D or
NKp30 (each PE-labeled), and analyzed by
flow cytometry. CD56-positive, CD3- and
CD19-negative NK cells were gated and the
expression levels of the respective receptors
were determined. Left panel: representative
histogram analysis of the expression of the
indicated receptors by MNC from a patient
(DLBCL p# 14) or from a healthy individual
(white peaks: control; gray peaks: receptor).
Right panel: summary graph illustrating mean
fluorescence intensity (MFI) for NKG2D,
NKp30 and the control reaction obtained in
different experiments with cells from different
individuals. Data points represent mean val-
ues + SEM (n = 4). (B) Patient-derived NK
cells were employed as effector cells for com-
binations of rituximab (4 nM) and either
ULBP2:7D8 (200 nM) or B7-H6:7D8 (500 nM)
using allogeneic Ramos and MEC2 tumor cells
as targets. The E:T ratio was 10:1. Data points
represent mean values of triplicate determi-
nations. The horizontal line indicates mean
percentage of lysis (p, patient; DLBCL, diffuse
large B cell lymphoma; FL, follicular lym-
phoma). (C) NK cells from two CLL patients
were isolated and applied as effector cells
against autologous tumor cells (ET ratio:
20:1). The concentration of rituximab was
4 nM, ULBP2:7D8 and B7-H6:7D8 were used
at 200 and 500 nM, respectively, unless other-
wise indicated. Data points represent mean
values & SEM of triplicate determinations. (D)
After CLL p #10 was transplanted with alloge-
neic haematopoietic progenitor cells, NK cells
from this patient were enriched and
employed as effector cells against the same
patients CLL target cells (E:T ratio: 20:1). Data
represent mean values of triplicate wells +
SEM [++++, strong synergism (Cl: 0.1-0.3),
~+-++, synergism (Cl: 0.3-0.7), ++, moderate
synergism (Cl: 0.7-0.85)].
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were characterized by flow cytometry using FITC- or Pacific
Blue-conjugated CD20 or CD19 antibodies, FITC or Krome
Orange-conjugated CD3 antibodies, PC7-coupled CD56 anti-
bodies, PE-conjugated CD16, anti-NKG2D and anti-NKp30
antibodies (Beckman Coulter) according to the manufactures
recommendations. Expression of NKG2D and NKp30 ligands
was analyzed with following antibodies: PE-conjugated anti-
ULBP1 (clone 170818; R&D Systems), PE-conjugated anti-
ULBP-2/5/6 (clone 165903; R&D Systems), PE-conjugated
anti-ULBP3 (clone 166510; R&D Systems), PE-conjugated
anti-ULBP4 (clone 709116; R&D Systems), PE-conjugated
anti-MICA/B (clone 6D4; BD biosciences) and allophycocyanin-
conjugated anti B7-H6 (clone 875001, R&D Systems). As con-
trols, recommended corresponding isotype antibodies were used.
Dead cells were excluded from analysis by staining with 7-AAD
(BD biosciences).

Analysis of NK cell cytotoxicity

Cytotoxicity was analyzed in standard 3 h >'Cr release assays
performed in 96-well microtiter plates in a total volume of
200 pL as described previously.*® Human NK cells or MNC
were used as effector cells at the indicated E:T ratios.

Analysis of NK cell activation

Two hundred thousand NK cells were seeded together with
equal numbers of Ramos cells in microtiter plates in a volume of
200 pL. Rituximab, B7-H6:7D8, ULBP2:7D8, trastuzumab or
PBS were added. After 4 h cells were stained with antibodies
against CDG69 (PE-conjugated), CD56 (PC-7), CD19 (Pacific
Blue) and CD3 (FITC) and analyzed by flow cytometry. CD56-
positive, CD3- and CD19-negative NK cells were gated and the
expression levels of CDG69 were determined.

Data processing and statistical analyses

Graphical and statistical analyses were performed with Graph-
Pad Prism 5.0 software. Potential outliers of triplicate determina-
tions were detected by Grubbs’ test. P-values were calculated
using repeated measures ANOVA and the Bonferroni post-test.
The null hypothesis was rejected for p < 0.05. DRI and CI values
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