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Bispecific immune cell engager
enhances the anticancer activity of
CD16+ NK cells and macrophages in
vitro, and eliminates cancer metastasis
in NK humanized NOG mice

Shahryar Khoshtinat Nikkhoi
Rick | Cohen," Lazaro Gil Gonzalez

ABSTRACT

Background In a prior report, we detailed the isolation
and engineering of a bispecific killer cell engager, referred
to as BiKE:E5C1. The BIKE:E5C1 exhibits high affinity/
specificity for the CD16a activating receptor on natural
killer (NK) cells and human epidermal growth factor
receptor 2 (HER2) on cancer cells. In vitro studies have
demonstrated that BiKE:E5SC1 can activate the NK cells
and induce the killing of HER2+ ovarianand breast cancer
cells, surpassing the performance of the best-in-class
monoclonal antibody, Trazimera (trastuzumab). To advance
this BIiKE technology toward clinical application, the
objective of this research was to demonstrate the ability
of BIKE:E5C1 to activate CD16+ immune cells such as NK
cells and macrophages to Kill cancer cells, and eradicate
metastatic HER2+ tumors in NK humanized NOG mice.
Methods We assessed BIiKE:E5C1’s potential to activate
CD16-expressing peripheral blood (PB)-NK cells, laNK92
cells, and THP-1-CD16A monocyte-macrophages through
flowcytometry and antibody-dependent cell-mediated
cytotoxicity/phagocytosis (ADCC) assays. Subsequently,
1aNK92 cells were selected as effector cells and
genetically modified to express the nanoluciferase gene,
enabling the monitoring of their viability in NK humanized
NOG mice using quantitative bioluminescent imaging
(gBLI). To evaluate the functionality of BiKE:E5C1 in vivo,
we introduced firefly luciferase-expressing ovarian cancer
cells via intraperitoneal injection into hiL-15 and hiL-2
NOG mice, creating a model of ovarian cancer metastasis.
Once tumor establishment was confirmed, we treated the
mice with 1aNK92 cells plus BiKE:E5C1 and the response
to therapy was assessed using gBLI.

Results Our data demonstrate that BiKE:E5C1

activates not only 1aNK92 cells but also PB-NK cells and
macrophages, significantly enhancing their anticancer
activities. ADCC assay demonstrated that IgG, Fc region
had no impact on BiKE:E5C1’s anticancer activity. In vivo
results reveal that both hiL-15 and hIL-2 NOG mouse
models support the viability and proliferation of laNK92
cells. Furthermore, it was observed that BiKE:E5C1
activates 1aNK92 cells in mice, leading to eradication of
cancer metastasis in both NK humanized hiL-15 and hIL-2
NOG mouse models.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Clinical evidence indicates that increasing the affin-
ity of the Fc region of monoclonal antibodies for the
CD16 receptor on natural killer (NK) cells leads to
significantly improved therapeutic outcomes.

WHAT THIS STUDY ADDS

= This study demonstrates the ability of our engi-
neered bispecific immune cell engager with high
affinity and specificity for CD16 receptor to activate
NK cells and macrophages to Kill cancer cells, and
effectively eradicate HER2+ ovarian cancer metas-
tasis in NK humanized hIL15 and hIL-2 NOG mice.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings could pave the way for the develop-
ment of a new generation of potent antibodies for

immunotherapy of cancer.

Conclusions Collectively, our in vivo findings underscore
BiKE:E5C1’s potential as an immune cell engager capable
of activating immune cells for cancer cell elimination,
thereby expanding the arsenal of available BiKEs for
cancer immunotherapy.

BACKGROUND

Antibody-mediated cancer immunotherapy
is a type of treatment that uses antibodies to
assist the immune system in fighting cancer.
The Fab region of monoclonal antibodies
(mAbs) binds to antigens on the surface
of cancer cells, while their Fc region binds
to the Fc receptor CD16a (FcyRIIIA) on
natural killer (NK) cells, triggering antibody-
dependent cell-mediated cellular cytotoxicity
(ADCC).! The binding of the Fab region
to antigens is typically of high affinity and
specificity. However, the Fc region has ‘low
affinity and specificity’ for CD16a.”> * This
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low-affinity and low-specificity interaction is responsible
for the suppressed efficacy of mAbs in cancer therapy,™™®
as the Fc region also binds to CD32b (FcyRIIB) inhibitory
receptor on B cells, macrophages, and a subset of CD8" T
cells, resulting in the inhibition of B cell maturation, inac-
tivation of macrophages, and reduced T cell survival.””
Consequently, antibody engineers are striving to create
antibodies that bind to CD16a with high affinity and spec-
ificity, without cross-reactivity with the CD32b receptor.

Our laboratory has successfully isolated and reported
the sequence of a single-domain antibody (VHH clone
C1) with high affinity and specificity toward CD16a acti-
vating receptor, without cross-reactivity with the CD32b
inhibitory receptor.'’ ' To assess the potential of VHH
clone Cl1 for activating NK cells and killing cancer cells,
we recombinantly fused with an anti-HER2 VHH (clone
E5) to create a bispecific killer cell engager (BiKE)
(referred to as BiKE:E5C1).'%'2 We have demonstrated
that BIKE:E5CI1 degranulates and activates NK cells,
leading to the release of granzyme B, perforin, TNF-c,
and IFN-y at substantially higher levels than Trazimera
(trastuzumab), which is considered the best-in-class
anti-HER2 mAb currently in clinical use.

To advance our BiKE technology toward clinical applica-
tion, the objective of this research was to demonstrate the
ability of BiKE:E5CI to activate CD16+immune cells such
as NK cells and macrophages to kill cancer cells in vitro,
and eradicate metastatic HER2+tumors in NK human-
ized NOG mice. To achieve this objective, HER2+SKOV-3
ovarian cancer cells were injected intraperitoneally (IP)
into mice to model metastatic ovarian cancer. Our group
and others have shown that NK cells have difficulty recog-
nizing and killing SKOV-3 cells because these cells have
low expression levels of MICA/B ligands.10 13 Hence,
this cell line can represent HER2+ cancers that survived
NK cell immune surveillance. As effector cells, NK92
cells, which are FDA (Food and Drug Administration)
approved for human use and show a broad range of cyto-
toxicities against cancer cells were used.'* ' In our in vitro
studies, we show that BiKE:E5C1 can activate CD16+im-
mune cells such as NK cells from peripheral blood (PB-
NKs), 1aNK92 cells, and M1 macrophages to kill cancer
cells. In in vivo studies, we employed CD16+1aNK92 cells
because they could be genetically engineered to express
the nanoluciferase gene, making it possible to validate
their viability and proliferation using quantitative biolu-
minescent imaging (qBLI). Since NK92 cells require
human interleukin-2 (hIL-2) or human interleukin-15
(hIL-15) to remain viable and active, we evaluated the
anticancer efficacy of BiKE:E5CI1 in both tumor-bearing
NK humanized hIL-15 NOG and hlIL-2 NOG mice.

MATERIALS AND METHODS

Cell lines and culture

PB-NK cells, SKOV-3 cells, BT-474, and MDA-MB-231
cells were purchased and cultured following vendors’
protocols. JIMT-1 (PDX model) HER2" breast cancer

cell line resistant to trastuzumab'® was kindly provided by
Dr. Jason S. Lewis (MSKCC, New York, USA). OVASC-1
cells (PDX model), primary cells isolated from ascitic
fluid of a patient with advanced drug-resistant epithelial
ovarian cancer, were obtained from the Rutgers-Cancer
Institute of New Jersey Biorepository center.'” '® 1aNK92
cells expressing the low affinity CD16 receptor (F176)
were purchased from ATCC (Cat# PTA-8837) in 2019 and
cultured as previously described.'” Currently, [aNK92 cell
line is not available at ATCC and can be obtained directly
from Brink Biologics through an MTA. THP-1-CD16A
monocytes stably overexpressing CD16A were generously
provided by Dr. Alan H. Lazarus’ research group at the
University of Toronto." For cell culture details, please see
online supplemental method 1.

Expression and purification of BiKE:E5C1

BiKE:E5C1 was genetically engineered as described previ-
ously," cloned into a pET28a vector, transformed into
SHuffle Escherichia coli expression system, expressed, and
then purified using Ni-NTA column chromatography. For
details, please see online supplemental method 2.

Measurement of BiKE-induced ADCC in HER2+ cancer cells
using CD16+ immune cells

The ability of BIKE:E5CI to activate CDI16+ immune
cells to kill HER2+ cancer cells was measured by ADCC/
antibody-dependent cell-mediated phagocytosis (ADCP)
assays.

In ADCC assay using CD16+PBNK or 1aNK92 cells,
SKOV-3 cancer cells were seeded at the density of 10* cells
per well in a 96-well plate. ]laNK92 or PB-NK cells were
mixed with BiKE:E5CI (100nM) and added to the target
cells to establish different effector-to-target (E:T) ratios.
Cells were then incubated for 24 hours at 37°C. Next, cells
were washed with DPBS twice to remove the NK cells from
the wells. To evaluate cell viability, alamarBlue HS Cell
Viability Reagent was added to the plate and the plate was
read using Tecan Infinite M Plex plate reader.

In ADCC assay for measuring the HER2 expression
threshold for BIiKE:E5CI activity, CD16+laNK92 cells
were used as effector cells, and MDA-MB-231, OVASC-1,
JIMT-1, BT-474, and SKOV-3 cells were used as target cells.
Cancer cells were seeded in a 96-well plate as mentioned
above. 1aNK92 cells were mixed with BiKE:E5:C1 (10
pM), added to target cells to establish different E:T ratios,
and then incubated for 6hours at 37°C. The cancer cell
viability was measured as described above.

To assess the potential adverse impact of the IgG,
Fc region on the anticancer activity of BiKE:E5CI, we
conducted a competition ADCC assay. In this experi-
ment, SKOV-3 cells were seeded as mentioned above.
Subsequently, laNK92 cells were incubated with a 100nM
concentration of the 3G8 anti-CD16 antibody for 30 min
in the incubator. Concurrently, 1 nM of either BiKE:E5C1
or trastuzumab was added to the SKOV-3 cells and incu-
bated for 30 min in the incubator. Following this, aNK92
cells were added to the SKOV-3 cells at an ET ratio of
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4, and the ADCC assay was performed for a duration of
4hours. Postassay, a thorough washing step was carried
out to eliminate floating cells, and alamar Blue was
employed to evaluate cell viability.

In ADCP assay using THP-1-CD16A cells, first the
expression levels of CD16a on the surface of monocytes
was measured using flow cytometry and 3G8 anti-CD16
mAb (Thermo Fisher, Cat#MHCD1605). Then THP-1-
CD16A monocytes were seeded at the density of 2x10*
cells per well in a 96-well plate and treated with 100ng/
mL of Phorbol-12-Myristate-13-Acetate to polarize the
cells into MO THP-1-CD16A macrophages. Cells were
incubated under this condition at 37°C for 24hours.
Subsequently, the MO macrophages were treated with
100ng/mL lipopolysaccharide (LPS) (Millipore Sigma,
Cat#L.2630-10MG) and 20ng/mL of IFN-y (Peprotech,
Cat#300-02-100UG) and incubated at 37°C for 24hours
to transform them into M1 macrophage. Then, the
expression of CD80 (M1 macrophage biomarker)®’ was
measured using flow cytometry and anti-CD80 mAb
(Biolegend, Cat# 305219). To measure ADCP, THP-1-
CD16A cells were seeded at the density of 2x10* cells per
well in a 96-well plate and then differentiated into M1
macrophages as mentioned above. Subsequently, firefly
luciferase-expressing SKOV-3 cells were opsonized with an
equimolar quantity of either BiKE:E5CI or trastuzumab
(positive control). Following opsonization, 4000 SKOV-3
cells were added to the M1 macrophages achieving an E:T
ratio of 5. Cells were coincubated for 24hours at 37°C.
The next day, cells were washed with DPBS twice, and
then the bioluminescence of viable cells were measured
using the Promega Luciferase Assay kit.

Measurement of the degranulation of 1aNK92 cells using
surfaced CD107a

To measure degranulation of 1aNK92 cells, surfaced
CD107a was measured following a previously published
method."” For more details, please see online supple-
mental method 3.

Evaluation of the impact of hiL-2 and hIL-15 on laNK92
cytotoxicity

To assess the impact of hIL-2 and hIL-15 on the cyto-
toxicity of 1aNK92 cells, we conducted an ADCC assay
employing various BiKE:E5CI concentrations while main-
taining a constant E:T ratio of 4, as well as different E:T
ratios while maintaining a fixed BiKE:E5CI concentra-
tion (100nM). For more details, please see online supple-
mental method 4.

Quantification of cytokine release

To measure the amounts of TNF-o0 and IFN-y released
from the activated NK cells, an ELISA was performed. For
details, please see online supplemental method 5.

Generation and characterization of nanoluciferase-expressing
1aNK92 stable cell line

The gene encoding nanoluciferase (NanoLuc, Promega,
Madison, Wisconsin USA) was designed under an EFl-o

promoter, synthesized by VectorBuilder (Santa Clara,
California, USA), and then cloned into a mammalian cell
expression PiggyBac vector (pb-nLuc). For details, please
see online supplemental method 6.

Evaluation of the viability of laNK92 cells in hiL-15 NOG and
hiL-2 NOG mice

We also used the ARRIVE reporting guidelines.”! First,
mice were preconditioned by one time IP injection of
20mg/kg of busulfan (Millipore Sigma, B2635-25G).*
The next day, 2M laNK92-nLuc cells were injected IP
into female hIL-2 NOG aged 4-6 weeks (model# 13 440-
F), hIL-15 NOG (model# 13683-F), and CIEA NOG
(model# NOG-F) mice (Taconic Biosciences). One CIEA
NOG mouse received daily injection of hIL-2 (50K UI)
for five consecutive days, whereas the second one did
not receive any hlL-2. Before imaging, mice were anes-
thetized by 2% isoflurane and then injected IP with furi-
mazine (Promega) (2pL furimazin in 198 pL of DPBS).
The BLI in each mouse was detected within 30 s of furi-
mazine injection with acquisition time of 60 s using an
IVIS Lumina III Imaging System. To determine the fold
change in mass of 1aNK92-nLuc cells over time, the total
BLI of the mouse body on day 35 was divided by the total
BLI of the same mouse on day 1.

Evaluation of the ability of BiKE:E5C1 to activate laNK92 cells
to kill SKOV-3 tumors in mice

hIL-2 NOG and hIL-15 NOG mice were preconditioned
with Busulfan as mentioned above. The next day, 1x10°
firefly luciferase-expressing SKOV-3 cells were injected IP
into mice to induce intraperitoneal tumors. After 3 days,
D-luciferin substrate was injected IP to image and verify
the establishment of the tumors. Next, tumor-bearing
mice were divided into three groups of six mice. One
group received BiKE:E5CI only (200pg/mouse), the
second group received laNK92-nLuc cells only (4 million/
mouse), and the third group received laNK92-nLuc cells
(4 million/mouse) plus BiKE:E5C1 (200pg/mouse).
laNK92-nLuc cells were injected IP once. BiKE:E5CI
was administered IP daily, five times a week, and for 2-3
weeks. The viability of laNK92-nLuc cells was monitored
weekly using furimazine (nLuc substrate). The response
to therapy was evaluated by injecting 150mg/kg of
D-luciferin (fLLuc substrate) (GoldBio, Missouri, USA)
dissolved in 200 pL of DPBS and measuring the BLI of
tumors over time. Mice were imaged within 10min of
D-luciferin injection with acquisition times of 60s using
an IVIS Lumina III Imaging System and analyzed. The
fLuc substrate (D-luciferin) and nLuc substrate (furi-
mazine) are enzyme specific and do not cross react. To
determine the fold change in mass of SKOV-3 cells over
time, the total BLI of the mouse body on the last time
point was divided by the total BLI of the same mouse on
the first point. Observable indicators of health (ie, diar-
rhea, appetite, posture, and movement) and body weight
were continuously monitored to detect any treatment-
related toxicities. Loss of more than 10% body weight in
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1week or more than 20% at any time was considered as
the study endpoint.

RESULTS

BIiKE:E5C1 helps GCD16+ PB-NK cells, laNK92 cells, and THP-1-
CD16A macrophages kill cancer cells

The aim of this experiment was to demonstrate the
capacity of BIKE:E5CI to engage CDIl6-expressing
immune cells and enhance their effectiveness in killing
cancer cells. To achieve this goal, three different types of
CD16-expressing immune cells were used: PB-NK cells,
1aNK92 cells, and THP-1-CD16A monocytes.

First, we investigated the ability of BIKE:E5C1 to engage
and enhance the efficacy of PB-NK cells in killing HER2+
cancer cells. In this context, CD16+PB NK cells were coin-
cubated with HER2+SKOV-3 ovarian cancer cells in the
presence of BiKE:E5CI. The expression of CD16 receptor

on PB-NK cells was confirmed by flow cytometry (online
supplemental figure 1). The results of the ADCC assay
demonstrated a significant enhancement in the killing
efficiency of PB-NK cells against SKOV-3 cells when
combined with BiKE:E5C1 (figure 1A). Analysis of ELISA
data revealed a substantial increase in the quantities of
TNF-o and IFN-y released by PB-NK cells in the presence
of BiKE:E5CI (figure 1B,C).

For comparison purposes, we conducted an ADCC assay
using 1aNK92 cells. In this experiment, CD16a+laNK92
cells were coincubated with SKOV-3 cells in the pres-
ence or absence of BiKE:E5CI. The results indicated
that BIKE:E5CI significantly enhanced the cytotoxicity
of 1aNK92 against SKOV-3 cancer cells at all E:T ratios,
similar to PB-NK cells (figure 1D). As we have previ-
ously demonstrated, BiKE:E5C1 can engage the CD16a
receptor on laNK92 cells, activating them to release
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Figure 1

Evaluation of CD16a+ immune cell activation by BiKE:E5C1. (A-C) Activation of PB-NK cells by BiKE:E5C1, resulting

in a significant increase in cytokine release and the death of HER2+SKOV-3 cancer cells. (D) ADCC assay demonstrating
BIiKE:E5C1’s capacity to enhance the cancer-killing efficiency of laNK92 cells. (E) ADCC assay conducted in the presence and
absence of 3G8 anti-CD16 antibody. This figure highlights that the anticancer activity of BiKE:E5C1 remains unaffected by
IgG, Fc region, while 3G8 significantly reduces the efficacy of trastuzumab (IgG,-based mAb). (F-G) Flow cytometry analysis
of surface biomarkers, CD16a on THP-1-CD16A monocytes and CD80 on M1 macrophages. (H) ADCP assay demonstrating
BIKE:E5C1’s potential to enhance the anticancer activity of M1 macrophages. The following groups are shown: control (SKOV-3
alone untreated), Trz (SKOV-3 treated with trastuzumab), BiKE (SKOV-3 treated with BiKE), monocyte (SKOV-3 treated with
THP-1-CD16A monocytes), Mac (SKOV-3 treated with M1 THP-1-CD16A macrophages), Mac+Trz (SKOV-3 treated with M1
THP-1-CD16A macrophages plus trastuzumab), and Mac+BiKE (SKOV-3 treated with M1 THP-1-CD16A macrophages plus
BIiKE). Data are presented as mean+SD. (n=5); *t-test, p<0.05. ADCC, antibody-dependent cell-mediated cytotoxicity; BIiKE,
bispecific killer cell engager; NK, natural killer; ns, not significant; PB, peripheral blood.
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substantial amounts of perforin, granzyme B, TNF-¢, and
IFN-y, ultimately leading to the killing of HER2+ cancer
cells."’

Subsequently, we examined whether IgG, Fc region
could compete with BiKE:E5C1 for binding to the CD16a
receptor, potentially reducing its activity. An anti-CD16
mAb (ie, 3G8) that targets the same epitope on CD16a
receptor as IgG, Fc was used as a Competitor.23 Trastu-
zumab, an IgG -based mAb, was used as a control. The
ADCC assay results indicated that the presence of 3G8
had no significant impact on the anticancer efficacy
BiKE:E5C1. However, 3G8 mAb significantly reduced the
efficacy of trastuzumab (figure 1E). As BiKE:E5CI recog-
nizes a different epitope on CD16a than IgGl,m its anti-
cancer activity remained unaffected.

Furthermore, the ability of THP-1-CD16A monocyte-
macrophages to engulf (phagocytose) antibody-opsonized
human red blood cells and platelets had previously been
demonstrated using ADCP assay.24 Employing ADCP
assay, we explored the potential of BiKE:E5C1 to enhance
the anticancer activity of CD16+M1 macrophages (down-
stream effect) against SKOV-3 cells. To achieve this, THP-1-
CDI16A monocytes that were engineered to stably express
CD16a receptor (figure 1F), were treated with LPS and
IFN-y to polarize them into M1 macrophages. The results
of this experiment revealed that approximately 40% of
the THP-1-CD16A monocytes were successfully polarized
into M1 macrophages as indicated by the expression of
the CD80 antigen (figure 1G). These macrophages were
then coincubated with SKOV-3 cells in the presence of
BiKE:E5C1. The results of the ADCP assay showed that
BiKE:E5C1 could enhance the killing efficiency of macro-
phages more significantly than trastuzumab (figure 1H).

BiKE can activate 1aNK92 cells to kill cancer cells with a wide
range of HER2 expression levels

In immunohistochemistry (IHC) analysis, tumor
tissues are scored as 0, 1+, 2+, and 3+. Scores of 0 and
1 are considered HER2-, even though HER2 is slightly
present. A score of 2 is considered equivocal, and a

score of 3 means HER2+ status.”* ® To determine the
threshold of HER2 expression level that would make
BiKE:E5CI1 functional, first a panel of HER2-expressing
cancer cells was carefully selected and analyzed by flow
cytometry. The results of this experiment showed that
MDA-MB-231 cells (HER2-, THC score 0) had the lowest
expression of HER2, and SKOV-3 cells had the highest
(HER2+, IHC score 3+) (figure 2A,B). Next, the ability
of 1aNK92 cells to kill the aforementioned cancer cells
in the presence of BiKE:E5C1 (10 pM) was measured.
The results of the ADCC assay revealed that the viability
of MDA-MB-231 cells was not significantly affected by
BiKE:E5C1 plus 1aNK92 cells; however, all other cancer
cells that had expression of HER2 ranging from low to
high were responsive to therapy (figure 2C). Interest-
ingly, low HER2-expressing OVASC-1 cells (75% positive
with low MFI) and trastuzumab-resistant JIMT-1 cells
(HER2+) could be targeted and killed. hIL-2 and hIL-15
have similar effects on killing efficiency of 1aNK92 cells.
NK92 is an immortalized human NK cell line that
requires hIL-2 for both its proliferation and activity.” *’
However, a recent study has reported that NK92 cells can
sustain their proliferation and activity not only in the
presence of hIL-2 but also hIL-15 (equal amounts).*® To
assess the impact of these two cytokines on the cytotox-
icity of NK92 cells, we cultured them in the presence of
each cytokine for 2weeks at equimolar doses and subse-
quently evaluated their anticancer activity against SKOV-3
cells. The results of the ADCC assay revealed there was no
statistically significant difference between the cytotoxici-
ties of the 1aNK92 cells cultured under these conditions
(figure 3A,B). Measurement of the 1aNK92 cell degranu-
lation, CD16 expression levels, and the secretion of TNF-o
and IFN-y after activation with BiKE:E5C1 also demon-
strated a similar level of NK cell activation (figure 3C-G).

Genetic engineering of luciferase-expressing laNK92-nLuc
cells

Tofacilitate the monitoring of theviabilityand proliferation
of 1aNK92 cells in mice, they were genetically engineered
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(A, B) Measurement of the HER2 expression on the surface of cancer cells using anti-HER2 antibody (trastuzumab)

and flow cytometry. The percentages of the cells that were labeled with fluorescein (FITC) dye, mean fluorescent intensity (MFI)
of labeled cells, and IHC scores of each cell line are also shown. (C) ADCC assay using BIKE:E5C1 at 10 pM concentration

and laNK92 at different E:T ratios. E:T 0 corresponds to target+BiKE treatment group (no 1aNK92). Data are normalized against

laNK92+target group and presented as mean+SD. (n=3). “p<0.05. ADCC, antibody-dependent cell-mediated cytotoxicity; BiKE,
bispecific killer cell engager; E:T, effector-to-target; ns, not significant.
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of 1aNK92 cells. (A) Measurement of the cytotoxicity of BiIKE:E5C1 plus 1aNK92 cells at different E:T ratios on SKOV-3 cells
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MFI, mean fluorescent intensity.

to stably express nanoluciferase gene (laNK92-nLuc).
To examine whether the genetic modification proce-
dure affected the expression levels of CD16a receptor,
proliferation rate, and killing efficiency of 1aNK92 cells,
we employed flow cytometry and ADCC assays. The flow
cytometry data indicated that there was no significant
difference between the percentages of CD16a-expressing
cells in 1aNK92 and laNK92-nLuc populations; however,
the density of CD16a receptor on 1aNK92-nLuc cells was
approximately 20% higher than on parent laNK92 cells
(figure 4A,B). We also observed that the proliferation
rate of laNK92-nLuc cells was somewhat higher (~10%)
than that of parent [aNK92 cells (figure 4C,D). Neverthe-
less, the results of the ADCC assay, conducted at different

E:T ratios and antibody concentrations, showed that
there was no significant difference between the engi-
neered laNK92-nLuc cells and the parent cell population
(figure 4E,F).

hiL-2 NOG and hIL-15 NOG mice support the proliferation of
NK92 cells

The objective of this experiment was to assess whether
the concentrations of hIL-2 in hIL-2 NOG and hIL-15 in
hIL-15 NOG mice were adequate to sustain the viability
and proliferation of 1aNK92 cells. It is noteworthy that
the reported concentration of hIL-2 in the plasma of
hIL-2 NOG mice ranges from 1 to 3ng/mL, while the
concentration of hIL-15 in the plasma of hIL-15 NOG
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mice is documented as b0 pg/mL,29 30 indicating a 20-50
fold difference in cytokine concentrations between the
two models. However, internal data from Taconic Biosci-
ences, as measured by serology testing, indicate that the
concentrations of hIL-2 and hIL-15 in the mentioned
models are in the range of 0.5-2.0ng/mL and 1-4ng/
mL, respectively. To investigate further, 1aNK92-nLuc
cells were injected IP into hIL-2 NOG and hIL-15 NOG
mice, while CIEA NOG mice, which do not express hIL-2
or hIL-15 served as controls. The results of this experi-
ment demonstrated that laNK92-nLuc cells remained
viable and proliferated in both hIL-2 NOG and hIL-15
NOG mice (figure 5bA-F). As expected, 1aNK92-nLuc
cells were unable to maintain viability in CIEA NOG mice
(figure 5G,H). Statistical analysis of data showed that
there was no significant difference between the growth
rates of 1aNK92-nLuc cells in hlIl-2 NOG and hIL-15
NOG mice (t-test, *p<0.05) (figure 5I). We also observed
that the mice in the hIL-2 NOG group showed signs of
toxicity, such as lethargy, loss of appetite, and reduced
activity, more significantly and 1week earlier than those

in hIL-15 NOG group. All mice showed signs of toxicity
~30 days post-NK cell injection and died approximately
after 40 days.

1aNK92 cells in combination with BiKE:E5C1 eliminate HER2+
tumors in hiL-15 NOG mice

The aim of this experiment was to demonstrate the func-
tionality of the BiKE:E5CI under in vivo conditions and
validate the in vitro data. To achieve this goal, SKOV-3
tumors were implanted IP in hIL-15 NOG mice and
then treated with 1aNK92-nLuc alone, BiKE:E5C1 alone,
or 1aNK92-nLuc plus BiKE:E5C1 following the dosing
schedule shown in figure 6A. The results of this study
showed that the tumor-bearing mice treated with laNK92-
nLuc plus BiKE:E5CI fully responded to the therapy,
and bioluminescence of cancer cells was not detectable
after 2weeks (figure 6B,C). In contrast, mice treated
with 1aNK92-nLuc or BiKE:E5C1 alone did not respond
to therapy and there was no significant reduction in
tumor mass over time (figure 6E-I). Measurement of
body weight during the treatment period showed that all
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Figure 5 Evaluation of the viability and proliferation of laNK92-nLuc cells in NOG mice. (A—C) Measurement of the BLI of
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imaging; IP, intraperitoneally; ns, not significant.

mice maintained their weights without any significant loss
(figure 6D, G and J). Analysis of data showed a statistically
significant difference between the test and control groups
(analysis of variance followed by post hoc Tukey test,
*p<0.05) (figure 6K). As an indication of the killer cell
engaactivation of 1aNK92-nLuc cells in the presence of
BiKE:E5C1, we also measured the concentration of IFN-y
in mice blood. The results of this assay showed a signifi-
cant increase in the concentration of IFN-y in the blood
of mice that were treated with 1laNK92-nLuc cells plus
BiKE:E5CI, indicating activation of 1laNK92-nLuc cells
(figure 6L). Itis also noteworthy that BiKE:E5C1 does not
have any cross-reactivity with mice CD16 antigens; thereby
limiting its interactions to CD16a on 1laNK92 cells only

(online supplemental figure 2). Measurement of the BLI
(nLuc) for 1aNK92 cells confirmed that they remained
viable over the treatment period (figure 6M-P).

1aNK92 cells in combination with BiKE:E5C1 eliminate HER2+
tumors in hiL-2 NOG mice

To demonstrate that BiKE:E5C1’s efficacy is not limited
to hIL-15 NOG mice, we implanted SKOV-3 tumors into
the peritoneal cavity of hIL-2 NOG mice, following the
same procedure mentioned above, and subsequently
treated them with [aNK92-nLuc plus BiKE:E5C1 using
the identical treatment protocol (figure 6A). A second
group of tumor-bearing hIL-2 NOG mice received treat-
ment with 1laNK92-nLuc cells alone and was used as a
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Figure 7 Evaluation of the ability of BIKE:E5C1 to activate laNK92-nLuc cells to kill HER2+ cancer cells in hIL-2 NOG

mice. (A-F) Measurement of the BLI of tumor mass over time and body weight of hIL-2 NOG mice that were treated with
BIiKE:E5C1+laNK92 nLuc cells or laNK92-nLuc cells alone. (G) Box-Whisker plot and statistical analysis of change in tumor
mass over time in test and control group. t-test, *p<0.05. (H) Measurement of IFN-y in the plasma of hiL-15 NOG mice. *t-test,
p<0.05. Data are presented as mean+SD. (I-L) BLI (nLuc) of laNK92-nLuc cells in test and control groups validating the viability
of the cells over the treatment period. BiKE, bispecific killer cell engager.

control. Since we previously established that BiKE:E5C1
alone does not exhibit anticancer activity at the adminis-
tered dose (figure 6H,K), we did not include this group
as a control in this experiment to avoid redundancy.
The results of this experiment revealed that BiKE:E5C1
could activate laNK92-nLuc cells in hIL-2 NOG mice to
effectively eliminate SKOV-3 cancer cells (figure 7A,B).
Although tumor-bearing hIL-2 NOG mice that were
treated with 1aNK92 cells alone responded positively to
the therapy (figure 7D,E), analysis of the data showed
a statistically significant difference between the test and
control group (t-test, *p<0.05) (figure 7G). Measurement

of the concentration of IFN-y in mice serum demon-
strated an increase in the concentration of IFN-y in mice
that were treated with laNK92-nLuc cells plus BiKE:E5CI,
indicating activation of 1aNK92-nLuc cells by BiKE:E5C1
(figure 7H). Measurement of the BLI (nLuc) for laNK92
cells confirmed that they remained viable over the treat-
ment period (figure 7I-L).

DISCUSSION
NK cells naturally possess the ability to kill tumor cells
without prior sensitization and modulate antitumor
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functions via cytokine secretion.”® Therapeutic mAbs
inducing NK cell-mediated ADCC and genetically engi-
neered CAR-NK cells have been developed for cancer
treatment. However, these two modalities bear some
inherent limitations. For instance, polymorphism of
CD16a has been reported to impact human IgG, binding
and subsequently influence NK cell ADCC.* Moreover,
it is well understood that CAR-NK cells present signif-
icant challenges in genetic manipulation, and their
antitumor efficacy is limited by the short life of NK
cells.”® While earlier reports indicated that NK therapy
had no significant side effects, such as cytokine release
syndrome (CRS), Zhang et al recently published clinical
data on the use of the third generation of CAR-NK cells
(referred to as CCCR-NK92) and observed CRS in one
patient.** Another class of immunotherapeutic modalities
harnessing NK cells, known as NK cell engagers (NKCEs),
has recently emerged and exhibited several advantages
over the abovementioned strategies.”

In this context, we have previously reported the
sequence of a new NKCE (BiKE:E5C1) and have shown
under in vitro conditions that it forms an immuno-
logic synapse between 1aNK92 cells and HER2+ cancer
cells, leading to the lysis of cancer cells."’ As a first step
toward achieving our objective, we evaluated the ability
of BiKE:E5C1 to activate other immune cells that express
CD16a receptor. Our data showed that BiKE:E5C1 has the
ability to activate not only IaNK92 cells but also PB-NKs
cells and macrophages, significantly enhancing their anti-
cancer activity (figure 1). This indicates that the efficacy
of BiKE:E5C1 is not limited to NK cells but can extend
to all immune cells that express CD16a receptor on
their surfaces. Interestingly, we observed that IgG-based
mAbs do not interfere with the activity of BiKE:E5CI,
as they recognize different epitopes on CDI16a recep-
tors, thereby providing the opportunity for combination
therapy with other mAbs. For examples, we have shown
that BIKE:E5CI in combination with pertuzumab has
significantly higher anticancer activity than BiKE:E5C1 or
pertuzumab alone.'

In the next step, we examined the ability of BiKE:E5C1
to activate laNK92 cells and kill cancer cells with a wide
range of HER2 expression levels. While BiKE-activated
1aNK92 cells were unable to kill HER2- MDA-MB-231
cells, they could facilitate the killing of not only OVASC-1
HER2-low cancer cells but also trastuzumab-resistant
JIMT-1 cells (figure 2). This suggests that BiKE:E5C1
could potentially compete with current FDA-approved
antibody-drug conjugates such as Enhertu for the treat-
ment of cancers in HER2-low category.

Learning that BiKE:E5C1 can activate both PB-NKs and
[aNK92 cells, we selected 1aNK92 cells as effector cells
for our in vivo studies since they are immortalized and
come from a single donor, providing a consistent source
of NK cells without the difficulties associated with PB-NK
cells, such as short lifespan and donor batch-to-batch vari-
ations. For this purpose, we first cultured 1aNK92 cells in
the presence of hlL-2 and hIL-15 at equimolar doses to

determine whether they have any impact on their cyto-
toxicity. We performed this study because Tornroos et al,
recently reported that treating NK92 cells with hIL-15
enhanced their proliferation rate significantly more
than those cultured in the presence of hIL-2.*® Here, we
conducted a comprehensive examination of the impact
of hIL-2 and hIL-15 on laNK92-mediated ADCC. Our
data show that regardless of the cytokine used, there is no
significant difference in killing efficiency, CD16 expres-
sion, or cytokine release from laNK92 cells cultured
under these two conditions (figure 3). Before initiating
in vivo experiments, we genetically engineered [aNK92-
nLuc cells to make it possible for us to monitor their fate
(viability and proliferation) after injection into mice.
Biological characterization of 1aNK92-nLuc cells illus-
trated that, despite a slightly higher proliferation rate for
the laNK92-nLuc cells, these cells were in general similar
to their parent cells without any significant difference in
killing efficiency (figure 4). It is noteworthy that in our
ADCC assay, we introduced an equal number of [aNK92
and 1aNK92-nLuc cells to the cancer cells, and the exper-
iments were conducted over a relatively short period of
time (ie, 4hours). This short incubation time eliminated
the opportunity for 1aNK92 cells to undergo substantial
expansion affecting the E:T ratios.

As there were no previous reports in the literature
regarding the viability of 1aNK92 cells in NOG mouse
models and their potential toxicity to the host, we
conducted an experiment in which we injected 1aNK92-
nLuc cells into CIEA NOG, hIL-2 NOG, and hIL-15 NOG
mice to determine the most suitable model for in vivo
BiKE efficacy studies. Our data revealed that CIEA NOG
mice did not support the growth of 1aNK92-nLuc cells.
In contrast, both hIL-2 and hIL-15 mice sustained the
viability and growth of these cells (figure 5). Notably, we
did not observe any significant difference in the prolif-
eration rates of laNK92-nLuc cells between hIL-2 NOG
and hIL-15 NOG mice. This led us to conclude that the
measured concentrations of hlL-2 and hIL-15 in mice
plasma by Taconic Biosciences are more accurate than
whatis reported in the literature. In addition, we observed
that mice injected IP with 1aNK92 cells exhibited signs of
toxicity, as evidenced by significant weight loss approxi-
mately 30 days post-transplantation, ultimately resulting
in death around 40 days. This observation aligns with the
information provided by Taconic Biosciences, indicating
the onset of graft-vs-host disease (GvHD) 4-6 weeks after
the transplantation of immune cells, leading to subse-
quent death in certain NOG mouse models. This indi-
cates that the window of opportunity for measuring the
activity of BiIKE:E5CI in these two NK humanized models
is limited to 30-40days post-NK92 IP transplantation.
Nevertheless, learning that both hIL-2 and hIL-15 NOG
mice support the growth of 1aNK92 cells, we examined
whether the viable 1aNK92 cells maintained their ability
to kill the cancer cells in the presence of BiKE:E5CI. For
this purpose, SKOV-3 cells were injected IP into mice to
model metastatic ovarian cancer spreading to peritoneal
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organs. The results of the in vivo studies demonstrated
that BiKE:E5CI activated 1aNK92-nLuc cells to release
cytokines such as IFN-y and effector molecules, leading to
clearance of cancer cells from the mice’s peritoneal cavity
in both hIL-2 NOG and hIL-15 NOG models (figures 6
and 7).

Overall, our data highlight two important points that
need to be addressed in future studies. The first pertains
to the limitation imposed by the immortality of the laNK92
cells, which accelerates the emergence of GvHD, thereby
restricting the lifespan of mice to approximately 40 days.
This renders it unfeasible to conduct long-term survival
studies following the elimination of cancer. Therefore,
the next logical step would be to use PB-NK cells, which
have a short lifespan, to address this constraint. The
second important point is that we have demonstrated the
efficacy of BiKE:E5C1 in one tumor model. Thus, addi-
tional in vivo studies encompassing a broad spectrum of
HERZ2-expressing tumors are necessary to further corrob-
orate the observed in vitro anticancer efficacy data.

CONCLUSIONS

The data in this manuscript demonstrate that BiKE:E5C1
can activate not only CD16-expressing NK cells but also
macrophages, leading to the enhancement of their anti-
cancer activity and acting as an effective immune cell
engager. Since our CD16a-targeting platform recognizes
a different epitope on CDI16a antigen than IgG-based
mAbs, it presents opportunities for both monotherapy
and combination therapy with other antibody drugs.
Considering that BiKE:E5C1 can activate NK cells to effec-
tively eliminate trastuzumab-resistant as well as HER2-low
cancer cells, it has the potential to compete with current
FDA-approved antibodies such as Enhertu for treating a
broad spectrum of HER2-expressing cancers. In conclu-
sion, our data validate the functionality of the BiKE:E5C1
under in vivo conditions expanding the armamentarium
for cancer immunotherapy.
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