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NKG2D-bispecific enhances NK and CD8+ T cell antitumor immunity
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Abstract

Background Cancer immunotherapy approaches that elicit immune cell responses, including T and NK cells, have revolution-
ized the field of oncology. However, immunosuppressive mechanisms restrain immune cell activation within solid tumors
so additional strategies to augment activity are required.

Methods We identified the co-stimulatory receptor NKG2D as a target based on its expression on a large proportion of
CD8+ tumor infiltrating lymphocytes (TILs) from breast cancer patient samples. Human and murine surrogate NKG2D co-
stimulatory receptor-bispecifics (CRB) that bind NKG2D on NK and CD8+ T cells as well as HER2 on breast cancer cells
(HER2-CRB) were developed as a proof of concept for targeting this signaling axis in vitro and in vivo.

Results HER2-CRB enhanced NK cell activation and cytokine production when co-cultured with HER?2 expressing breast
cancer cell lines. HER2-CRB when combined with a T cell-dependent-bispecific (TDB) antibody that synthetically activates
T cells by crosslinking CD3 to HER2 (HER2-TDB), enhanced T cell cytotoxicity, cytokine production and in vivo antitumor
activity. A mouse surrogate HER2-CRB (mHER2-CRB) improved in vivo efficacy of HER2-TDB and augmented NK as
well as T cell activation, cytokine production and effector CD8+ T cell differentiation.

Conclusion We demonstrate that targeting NKG2D with bispecific antibodies (BsAbs) is an effective approach to augment
NK and CD8+T cell antitumor immune responses. Given the large number of ongoing clinical trials leveraging NK and T
cells for cancer immunotherapy, NKG2D-bispecifics have broad combinatorial potential.
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Abbreviations CART Chimeric antigen receptor T
ADCC Antibody-dependent cellular CRB Co-stimulatory
cytotoxicity receptor-bispecific
BsAb Bispecific antibody DTC Dissociated tumor cells
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Introduction

More than 2 million women worldwide in 2020 were diagnosed
with breast cancer according to Global Cancer Statistics 2020
[1]. HER2, a transmembrane glycoprotein overexpressed in
20-30% of breast cancers, represents a crucial therapeutic target.
Trastuzumab, the first FDA approved drug targeting HER2, was
developed more than twenty years ago and radically improved
the prognosis of this disease. Pertuzumab was approved as an
adjuvant therapy in 2017 and prevents HER2 heterodimer for-
mation with HER1, HER3 and HER4 [2]. Both drugs exhibit
antibody-dependent cellular cytotoxicity (ADCC) activating the
innate immune system to kill tumor cells [3, 4]. Margetuximab,
a HER2-targeted antibody with increased Fc domain affinity
for CD16A, was developed for enhanced ADCC activity [5].
Despite the synergistic effect of trastuzumab with adjuvants and
chemotherapy treatments, a large number of patients relapse
indicating the need for additional therapies [6].

In the last decade, immunotherapy has become a suc-
cessful strategy for treating various cancer indications and
include inhibitors of cytotoxic T-lymphocyte associated pro-
tein 4 (CTLA-4), programmed cell death protein 1 (PD-1)
and its corresponding ligand, programmed death-ligand 1
(PD-L1) [7]. Such therapies are limited by the requirement
of tumor neo-epitopes and the presence of tumor-specific T
cells that recognize tumor cells via T cell receptor (TCR)
and peptide-major histocompatibility complex (MHC)
interactions [8]. In contrast, TDBs, that simultaneously
bind tumor-associated antigens on tumor cells and CD3 on
T cells, are capable of MHC-independent redirected lysis of
cancer cells engaging both tumor-specific and non-specific
T cells. Similar approaches for NK cells, such as AFM13
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which targets CD30 for T cell lymphoma, are also in clini-
cal development [9]. BsAbs and chimeric antigen receptor T
(CART) cells provide impressive benefit for hematological
cancer patients including blinatumomab, a CD19-bispecific
for the treatment of B cell acute lymphoblastic leukemia
[10]. However, numerous challenges remain in the context of
solid tumors including insufficient tumor T cell infiltration,
immunosuppression and low/heterogeneous tumor antigen
expression [11]. Therefore, identifying strategies to increase
cytotoxic activity and function of immune cells is necessary
for such therapeutics.

NKG2D is a C-type lectin-like receptor constitutively
expressed on a large portion of human natural killer (NK),
CD84+T, invariant NKT and y8 T cells [12, 13]. NKG2D ligands
are expressed under cellular stress conditions such as viral infec-
tion or cellular transformation. While NKG2D agonism can lead
to NK cell activation or co-stimulation depending on species,
NKG2D acts as a co-stimulatory receptor for T cells [14-16].
NKG2D plays a critical role in tumor immune surveillance and
eradication as shown by NKG2D ligand overexpression [17, 18],
antibody-mediated neutralization of NKG2D [19] and NKG2D-
deficient mice [20]. NKG2D co-expression with CD39 and
CX3CRlI is a cell surface signature for tumor-specific CD8+T
cells in mice and patients [21]. Together with NKG2D’s expres-
sion on NK and CD8+T cells makes it an attractive target for
augmenting antitumor effector immune responses.

In this study, we identified NKG2D as a co-stimulatory
receptor target by its expression on a large proportion of
CD8+ breast cancer TILs and its association with improved
survival of atezolizumab-treated, anti-PD-L1, triple nega-
tive breast cancer (TNBC) patients. HER2-CRB, a BsAb
bearing a HER2-targeting arm and an NKG2D agonist arm,
was developed. We found that HER2-CRB was able to form
immunological synapses (IS), induce cytokine production
and increase cytotoxicity by primary NK cells and TDB-
stimulated CD8+ T cells. HER2-CRBs were efficacious
in both humanized and immunocompetent mouse models
in combination with TDBs and enhanced effector func-
tion of NK and CD8+T cells. Altogether, HER2-CRBs
engage NK and CD8+ T cells leading to enhanced antitu-
mor activity and has potential for broad combinability with
immunotherapeutics.

Materials and methods
Flow cytometric analysis

Human DTCs from Discovery Life Sciences were thawed as
indicated by the manufacturer. Cells were stained with fix-
able viability dye eFluor780 (eBioscience, 65-0865-14) to
exclude dead cells for 30 min at 4 °C. To avoid non-specific
binding to Fc receptors, cells were incubated for 10 min at
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4 °C with human FcR blocking reagent (Miltenyi Biotec,
130-059-901). Cells were then stained as indicated using
fluorescently-labeled antibodies (Table S1). For intracellu-
lar staining, the FoxP3 buffer kit (eBioscience, 00-5123-43)
was used according to manufacture’s protocol. HER2-CRB
binding was detected with an anti-human Fc-A488 anti-
body (Biolegend, 409,322). NKG2D ligand expression was
detected using human NKG2D-Fc and detected with anti-
human Fc-A488 antibody (Biolegend, 409,322). MICA/B
was detected using an anti-MICA/B antibody. All antibody
reagents for flow cytometry can be found in Table S1.

Primary NK cells and BT474 target cells were preloaded
with 2 uM Cell Trace Violet (CTV) and 10 uM 5-(and-
6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhoda-
mine (CMTMR), respectively. NK cells and BT474 target
cells were conjugated by short centrifugation at a 1:1 ratio
at 2x 10° cells/ml in the presence of HER2-CRB at 1 or
10 pg/ml. After 10 min co-culture, cells were fixed with 3%
paraformaldehyde. Conjugate formation was evaluated by
flow cytometry using the BD LSR Fortessa X20.

Fo5 tumors were harvested and processed as previously
described [22]. Cells were resuspended in FACS buffer and
counted using ViCell WX (Beckman Coulter). For degranu-
lation and intracellular cytokine analysis, 3 x 10° tumor cells
were incubated for 5 h at 37 °C in complete media supple-
mented with CD107a/b-Alexa647 (BioLegend 121,610 and
108,512), Golgi Plug (BD Pharmingen 555,029), GolgiS-
top, (BD Pharmingen 55,474) and PMA-ionomycin cock-
tail (BioLegend 423,304). Cells were surface and intracel-
lularly stained as described above and antibodies are listed
in Table S1. Samples were analyzed using Symphony Flow
Cytometers (BD Biosciences) and data analyzed using
FlowJo Software (Tree Star).

Patient outcome analysis

The effect of KLRKIexpression on patient survival was
assessed retrospectively by stratifying patients into two
groups based on median expression. Hazard ratios, confi-
dence intervals and significance were calculated by a uni-
variate Cox proportional hazards model on the binarized
expression in R. IMPassion130 (NCT02425891) trial was
previously described [23].

Antibodies and reagents

Anti-human HER?2 clones 4D5 and 2C4 as well as anti-
human NKG2D clones 26F3, 16F8 and 20E6 and anti-
mouse NKG2D clone 19G8 were generated at Genentech.
The National Institute of Standards and Technology (NIST)
clone that targets a respiratory syncytial virus fusion protein
was generated at Genentech [24]. BsAbs were produced as
described previously [25]. TDBs and CRBs were diluted in

vehicle (20 mM histidine acetate, 240 mM sucrose, 0.02%
Tween 20, pH 5.5 buffer). Recombinant MICA extracellu-
lar domain (ECD) was produced at Genentech as described
previously [26].

Monovalent binding kinetic measurement

We used a BIAcore T200 instrument for both HER2-TDB
and mHER2-CRB. BIAcore research grade CMS5 chips were
activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC) and N-hydroxysuccinimide (NHS) reagents
according to the supplier’s instructions, followed by cou-
pling of NKG2D proteins. Human (R&D Systems 1299-NK)
and mouse (R&D Systems 10,960-NK) NKG2D-Fc fusion
antigens were coupled at a density of approximately 240
response units (RU). Threefold serial dilutions of HER2-
TDB or mHER2-CRB were injected in HBS-EP buffer
with a flow rate of 100uL/min at a temperature of 37 °C.
Sensorgrams and maximum binding response units (RMax)
were evaluated to determine level of binding to each anti-
gen. Association rates (ka) and dissociation rates (kd) for
antibodies that exhibited a binding response were calculated
using a 1:1 Langmuir binding model (BIAcore T200 Evalu-
ation Software version 2.0). For these, the equilibrium dis-
sociation constant (KD) was calculated as the ratio kd/ka.

Cell culture

HCC2218 cells (ATCC, CRL-2343) were maintained with
RPMI 1640 media supplemented with 10% FCS and 2 mM
L-Glutamine. BT474 cells (ATCC) containing a stable nuc-
Light™ (Essen Instruments, Inc.) red fluorescent protein
(RFP) were maintained in RPMI 1640 media supplemented
with 10% FCS, 2 mM L-Glutamine. Jurkat-NFAT luciferase
cells (BP Bioscience, 60,621) were engineered to overex-
press mouse and human NKG2D. Cells were maintained
and selected in RPMI 1640 + 10% FCS + 1000 pg/ml Gene-
ticin + 0.4 pg/ml puromycin. NK92-6F5 cell line was modi-
fied from the original NK92 cell line (ATCC, CRL-2407).
Fecgr3a (encoding CD16A) was introduced by transfection
using vector originated from Glycart/Roche with puromy-
cin selection. Cells were maintained in RPMI 1640+ 10%
FBS +L-Glu+ 1:1000 3-Mercaptoethanol +20U/ml 112
(Millipore Sigma, 11,011,456,001).

Peripheral blood mononuclear cells (PBMCs) were sepa-
rated from healthy volunteer blood through the Genentech
employee donation program. Blood was collected with
written informed consent from donors and performed under
an Institutional Review Board-approved protocol. PBMCs
were harvested using 50 ml Leucosep Tubes (Greiner,
22-7290) and lymphocyte separation medium (MP Bio-
medicals, 0850494). CD8+ cells were isolated from PBMCs
using human CD8+ Isolation Kit from Miltenyi Biotec
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Fig. 1 NKG2D is expressed on CD8+ T cells from human breast can-
cer samples and is associated with better prognosis in atezolizumab-
treated TNBC patients. Percentage of co-stimulatory receptor posi-
tive A CD8+, B FoxP3- CD4+and C FoxP3+CD4+T cells from
human-dissociated breast cancer tumor cells. D Kaplan—-Meier analy-
sis of Overall Survival (OS, left) and Progression-free Survival (PFS,
right) among patients with TNBC treated with placebo + nanoparticle

(130-094-156). NK cells were isolated from PBMCs using
NK cell isolation kit from Miltenyi Biotec (130-092-657).
RPMI 1640+ 10% FBS + L-glutamine + 2-b-Mercaptoetha-
nol +Na/Py + MEM: Non-essential amino acids were added
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400 400
Follow up (Days)

albumin-bound (Nab)-paclitaxel (top) or with Atezolizumab + Nab-
Paclitaxel (bottom) stratified by high and low KLRK! (encod-
ing NKG2D) expression normalized to a CD8 signature shown above.
(E) Frequency of NKG2D +CD4 +and CD8+T cells (top) and cor-
responding NKG2D mean fluorescence intensities (MFI, bottom)
from matched PBMCs and human-dissociated HER2 + breast cancer
DTCs. Mann—Whitney test used for statistics; *, p <0.05; **p, <0.01

to media for all CD8 +and NK cell assays. Purified cells with
purity of >90% and viability >95% were used for assays.
NK cells were used fresh while CD8 + T cells were used
fresh or after cryopreservation. For NK cell conjugation and
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immune synapse assays, PBMCs were isolated from healthy
donor samples obtained from the French blood bank (EFS).
Primary NK cells were isolated as described above and were
frozen directly post-isolation or after 14-17d of expansion
in the NK MACS medium (Miltenyi Biotec, 130-114-429)
supplemented by Human AB serum (5%, Sigma, H3667),
50 ng/ml IL-2 (Miltenyi Biotec, 130-097-746) and 10 ng/
ml IL-15 (Miltenyi Biotec, 130-097-746). Primary NK cells
were used after an overnight resting phase in NK MACS
medium supplemented by Human AB serum. For some
experiments using preactivated or expanded (activated) NK
cells, 50 ng/ml IL-2 and 10 ng/ml IL-15 were added during
the resting phase.

Immunological synapse visualization

Primary NK cells preloaded with CTV (2 uM) and BT474
target cells were conjugated by short centrifugation at a
1:1 ratio (1 NK for 1 target cell) at 2 X 10° cells/ml in the
presence of HER2-CRB at 1 pug/ml. Cells were seeded on
poly-L-lysine pre-coated slides and incubated at 37 °C. After
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Fig.2 HER2-CRB induces NK cell immunological synapse for-
mation and signaling. A Diagram of HER2-CRB, NIST-CRB and
HER2/NIST molecules. B Flow cytometry-based conjugate quantifi-
cation following 10 min incubation of primary NK cells conjugated
with BT474 cells in the absence or presence of 1 or 10 pg/mL HER2-
CRB. Results obtained from two independent healthy donors. Repre-
sentative dot plot (left) and quantified data (right). C Representative
images of cell trace violet (CTV)-labeled primary NK cells conju-
gated with CMTMR-labeled BT474 cells in the presence of NIST- or
HER2-CRB. Quantified area depicting immunological synapse used

10 min of co-culture, cells were fixed with 3% paraformal-
dehyde, permeabilized with 0.1% saponin in PBS with 3%
BSA and stained in the permeabilization buffer with phal-
loidin-Alexa546 (1/40, Fisher,#A22283) and anti-phospho-
tyrosine (mouse IgG2b, 1/20, Santa Cruz, #sc-7020) fol-
lowed by incubation with goat-anti-mouse IgG2b-secondary
antibody conjugated to Alexa488 (1/200, Fisher, #A21141).
Slides were mounted in the EverBrite Hardset Mounting
Medium (Biotium, #23,003). 30 conjugates per condition
were acquired using the microscope confocal spinning disk
Axioobserver Z1 CSUWI1. Definition of the IS region and
quantification of pTyr and phalloidin signal intensities in the
IS area were performed with Metamorph software.

Luciferase assays

BT474 cells (10,000cells /well) were seeded one day prior
to co-culture with Jurkat-NFAT luciferase mouse or human
NKG2D overexpressing cells at an E:T ratio 1:1 in the pres-
ence of BsAbs at a final volume of 100 ul. After 6 h incu-
bation at 37 °C at 5% CO,, 100uL of ONE-Step luciferase

g940-1SIN

g40-¢d3H

to quantify phosphotyrosine (pTyr) and phalloidin signals. D Quan-
tification of actin and pTyr intensities by confocal imaging of 30
individual interactions after 10 min incubation of conjugation of pri-
mary NK cells with BT474 cells in the presence of NIST- or HER2-
CRB. Similar results were obtained from another independent healthy
donor. E Western blot of phosphorylated ERK, total ERK and load-
ing control Hsp60 after 5 and 15 min incubation of NK cells, HER2-
coated beads and either HER2-CRB or NIST-CRB. Mann—Whitney
test used for statistics; **** p <0.0001

@ Springer



209 Page60f16

Cancer Immunology, Immunotherapy (2024) 73:209

B B.
2100 1NK92 cells ~5
o S |+ HER2NIST
- 80 o 4]~ NIST-CRB
5 2 2E |~ Notreatment
£ % 60+ 8% 3]- HER2-CRB
=4 p =
X N~NT
< § 40 E_&: 2
‘T 20- # e 4l
E £ 1
2 ol — - €y
SN RN A AN
SRR’ 0 24 48 72 96 120 144 168
SRR IANEANY Time (h)
HER2-CRB (ug/mL)
o
307 IFN-Y o 100001CXCL10 150 MIP-1a. g0 MIP-1B 550 TNF-a
8000 "
—1 207 1004 B0 b Prestim NK
E 6000 m No treatment
2 4001 1007 o NIST-CRB
10 A0 501 m HER2-CRB
20004 2001 50-
0- 0- 04 0- 0-
D. E.
2 — - * Condition media
~101NIST-CRB NK cells g 800
= 3 CNIST-TDB
S ¢|HER2CRB B , g el
gg HER2/NIST il Condition media £ 600 -
8= g |Trastuzumab #° o NIST-TDB 5,
g f « HER2-TDB 5 400
I8 4 2
N © 200
m®© 0]
#E 2 <
£ 0
= NIST-CRB + - + - - - - -
0 24 48 72 96 120 144 168 NKG2D-CRB - + - + - - - -
Time (H) 4D5-ctrl S
Trastuzumab - - - - - - + +

Fig.3 HER2-CRB elicits NK cell cytotoxicity. A Percentage of kill-
ing normalized to NIST-CRB for NK92.6DF5 cells co-cultured with
HER2+HCC2218 cells for three days in the presence of titrated
NIST-1 or HER2-CRB. B Fold-change of BT474 cell killing nor-
malized to time 0 h. BT474 cells were co-cultured with IL-15 pres-
timulated primary NK cells with an E:T ratio of 1:1 in the absence
or presence of HER2-CRB. Data derived from three independent
donors. C NK cell secretion of interferon-gamma (IFN-y), tumor
necrosis factor-alpha (TNF-a) as well as chemokines CXC chemokine
motif ligand 10 (CXCL10), macrophage inflammatory protein-lo
(MIP-1a) and MIP-1p from experiment depicted in (B) on day 4.

assay system (BPS Bioscience, 60690) was added and sam-
ples were gently agitated for 20 min at room temperature. A
luminometer was used to measure luminescence.

In vitro cytotoxicity assays

HCC2218 cells were co-cultured with NK92-6F5 cells in
the presence of BsAbs. Tumor cells were enumerated by
HER?2 + gated cell counts after acquisition of a defined vol-
ume of single-cell suspension by flow cytometry. Primary
NK cells were stimulated with IL-15 at 10 ng/ml (Pepro-
tech, 200-15) overnight at 37 °C at 5% CO, prior to use.
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Three independent donors illustrated. D Fold-change of BT474 cell
killing normalized by time O h. BT474 cells were co-cultured with
primary NK cells at an E:T ratio of 1:1 in the presence of HER2-
CRB, negative controls or trastuzumab with conditioned media
obtained from 24 h co-culture of PBMCs and BT474 cells in the pres-
ence of HER2-4D5-TDB or NIST-TDB. Three independent donors
are represented for donor conditioned media mix cultured with NK
cells from 3 separate donors (9 total samples). E Area under the curve
quantification from (D). Mann—Whitney test was used for statistical
significance; *p, <0.05

BT474-nucLight RFP cells were seeded one day before the
experiment in a clear bottom black well microplate (Corn-
ing, 3603) and CD8+ T or aforementioned stimulated NK
cells were added in the presence of molecules as indicated.
For MICA-ECD competition experiments, BT474-nucLight
RFP cells were co-cultured with purified normal donor
CD8+T cells at an E:T ratio of 1:1 (10,000:10,000 cells). No
TDB or 10 ng/ml of HER2.2C4-TDB with 0, 0.6 or 6.0 nM
HER2-CRBs were added to co-cultures. Plates were placed
in Incucyte S3 instrument (Essen Bioscience) at 37 °C at 5%
CO, and were scanned every 4 h for 7d.
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Western blot

Primary NK cells were prestimulated overnight with
10 ng/ml IL-15. Dynabeads™ M-450 tosylactivated beads
(Thermo Fisher, 14,013) were incubated overnight with
human HER2-Fc (R&D, 1129-ER) at 100 pg/ml at room
temperature with gentle rotation. 3 x 10° NK cells were co-
cultured at a 1:1 ratio with HER2-coated beads and incu-
bated at 37 °C for 5 or 15 min. The reaction was stopped by
adding RIPA supplemented with protease and phosphatase
inhibitors (ThermoFisher, 78,440). Cells were centrifugated
for 15 min at 14000 rpm at 4 °C, supernatants were stored
at — 80 °C. The Jess Western blot system from Protein Sim-
ple was used according to manufacturer’s instructions. 2 ug
of total protein was added and anti-phospho-ERK antibody
(Cell Signaling, 43708, 1:25 dilution), anti-ERK (Cell Sign-
aling, 46,955, 1:50 dilution) and anti-Hsp60 (R&D, AF1800,
1:50) were used as primary antibodies. The anti-rabbit-HRP
kit was used for detection (Protein Simple, DM-001).

RNA-seq and analysis

After 24 h in the stated conditions, human CD8+T cells
were directly sorted into lysis buffer provided by the RNeasy
micro kit (Qiagen, 74,004). The RNA was extracted accord-
ing to manufacturer’s instructions. For Founder #5 mouse
ex vivo studies, 4d following the stated in vivo treatment
CD45+ CD8+ CD3+ CD4- viability dye cells were directly
sorted into lysis buffer and RNA was extracted as described
above. The libraries were sequenced on Illumina HiSeq4000
(Illumina). An average of 30 million single-end RNA-
seq reads (50 base pairs (bp)) per sample were obtained.
Sequencing reads were aligned to the human genome
(GRCh38) or the mouse genome (NCBI Build 38) using
GSNAP version ‘2013-10-10’, allowing for a maximum of
two mismatches per 50 bp sequence (parameters: -M 2 -n 10
-B 2-i1-N1-w 200,0000-E1-pairmax-rna=200,000—clip-
overlap’). Lastly, the HTSeqGenie R package was used to
quantify gene expression levels by calculating the number of
reads mapped to the exons of each RefSeq gene. Transcript
annotation was based on the RefSeq database NCBI Anno-
tation Releases 104 for mouse. Read counts were scaled by
library size, quane normalized and precision weights calcu-
lated using the 613 “voom” R package. Subsequently, dif-
ferential expression analysis on the normalized count data
was performed using the “limma” R package by contrast-
ing treated samples with control samples using Partek Flow
software. Low expressed genes were filtered out if the mean
of the group was <1.0. Gene expression was considered
significantly different across groups with an FDR-adjusted
p-value <0.05. In addition, gene expression was obtained in

the form of normalized Reads Per Kilobase gene model per
Million total reads (nRPKM).

We tested for the enrichment of particular gene catego-
ries to identify relevant biological processes associated with
differential expression by using functions from the “clus-
terProfiler” R package and the MSigDB gene set collec-
tion. In the case of differential expression, treated samples
were compared to control samples, genes were thresholded
by p-value <0.05 and ranked based on the signed LogFC
for directionality. Subsequently gene set enrichment was
performed using the clusterProfiler:: GSEA function using
Partek Flow software.

Mice and mouse models

Animal protocols were reviewed and approved by Insti-
tutional Animal Care and Use Committee (IACUC) at
Genentech prior to experimentation. Female NOD.Cg-Prk-
de*“I12rg™™iYS 7] (NSG) mice at 6-8 weeks of age were
inoculated subcutaneously with five million JimT-1 cells in
HBSS/Matrigel in a volume of 0.1 ml per mouse. Human
PBMCs obtained from a human donor leukopack were
cultured overnight in non-activating conditions. The next
day, mice were not inoculated with 1x 10’ human PBMCs
intra-peritoneally. When tumor volumes ranged from 100 to
200 mm?, mice were treated intravenously by tail vein with
0.5 mg/kg HER2-TDB (anti-HER2.4D5xanti-CD3e.40G5c)
diluted in vehicle with or without 2 mg/kg HER2-CRB. The
vehicle buffer was used as a negative control.

The MMTV-Her2-transgenic Founder #5 tumor model
was developed from MMTV-HER?2 transgenic mice [27].
Founder #5 tumors were expanded in vivo in female FVB
WT mice at 6—8 weeks of age. Tumors were removed and
cut into tumor fragments that were surgically implanted
into the mammary fat pad of tumor naive female FVB
WT mice at 6-8 weeks of age. When mean tumor vol-
ume was 350-570 mm>, 6-16 mice, based on efficacy
or pharmacodynamic studies, were treated with vehicle
or 0.5 mg/kg of mHER2-TDB (anti-HER2.4D5xanti-
CD3e.2C11) in combination with vehicle or 2 mg/
kg of mHER2-CRB. For all mouse studies, mice were
removed from study when tumors reached a volume of >
1500 mm? or exhibited deterioration of heath.

Cytokine and chemokine analysis

Mouse blood was collected from the retroorbital sinus and
centrifuged at 10,000 rpm for 10 min. Sera were transferred
into a clean 96 V-bottom plate and stored in — 80 °C freezer
until cytokine analysis was performed using Premix Panel I
32-Plex (Millipore) as previously described [22].
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«Fig.4 HER2-CRB enhances HER2-TDB-mediated T cell activation
and cytotoxic activity. A Fold-change of luciferase activity normal-
ized to untreated Jurkat-NKG2D + NFAT-Luc cells. Jurkat cells were
co-cultured with BT474 cells for 6 h with either HER2.2C4-TDB or
HER2-TDB or NIST-TDB in combination with either HER2-CRB or
controls. B BT474 target cell killing normalized to time 0 h. BT474
cells were co-cultured for over five days with primary CD8+T cells
at an E:T ratio of 1:1 in the presence of 10 ng/ml of HER2-2C4-TDB
alone or in combination with titrated HER2-CRB. Representative
of four independent donors. C Cytokine quantification of CD8+T
cell and BT474 cell co-culture at an E:T of 1:1 in the presence of
10 ng/ml of HER2.2C4-TDB alone or in combination with HER2-
CRB after 96 h. D Differential gene expression analysis from bulk
RNA-seq on CD8+T cells co-cultured for 24 h with BT474 cells
in the presence of 10 ng/mL of HER2.2C4-TDB alone or in combi-
nation with HER2-CRB represented as a volcano plot. Blue dots
represent Log(fold-change) of <-0.7 and red dots depict Log(fold-
change) >0.7, p<0.05. Black points are below stated thresholds. E
GSEA data from Hallmark (top) and Reactome (bottom) gene sets
from results in (D). F GSEA from immunologic gene sets (C7) from
data in (D)

Results

NKG2D is expressed on intratumoral CD8+ T cells
and is prognostic in TNBC

To identify a co-stimulatory receptor to enhance NK and
CD8+T cell activity in breast cancer, we analyzed expres-
sion of the co-stimulatory receptors 4-1BB, GITR, ICOS,
NKG2D and OX40 on TILs from human breast cancer disso-
ciated tumor cells (DTCs). A greater proportion of CD8+T
cells expressed NKG2D compared to 4-1BB, GITR, ICOS
or OX40. (Fig. 1A). NKG2D was expressed primarily on
CD8+T cells with little expression on CD4+ T cell sub-
populations (Fig. 1B—C). In contrast, other co-stimulatory
receptors exhibited expression on effector CD4+FoxP3-
and regulatory CD4+FoxP3+ (Treg) T cells. Expression of
4-1BB, GITR, ICOS and OX40 on Tregs made these tar-
gets less favorable as signaling through these receptors can
elicit negative antitumoral effects [28]. NK cells were too
few within DTC samples to accurately assess co-stimulatory
receptor expression.

TNBC patients from the IMPassion130 trial were
separated based on high and low expression of KLRK]
(encoding NKG2D) with no normalization or normaliza-
tion to CD8+ T and NK cell signatures to rule out the
contribution of these cell types. Patients stratified by high
KLRK1 expression exhibited significantly improved out-
come for non-normalized (Fig. S1A) and data normalized
to NK (Fig. S1B) or CD8+T cell (Fig. 1D) signatures for
patients treated with atezolizumab, anti-PD-L1, in com-
bination with nab-paclitaxel. Importantly, KLRKI expres-
sion was not prognostic in the chemotherapy only treated
population regardless of normalization demonstrating

an association between KLRK1 expression and atezoli-
zumab treatment. Considering TNBC lacks defined tumor
antigens and TILs share similarities between TNBC and
HER2+ breast cancer [29], we analyzed NKG2D expres-
sion on TILs from HER2+ tumors and matched PBMCs.
We confirmed NKG2D was expressed on CD8+, but not
CD4+ TILs, in HER2+ tumors and matched PBMC sam-
ples (Fig. 1E).

HER2-CRB induces NK-tumor cell immune synapse
formation and is signaling competent

A HER2-targeted (anti-HER2 clone 4D5) anti-NKG2D
(clone 26F3)-bispecific (HER2-CRB) was produced using
knob-into-hole methodology (Fig. 2A). Fc receptor bind-
ing was attenuated via introduction of an N297G mutation.
HER2-CRB bound to hNKG2D with an equilibrium disso-
ciation constant of 1.752E-7 M (Fig. S2A). We developed
a non-tumor-targeted control, NIST-CRB (anti-NISTxanti-
NKG2D; NIST, National Institute of Standards and Technol-
ogy [24]) and an NKG2D non-binding control, HER2/NIST
(Fig. 2A). BT474 cells that express high levels of HER2
(Fig. S2B) and low levels of NKG2D ligands (Fig. S2C) were
used for the following assays. HER2-CRB bound to BT474
cells, but not NIST-CRB as expected (Fig. S2D). Both
HER2- and NIST-CRB bound to hNKG2D overexpressing
Jurkat-NFAT luciferase cells (Jurkat-hNKG2D+ NFAT-
Luc, Fig. S2E) that express high levels of NKG2D (Fig.
S2F). HER2-CRB formed conjugates between BT474 and
primary NK cells that were unstimulated, IL-2 and IL-15
preactivated to increase NKG2D expression (Fig. S2G) or
expanded (activated) with the greatest proportion of conju-
gate formation observed for activated NK cells (Fig. 2B).
Confocal microscopy confirmed that HER2-CRB sig-
nificantly improved immune synapse (IS) formation and
phosphotyrosine staining on NK cells within the IS when
compared to NIST-CRB (Fig. 2C-D). Using human HER2-
coated beads, HER2-CRB increased pERK in primary NK
cells, a downstream kinase of the NKG2D signaling pathway
(Fig. 2E). HER2-CRB induced transient NKG2D internali-
zation, in contrast to NIST-CRB (Fig. S2H), consistent with
ERK signaling [30]. Therefore, HER2-CRB bridges tumor
cells to NK cells and exhibits signaling competency.

HER2-CRB promotes NK cell activation

To validate the functional activity of HER2-CRB, first
we utilized NK92.6DF5 cells which express NKG2D
(Fig. S3A) and HCC2218 cells with high HER?2 positivity
(Fig. S3B) and low NKG2D ligand expression (Fig. S3C).
Although NK92.6DF5 cells exhibited high spontaneous
killing compared to primary NK cells (Fig. S3D), cyto-
toxicity was increased with HER2-CRB (Fig. 3A). To
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study HER2-CRB activity in a more relevant cell type, we
used IL-15-stimulated primary NK cells as this cytokine
induces higher levels of NKG2D and cytotoxic potential
[31]. Similar to NK92.6DF5 cells, HER2-CRB reduced
target cell numbers when compared to negative controls
(Fig. 3B). Cytokines and chemokines were elevated with
HER2-CRB treatment compared to negative controls
(Fig. 3C). HER2-CRB increased CD69+ and Ki67+ NK
cell frequencies and higher expression levels of these
proteins (Fig. S3E-F). To assess how proinflammatory
conditions influence HER2-CRB activity, we performed
a cell killing assay using 24 h conditioned media from co-
cultures of PBMCs containing T cells with BT474 cells in
the presence of HER2-TDB (anti-HER2 clone 4D5xanti-
CD3) or NIST-TDB (anti-NISTxanti-CD3, negative con-
trol). NK cells were co-cultured with BT474 cells in the
presence of HER2-CRB, negative controls or trastuzumab
as a positive control with or without conditioned media.
Conditioned media from co-culture with HER2-TDB
induced greater NK cell cytotoxic activity with HER2-
CRB compared to NIST-CRB or conditioned media with
NIST-TDB (Fig. 3D-E). Altogether, these data support
that HER2-CRB enhanced NK cell effector function that
is augmented by proinflammatory conditions.

HER2-CRB augments HER2-TDB-mediated CD8+T
cell activation

The variable domain sequence of two anti-HER?2 clones,
4D5 and 2C4, have been used to generate TDBs [32]. We
used both HER2-TDBs in combination with HER2-CRB
to assess activity on T cells. Jurkat-HuNKG2D + NFAT-
Luc cells were co-cultured with BT474 cells in the
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presence of sub-optimal concentrations of HER2.2C4-
TDB, HER2-TDB or NIST-TDB in combination with
HER2-CRB or negative control molecules. HER2-CRB
induced greater luciferase activity when combined with
HER2.2C4-TDB and HER2-TDB compared to NIST-CRB
(Fig. 4A). For primary CD8+ T cell assays, donors were
screened for NKG2D expression and exhibited similar
proportions of NKG2D+ CD8+ T cells as patient DTCs
and PBMCs (Fig. S4)A. NKG2D frequencies and MFI
did not vary dramatically across CD8+ T cell subtypes
(Fig. S4B-C). Treatment of CD8+ T and BT474 cell co-
cultures with HER2-TDB resulted in a narrow concentra-
tion window for killing activity (Fig. S4D). In contrast,
HER2.2C4-TDB provided a discernable dose titration
(Fig. S4E) and a concentration of 10 ng/mL was selected
to assess the effects of HER2-CRB on T cell activity. Both
HER2- and HER2.2C4-TDBs increased percentages of
NKG2D+ CD8+T cells following stimulation (Fig. S4F).
HER2-CRB enhanced HER2.2C4-TDB-mediated CD8+ T
cell cytotoxicity against BT474 cells in a dose depend-
ent manner (Fig. 4B) while HER2-CRB combined with
the negative control NIST-TDB exhibited no activity
(Fig. S4G). 600 nM of recombinant MICA extracellular
domain (ECD) did not interfere with activity of HER2-
CRB with anti-NKG2D clone 26F3. This was in contrast
to CRBs made with alternate anti-NKG2D clones where
MICA-ECD blocked activity which was more pronounced
at lower CRB concentrations (Fig. S4H). HER2-CRB
led to increased secretion of proinflammatory media-
tors (Fig. 4C). The CRB negative controls did not alter
cytokine levels compared to HER2.2C4-TDB alone
(Fig. S4I). To understand how NKG2D signaling influ-
ences CD8+ T cells, we performed bulk RNA-seq analysis
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24 h after co-culture with BT474 cells. HER2.2C4-TDB
by itself elicited robust transcriptomic changes and gene
set enrichment analysis (GSEA) was consistent with
TCR engagement (Fig. S4J-K). Addition of HER2-CRB
enhanced expression of transcripts associated with T cell
activation (Fig. 4D). HER2-CRB enhanced multiple bio-
logical processes including oxidative phosphorylation,
cytokine pathway signaling, translation, transcription and
proliferation (Fig. 4E) and a gene signature of acutely
activated CD8+ T cells (Fig. 4F) highlighting NKG2D’s
multifaceted biological effects upon human CD8+ T cells.

HER2-CRB improves in vivo activity of HER2-TDB

To assess in vivo activity of HER2-CRB, immunodeficient
mice were inoculated with a HER2 + trastuzumab and pertu-
zumab resistant cell line, JIMT-1 [33]. Tumor bearing mice
were or were not inoculated with human PBMCs and treated
with HER2-CRB and/or HER2-TDB. Although HER2-CRB
and HER2-TDB are composed of the same anti-HER?2 clone
and compete for the same HER?2 epitope, HER2-TDB is effi-
cacious in vivo on high HER2 expressing tumors when co-
dosed with trastuzumab (bivalent clone 4D5) [34]. Combina-
tion of HER2-CRB with HER2-TDB significantly reduced
tumor growth compared to HER2-TDB alone (Figs. 5A and
S5A). The negative control cohorts treated with vehicle,
HER2-CRB alone or conditions without PBMCs had no
effect on tumor growth.

To study antitumor activity of HER2-CRB in an immu-
nocompetent system, we developed a mouse-reactive
HER2-CRB (anti-HER2 clone 4D5xanti-mouse NKG2D,
mHER2-CRB). mHER2-CRB had a monovalent equilibrium
dissociation constant of 7.183E-9 M for murine NKG2D
(Fig. S5B). mHER2-CRB bound to the surface of Jurkat-
NFAT luciferase cells overexpressing murine NKG2D
(Fig. S5C-D). mHER2-CRB in combination with a murine
surrogate HER2-TDB (anti-HER?2 clone 4D5xanti-mCD3¢
clone 2C11, mHER2-TDB) enhanced luciferase activity
in the aforementioned cell line compared to mHER2-TDB
alone (Fig. SSE). To assess mHER2-CRB activity on mouse
CD8+T cells in vitro, we confirmed human HER2 overex-
pressing MC38 cells were sensitive to mHER2-TDB and
selected a sub-optimal dose of 72 ng/mL (Fig. S5F). Using
this assay, we confirmed that mHER2-CRB enhanced mouse
CD8+T cell cytotoxicity (Fig. S5G). To evaluate the biolog-
ical consequences of mMHER?2-CRB in an immunocompetent
in vivo model, we used the Founder #5 (Fo5) tumor model
developed from MMTV-HER?2 transgenic mice that exhibits
inherent resistance to trastuzumab [27]. NKG2D expression
was confirmed on CD8+T cells following mHER2-TDB
treatment in Fo5 tumors (Fig. SSH). Mice were treated with
either vehicle, mHER2-TDB alone, mHER2-CRB alone or

both molecules combined. Combination treatment signifi-
cantly decreased tumor volume compared to single-agent
cohorts (Figs. 5B and S5I). Therefore, HER2-CRBs enhance
HER2-TDB in vivo efficacy in both humanized and murine
immunocompetent models.

NKG2D-CRB augments NK and CD8+T cell effector
function in combination with HER2-TDB

Next we interrogated the pharmacodynamic consequences
of mHER2-CRB and mHER2-TDB combination in the
Fo5 model. Lymphocyte numbers were similar between
HER2-TDB alone and combination cohorts (Fig. S6A-B).
Significant increases in frequencies of CD8 + T and/or NK
cells expressing Ki67, Granzyme B, CD107a/b, IFN-y and
TNF-a were detected in combination treatment compared to
mHER2-TDB treatment alone (Fig. 6A—C). Proportions of
CD8+T cells expressing markers of dysfunction were simi-
lar between mHER2-TDB-treated and combination cohorts
(Fig. S6C). Considering cytokine release syndrome (CRS)
is a complication with TDBs in clinic, it is important to note
that systemic proinflammatory cytokines/chemokines and
body weights were similar between the mHER2-TDB and
combination groups (Fig. S6D-E). Differential gene expres-
sion analysis on sorted CD8+ T cells from the combination
treatment exhibited elevated expression of cell activation
and cytotoxicity genes including Ccr5, Ccl5, Ifng, Prfl and
Gzmb (Fig. 6D). GSEA analysis showed enrichment of path-
ways associated with proinflammatory responses, cytokine
signaling (Fig. 6E) and effector T cells (Fig. 6F) compared
to mHER2-TDB alone. Altogether, engaging NKG2D with
a HER2-targeted-BsAb led to improved antitumor activity
and enhanced CD8+ and NK cell effector function when
combined with HER2-TDB in vivo.

Discussion

Given the advent of immunotherapeutic strategies that lev-
erage NK and T cells, it is critical to develop additional
agonists to boost therapeutic responses to overcome hurdles
associated with the solid tumor microenvironment. Targeting
co-stimulatory receptors is a clear option considering their
potent activity and expression by immune cell subpopula-
tions that elicit antitumor responses. CD28 as well as tumor
necrosis factor superfamily (TNFRSF) members including
4-1BB, GITR and OX40 are a focus of both academia and
industry. Broad expression of such targets on immune cells,
both immunosuppressive and proinflammatory, and expres-
sion on non-hematopoietic cells could potentially hamper
their application by acting as a therapeutic sink or causing
unforseen biological consequences. For example, agonist
antibodies against CD28 and 4-1BB have exhibited serious

@ Springer



209 Page120f16

Cancer Immunology, Immunotherapy (2024) 73:209

A. . B.
100+ .—. 100+ 507
* *
.. g
80- o Rt 80 A~ e % 40+ 5 o NIST-TDB + NIST-CRB
» s 4 =Y
P ok g o) = +
+ 6ol ? el ; o 2% o g ©NSTTDB+mHER2CR
g o } N i ‘ o % oo e MHER2-TDB + NIST-CF
% 40{g @ O 404 . ¢ 821 _*, »-%. omHER2TDB+HER2C
o » & = ¢ 9 P . g pre) Y
204 o © 20 83 10-5%; o
@ o
0 T T 0' T T 0 4 J
CD8+ NK CD8+ NK CD8+ NK
" 50- 50+
p0053 .
404 % 40 o .
+ = + o %
530- & se A J 304 2 &
w @ L ° ) = o o ° o . —.0
= 204 O P S = 204 oD s
R lezs. 2Le R gg“' g 6=
10{°3® &3 10{®T® g e
) 8
(o]
0 1 T 0 1 T
CD8+ NK CD8+ NK
D. E. Hallmark
i : | o= Haver TNFA_SIGNALING_VIA_NFKB -
15 : | INTERFERON_GAMMA_RESPONSE -
B : : o— CCR5 ALLOGRAFT_REJECTION +
1 k. o INFLAMMATORY_RESPONSE
-1 AHR | . o PRFI
Jorai— \ ,Ig .:/ ¥ INTERFERON_ALPHA_RESPONSE ~
. - o !
104 DA . EPITHELIAL_MESENCHYMAL_TRANSITION ® |
o pos == I i
= - / . 5’ T T T T 1
g d roxed *® — PKD2 00 05 1‘°NES1 5 20 25
&
4 . Reactome
-5 ceLs INTERLEUKIN_10_SIGNALING
EEEY. B O PEPTIDE_LIGAND_BINDING_RECEPTORS 4
. CHEMOKINE_RECEPTORS_BIND_CHEMOKINES +
i . INTERFERON_ALPHA_BETA_SIGNALING - @
1 1w b INTERFERON_SIGNALING - ™
mHER2-CRB : with mHER2-CRB CYTOKINE_SIGNALING_IN_IMMUNE_SYSTEM L J
0 T T T 1 ETHANOL_OXIDATION - P
2 | 0 1 2 3 P|_METABOLISM- =
Log(Fold-change) PHASE_I_FUNCTIONALIZATION_OF_COMPOUNDSH @
Ll T v Ll ! ] ;)
3 -2 -1 0 1 2 3
NES
F. KAECH_NAIVE VS _DAYS_EFF_CDB_TCELL_DN KAECH_DAYS EFF VS MEMORY_CD8_TCELL UP
~057 . 051
@ NES=2.35 @ NES =2.11
043 p-value = 1x10" o 03¢ p-value = 2.59x10*
8 FDR = 2.56x10°* 5 FDR =3.95 x107
€ 028 .2 026
g :
g 0144 -§ 0134
L= [
UJ 0 w 0
O | T e T e
66 : o | |
% 3694 § 3694
Eon € o
,:é 0 _é 0
215
& 2{:: g -
. 1012 2024 3036 4048 5060 6072 7084 809% 9108 - 1012 2024 3036 4048 5060 6072 7084 8096 9108 10

@ Springer

Rank in ordered dataset

Rank in ordered dataset



Cancer Immunology, Immunotherapy (2024) 73:209

Page 130f 16 209

«Fig.6 HER2-CRB promotes NK cell and CD8+T cell effec-
tor function in vivo. Fo5 tumor-bearing mice were treated with
NIST- or mHER2-TDB with NIST- or mHER2-CRB. Tumors were
harvested 4 days following treatment for analysis. A Frequency
of Ki67+CD8+T and NK cells. B Percent Granzyme B +and
CD107a/b+CD8+T and NK cells. C Percentages of IFN-y+and
TNF-0+CD8+T and NK cells. D Differential gene expression
analysis of bulk RNA-seq from sorted CD8+TILs. Blue dots rep-
resent Log(fold-change) of <—0.7 and red dots depict Log(fold-
change) >0.7, p<0.05. Black points are below stated thresholds.
(E) GSEA data from Hallmark (top) and Reactome (bottom) gene
sets from results in (D). F GSEA from immunologic gene sets (C7)
from data in (D). Mann—Whitney test used for statistical analysis; *,
p<0.05; **, p<0.01; ***, p<0.001

adverse events in human providing caution for agonizing
such pathways [35, 36]. Mechanistically it has been proposed
that the adverse effects of the CD28 agonist were driven by
superagonist activity, CD4+T effector memory cells and
bivalency of the antibody [37, 38]. For 4-1BB, adverse
effects have been attributed to FcyR biding of the antibody
and liver myeloid cells [39—41]. Antigen-targeted bispecifics
for both receptors have improved preclinical safety due to
tumor-specific targeting and monovalency of effector arm
or FcgR null mutations [42, 43]. CD28 and 4-1BB agonists
engage both CD4+and CD8+ T cells possibly making them
more prone to robust cytokine production and may elicit
CD4+ Treg immunosuppressive activity as both of these
co-stimulatory receptors are expressed by this cell type [28,
44]. NKG2D’s expression profile is restricted to NK and
CD8+T cells, while it is also expressed on yd-T and NKT
cells that also contribute to antitumor immunity [13, 45].
Further, NKG2D, as opposed to TNFRSF members evalu-
ated, was expressed on a large proportion of CD8+ TILs
from breast cancer patients and had little to no expression
on CD4+ T cell subsets. Therefore, we selected NKG2D for
the development of a tumor-targeted-bispecific agonist to
elicit CD8+ T and NK cell responses. This is a strategy that
has been explored before; however, our study provides novel
biological insight, and our approach is differentiated.

Few studies have directly evaluated the effects of
NKG2D-bispecifics on CD8 + T cell responses. A study by
Stamova et al. [46] demonstrated that an anti-CD33xULBP2
NKG2D ligand-based-bispecific enhanced in vitro CD8+T
cell cytotoxicity mediated by an anti-CD33xanti-CD3 TDB.
An anti-HER2-RAE-1§ fusion antibody with an effector
competent Fc was shown to be efficacious in a human HER2
overexpressing syngeneic model and dependent on CD8+ T
cells [47]. However, it is unclear if this dependency was
mediated by NKG2D signaling on CD8+T cells or induc-
tion of an adaptive immune response via Fc-directed NK
cell-mediated killing and subsequent antigen presentation
resulting in de novo tumor-specific responses. The latter was
supported by tumor growth inhibition of HER2-negative

tumors co-implanted with HER2 + tumors. Other studies
have provided indirect evidence for CD8+ T cells following
NKG2D-bispecific treatment using immunodeficient mouse
xenograft models inoculated with human PBMCs in which
few NK cells engraft [48-50]. In total, these studies provided
little functional and mechanistic understanding. Our study
provides greater insight into the functional role of NKG2D
signaling on CD8+T cells in the context of synthetic immu-
nity. CD8+ T cell numbers were not increased with mHER?2-
CRB treatment in combination with mHER2-TDB; however,
later timepoints may be required to observe such effects.
NKG2D engagement enhanced CD8+T cell effector func-
tion as demonstrated by increased GZMB, degranulation and
cytokine production after ex vivo stimulation. Moreover,
the combination resulted in improved tumor growth control
without altering mouse body weight and circulating pro-
inflammatory cytokines associated with CRS that are seen
with TDB therapies highlighting potential low toxicity of
HER2-CRB. Bulk RNA-Seq analysis of human CD8+T
cells following in vitro stimulation demonstrated enhanced
metabolism, transcription, translation and activation. Mouse
CD8+ TILs further supported enhanced inflammatory pro-
cesses, but provided little evidence for other alterations
observed in human CD8+T cells. These differences may
be due to timing of RNA-seq analysis, species disparities
or in vitro versus in vivo conditions. Nonetheless, synthetic
NKG2D signaling enhanced effector CD8+ T cell function-
ality that ultimately bolsters antitumor immune responses.

Our results confirmed that an antibody-based NKG2D-
bispecific elicits NK cell responses in vitro [5S1] and shows
for the first time engagement of both NK and CD8+ T cells
by this class of molecule. Moreover, it provides in vivo
mechanistic understanding of NK cells targeted with an
NKG2D-bispecific demonstrating greater effector mol-
ecule expression and ex vivo cytokine production. How-
ever, improved NK cell effector responses may be mediated
indirectly by greater CD8+ T cell activation and cytokine
production. Conditioned media from PBMCs stimulated
with TDB improved NK cell cytotoxic function in the pres-
ence of HER2-CRB supporting cytokines may contribute to
enhanced NK cell responses in vivo. Regardless, NKG2D-
CRB induced NK cell-target cell IS formation with enhanced
pTYR at effector-target cell contacts. In addition, increased
pERK signaling in NK cells co-cultured with hHER2-coated
beads was observed with HER2-CRB demonstrating direct
NK cell signaling with this molecule. Therefore, it is plau-
sible that both mHER2-CRB and mHER2-TDB-induced
cytokines contributed to augmented NK cell effector func-
tion in vivo.

Most studies have interrogated NKG2D ligand tumor
antigen-targeted fusion proteins in vitro and in vivo with
primary or immortalized NK cells [48-50, 52-56]. Tumor
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cells release soluble NKG2D ligands that can inhibit immu-
nosurveillance and potentially compete with ligand-based-
bispecifics. [57]. Antibody-based approaches can be tailored
to not compete with human NKG2D ligand binding or have
greater affinity for NKG2D thereby displacing weak affinity
(0.16-25 uM) soluble ligands [58]. Our monovalent anti-
hNKG2D arm has a stronger affinity (0.175 pM) than most
NKG2D ligands. HER2-CRB blocked MICA-ECD bind-
ing, bound to NKG2D when MICA-ECD was prebound
(data not shown) and its activity was not inhibited when
MICA-ECD was added to tumor cell plus CD8+T cell co-
cultures in combination with HER2.2C4-TDB, in contrast to
other HER2-CRBs with alternate anti-NKG2D arms. Some
NKG2D ligands are highly polymorphic which could lead to
development of anti-drug antibodies against ligand-based-
bispecifics in polymorphism mismatched patients [59].
Therefore, NKG2D antibody approaches have greater suit-
ability for development of therapeutic tumor-targeted-bispe-
cifics for both biological and exposure-related concerns.

While we demonstrated proof of concept with HER2, a
highly expressed tumor antigen in a subset of breast can-
cer patients, such an approach is applicable across indica-
tions given the availability of tumor-specific antigens. We
have observed NKG2D-positivity on CD8+ T cells within
patient samples from colorectal, ovarian and prostate can-
cers (data not shown) highlighting application for additional
cancer types. Considering HER2-CRB enhances NK and
CD8+T cell functionality, this approach can be combined
with checkpoint inhibitors, CART/-NK cells, ADCC-com-
petent targeted antibodies and additional immunotherapeutic
approaches. Overall, NKG2D-bispecifics represent a class of
molecules with great applicability and combinability with
immunotherapeutics that elicit NK and CD8+ T cell antitu-
mor activity.
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