Role of NK cells in the efficacy of

anti-HER therapeutic antibodies

breast cancer:

from biomarkers to functional checkpoints

enhancing ADCC responses

Mariona Cabo

in

DOCTORAL THESIS UPF - 2019

SUPERVISOR

Dr. Aura Muntasell Castellvi

Institut Hospital del Mar
d’Investigacions Mediques

Departament de Ciencies Experimentals
1 de la Salut, Universitat Pompeu Fabra

TUTOR:
Prof. Miguel Lopez-Botet Arbona

Parc
de Salut

=
iona

Institut Hospital del Mar
d’Investigacions Médiques

upf.

Universitat
Pompeu Fabra
Barcelona


u157114
Sticky Note





“Un esforg total és una victoria completa”
— Mahatma Gandhi






Es veritat el que diuen de que un doctorat és molt més que una etapa formativa,
i que et transforma no només a nivell cientific sind també a nivell personal.
Després d’aquests quatre anys, voldria donar les gracies a totes aquelles
persones que d’una forma o d’una altra han contribuit a que avui estigui
escrivint aquestes linies.

En primer lloc voldria donar les gracies a ’Aura per la seva formaciod

i el seu suport cientific, per fer-me de guia i per ser “la cabeza pensante”
d’aquest projecte. També m’agradaria donar les gracies al Miguel per haver-me
obert les portes del seu laboratori i haver ajudat a que aquest projecte

i el meu doctorat hagin estat possibles.

A toda la gente que ha pasado por MLB lab durante mi estancia, gracias por
vuestra calidad humana y por crear un ambiente de trabajo tan bueno. Las
muchas horas que hemos pasado en el laboratorio se hubieran hecho mucho
mas duras con otros companieros. En especial a Michelle, Mireia, Sara, Marcel,
Gemma, Andrea, Anna, Elia, Eli y Laura, muchas gracias por el apoyo y las
comidas que cargan pilas! Un agraiment especial pel Marcel, per la teva
paciencia i amabilitat, va ser un plaer ser la teva Padawan en els inicis; y a Sara,
por el soporte técnico y emocional, por tu locura e intensidad que ayudan a
superar cualquier obstaculo.

Voldria donar també les gracies a tots els donants de sang i pacients per la seva
contribucid en aquest estudi, aixi com a les infermeres de "'IMIM,
al Servei de Citometria i al Servei de Microarrays pel seu suport tecnic.

I ja fora del PRBB m’agradaria donar les gracies a tots els amics i familia que
m’han recolzat en els moments dificils, que han aguantat rotllos de ciencia tot i
que els sonessin a xino, i que m’han ajudat a veure les coses amb una mica més

de perspectiva. Gracies a les de sempre: Natalia, Gemma, Gloria i Elena, per ser-
hi sempre; als immunitos: Paula, Gemma, Helena, Meritxell, Arnau, Laia, Sergio
i Alexandra, per les converses existencials sobre futur i per entendre millor que
ningu els maldecaps de la ciéncia; a la familia Nadeu-Prat per preocupar-vos
sempre per mi; a tota la meva familia i especialment als meus pares: muchas
gracias por vuestro apoyo y dedicacion, y por creer tanto en mi; i finalment al
Ferran per la teva calma i paciencia, pel teu gran optimisme i suport en tots els
sentits possibles. Moltes, moltes gracies, no trobaria a ningu altre amb qui fer
un equip millor.






ABSTRACT

NK cells contribute to the efficacy of tumor antigen-specific monoclonal
antibodies (TAA mAbs) and are involved in the orchestration of tumor-
specific adaptive immunity in breast cancer murine models. On the other
hand, NK cell dysfunction owing to immunosuppressive factors (i.e. TGF-
B1) has been related to disease progression in breast cancer patients with
metastatic disease. Hence, strengthening NK cell function and persistence
is envisaged as a relevant option for enhancing the clinical efficacy of
TAA mAbs.

In the present study, immunophenotypic analysis of circulating NK cells
in patients with HER2+ primary breast cancer evidenced an inverse
correlation between baseline CD57+ NK cell numbers and response to
anti-HER2 antibody-based treatment, independently of age, conventional
clinicopathological factors and CD16A 158F/V genotype. Circulating
CD57+ NK cells displayed lower CXCR3 expression and CD16-induced
IL-2-dependent proliferation as compared to the CD57- population, yet
showing comparable trastuzumab-induced in vitro degranulation against
HER2+ breast cancer cells. Remarkably, CD57+ NK cells were reduced in
breast tumor-associated infiltrates as compared to paired peripheral blood
samples, suggesting that deficient homing, proliferation and/or survival in
the tumor niche could underlie CD57+ NK cell association with resistance
to anti-HER?2 antibodies.

In the second part of the study, we demonstrated the ability of CD137
(4-1BB) agonistic antibody urelumab for overcoming TGF-f1-mediated
inhibition of human NK cell proliferation and sustained antitumor
function. Transcriptomic, immunophenotypic and functional analysis
evidenced that CD137 costimulation modified the transcriptional program
induced by TGF-B1 on activated NK cells by limiting Smad4-dependent
inhibition of proliferative (CD25, Myc), activating (NKG2D, CD16) and



effector (granzyme B, IFN-y) molecules while maintaining Smad4-
independent acquisition of tumor-retention features (CXCR3, CD103).
Activated NK cells cultured in the presence of TGF-f1 and CD137
agonist showed preserved antibody-dependent cytotoxicity against breast
cancer cells, secretion of T cell-helper cytokines (i.e. CCL5, IFN-y) upon
restimulation in vitro and gained the capacity for producing IL-9.
Treatment of multicellular breast carcinoma cultures with anti-HER2
antibodies and urelumab recapitulated CD137 induction and fostered
tumor-infiltrating CD16+ NK cells. Overall, our data point to NK cell
aging as a limiting factor for breast tumor infiltration and clinical benefit
to anti-HER2 antibodies and provide the rationale for combinatorial
strategies including CD137 agonists for enhancing anti-HER2 antibody

efficacy in breast cancer.



RESUM

Les cel-lules NK contribueixen a I’eficacia dels anticossos especifics
d’antigen tumoral, i regulen la immunitat adaptativa antitumor en models
murins. D’altra banda, la seva disfunci6 degut a factors immunosupressors
com el TGF-B1 s’ha relacionat amb la progressi6 de la malaltia en
pacients amb cancer de mama metastatic. Aixi doncs, estratégies que
potenciin la funcié NK i la persisténcia d’aquestes cel-lules en el tumor
podrien ser utils per tal d’incrementar 1’eficacia clinica dels anticossos
especifics de tumor. En aquest estudi els analisis immunofenotipics de les
cél-lules NK circulants en pacients amb cancer de mama primari HER2"
van evidenciar una correlacié inversa entre el nombre de cel-lules NK
CD57+ 1 la resposta al tractament amb anticossos anti-HER?2, independent
de I’edat, d’altres factors clinicopatologics i del genotip de CD16A (158
F/V). Les cél-lules NK CD57+ circulants presentaven menor expressio de
CXCR3 i proliferacio depenent de IL-2 postactivacié via CD16, encara
que mostren una degranulacié comparable contra cel-lules de cancer de
mama HER2+ en preséncia de trastuzumab. A més, la proporcio de
cel-lules NK CD57+ en el tumor era notablement menor que en mostres
aparellades de sang periférica, suggerint que deficiencies en la seva
capacitat de migracio, proliferacio i/o resisténcia en 1’entorn tumoral,
podrien explicar la seva associacié amb la resisténcia al tractament amb
anticossos anti-HER2.

En la segona part de I’estudi, hem demostrat la capacitat de 1’anticos
agonista contra CD137 (4-1BB) urelumab de contrarestar la inhibici6 per
TGF-B1 sobre la proliferaci6 NK, mantenint la subseqiient funcio
antitumor  d’aquestes  cel-lules.  Analisis de transcriptomica,
immunofenotip i funcionals han evidenciat que la co-estimulacid per
CD137 modifica el programa transcripcional induit per TGF-f1 en les

cel-lules NK activades, limitant la inhibici6 Smad4-depenent de



molécules proliferatives (CD25, Myc), activadores (NKG2D, CD16) i
efectores (granzima B, IFN-y), per0 preservant l’adquisici6 Smad4-
independent de caracteristiques associades a la retencio dels limfocits en
el tumor (CXCR3, CD103). Les cél-lules NK activades i cultivades en
presencia de TGF-B1 i de I’anticos agonista contra CD137 conserven la
citotoxicitat mediada per anticos contra c¢l-lules de carcinoma de mama, i
la secrecio de citocines que regulen la funcid dels limfocits T com la
CCL5 o I'IFN-y, després de ser re-estimulades in vitro, mentre que
adquireixen la capacitat de secretar IL-9. El tractament amb trastuzumab i
urelumab de cultius multicel-lulars derivats de tumors de mama
reprodueix la induccié de CD137 i preserva la preséncia de cel-lules NK
infiltrants de tumor CD16+. En conjunt, les nostres dades apunten cap a
I’envelliment del compartiment NK com a factor limitant de la infiltracio
en tumor i el benefici clinic dels anticossos contra HER2, i1 aporten les
bases per 1’s d’agonistes de CD137 en terapies combinades amb
I’objectiu d’augmentar 1’eficacia dels anticossos anti-HER2 en el context

de cancer de mama.



PREFACE

Breast cancer is a major health care problem worldwide,
with an estimated 1.67 million women diagnosed annually. HER2
overexpression accounts for approximately 15-20% of breast tumors, and
mainstay therapy for these patients includes HER2-specific antibodies in
combination with chemotherapy. Although the efficacy of anti-HER2
antibodies has significantly improved disease control, resistance to
treatment eventually develop, accounting for dismal outcomes and
evidencing the need for biomarkers and therapeutic strategies improving
clinical management and patient survival. Natural killer cells (NK) are
cytotoxic innate lymphocytes specialized in the defense against virus
infected and transformed cells. Recognition of antibody-coated targets
triggers the activation of NK cell effector functions leading to target cell
death and the release of soluble factors regulating the development of
subsequent antitumor immunity. Several observations support the
contribution of NK cells to the efficacy of anti-HER2 therapeutic
antibodies in breast cancer and NK cell dysfunction, owing to
immunosuppressive factors present in the tumor, has been related to tumor
progression in metastatic patients. In this context, strengthening NK cell
responses is envisaged as a relevant option for enhancing the therapeutic
benefit of anti-HER2 mAbs. In this work we provide novel insights on the
role of NK cells in the efficacy of anti-HER2 antibodies in breast cancer
by describing NK cell aging as a factor potentially limiting the efficacy of
anti-HER2 antibodies, and disclose the potential of CD137 costimulation
for enhancing NK cell effector function despite immunosuppression.
Understanding the mechanisms underlying the heterogeneity of NK cell
anti-tumor responses, including actionable checkpoints enhancing NK cell
tumor-homing and persistence will pave the way for biomarker

development and personalized therapeutic strategies.
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INTRODUCTION






1. NK cell biology

1.1. NK cell characterization and distribution

Natural killer (NK) cells are innate cytotoxic lymphocytes specialized in
the early response against virus-infected and transformed cells (1-3). In
humans, NK cells are phenotypically defined based on the lack of CD3
and expression of the neural cell adhesion molecule 1 (NCAM-1 or
CD56) and comprise 5-25% of human peripheral blood lymphocytes.
Circulating NK cells have been traditionally subdivided into the CD56™"
subset, expressing high levels of CD56 and low or no expression of the
activating receptor CD16A (FcyRIIIA, hereafter CD16), and the CD56%™
subset, expressing low levels of CD56 and high levels of CD16. CD56"¢"
NK cells are preferentially found in secondary lymphoid organs, present
low cytotoxic capacity and produce pro-inflammatory cytokines in
response to soluble factors such as IL-12 and IL-18 (4,5). The CD56%™
subpopulation accounts for 90% of peripheral blood NK cells and display
higher cytotoxic potential in response to target cell-mediated activation

6br1ght an d

and can recognize antibody-opsonized target cells (6,7). CD5
CD56%™ NK cells do also differ in their chemokine receptor profile.
CD56™" NK cells are characterized by high expression of CCR7,
CXCR3 and CD62L, while CD56%™ NK cells express CXCR1, CXCR2
and CX3CR1 in resting conditions, yet expression of chemokine receptors

is modulated upon NK cell activation (8,9).

In the recent years, the landscape of innate lymphocytes has broaden by
the description of tissue-resident non-cytotoxic subsets globally referred
to as innate lymphoid cells (ILCs) (10,11). ILCs were initially
characterized in mice and later on identified in human, yet additional
studies are needed to further understand ILCs biology and function. Both

human and mice ILCs have been broadly classified into three main groups
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based on their cytokine profile and transcription factor expression: ILC1,
which includes conventional NK cells and ILC1 cells, express T-bet and
secrete IFN-y; ILC2, which produce IL-5, IL-9 and IL-13, and require
GATA3, as well as ROR-a in mice, for their development and function;
and ILC3, which express ROR-y and produce IL-17A and IL-22 (11-14).
As compared to ILC1, conventional NK cells are also dependent on the
transcription factor Eomes for their development and function, and
emerge as a cytotoxic subset mirroring CD8+ T cells, whereas ILCls are
considered a helper subset producer of IFN-y with diminished cytotoxic
capacity, resembling CD4+ Thl helper cells. Nonetheless, certain
functional plasticity has been described for ILCs depending on the
microenvironment (15,16). For instance, both human ILC2 and ILC3 have
been shown to convert into ILCl-like cells producing IFN-y in the
presence of IL-12 and IL-1pB, or IL-2 and IL-15, respectively (17-20). In
mice, TGF-P has also been shown to induce the conversion of NK cells
towards an ILCl-like phenotype with diminished cytotoxic capacity
(21,22).

1.2. Regulation of NK cell function

NK cells express on their cell surface an array of germ-line encoded
activating and inhibitory receptors that modulate NK cell activation upon
encounter with target cells expressing their cognate ligands (Figure 1).
NK cell tolerance against healthy cells depends on inhibitory receptors
specific for HLA class I molecules (HLA-I), which prevent NK cell
activation against cells expressing normal HLA-I levels (3,23). On the
contrary, HLA-I levels are down-regulated in some viral-infected and
transformed cells allowing activation of NK cells in the presence of

ligands for activating NK cell receptors (NKR) (24).



NK cell activation results in the polarized release of preformed cytotoxic
granules containing perforin and granzymes, the secretion of pro-
inflammatory cytokines (i.e. TNF-0, IFN-y) and chemokines [i.e. MIP1a,
MIP1B, CCL5 (RANTES)] and the expression of ligands for death
receptors of the TNF receptor superfamily (TNFRSF) (i.e. TNF-a,
TRAIL, Fas ligand). The coordinated action of perforin and granzymes,
and signaling through TNF receptor superfamily (TNFRSF) death
receptors causes target cell death (25). Moreover, secretion of pro-
inflammatory cytokines and chemokines contributes to the development

of subsequent adaptive immune responses (26—29).

NK cell effector functions

[ 1t T

NKG2A iKIR CDI16A NKG2D DNAM-1 TIGIT ~ NCR
HLA-E HLA-A HER-2 MICA/B PVR BAT3
-B, -C ULBPs Nectin 2 MLL5
B7-H6

Tumor cell ?

Figure 1. Main NK cell receptors involved in tumor cell recognition.
iKIR: inhibitory KIR, NCR: NKp30, NKp44, NKp46. Adapted from Muntasell A,
Front Immunol, 2017 (283).



1.2.1 Inhibitory NK cell receptors

Main inhibitory NKR with constitutive expression on NK cells recognize
HLA-I molecules and include some members of the killer cell Ig-like
receptor (KIR) superfamily (i.e. KIR2DL1/L2/L3/L5; KIR3DL1/L2),
specific for epitopes shared by groups of alleles of classical HLA-I
molecules (i.e. HLA-A, -B, -C) (30,31); the CD94/NKG2A receptor,
specific for the non-classical class Ib molecule HLA-E (32); and LILRBI,
recognizing a broad range of HLA-I molecules including HLA-G (33,34).

KIR molecules are a polygenic and highly polymorphic family.
KIR2DL2/L3 recognize HLA-C1 epitopes, containing Asn in position 80,
while KIR2DL1 preferentially interacts with HLA-C2 epitopes,
containing Lys in position 80. KIR3DL1 binds to the Bw4 epitope, carried
by subsets of HLA-A and HLA-B alleles. KIR3DL2 interacts with HLA-
A3/11 molecules (31,35).

KIR and NKG2 families do also include activating members (i.e.
KIR2DS1/82/S3/84/S5, KIR3DS1, CD94/NKG2C) which in some cases
(i.e. KIR2DS1 and CD94/NKG2C) bind to the same ligand as their
inhibitory counterparts (i.e. KIR2DL1 and CD94/NKG2A), yet with lower
affinity. Identification of ligands for some activating KIR receptors

remains elusive (36).

Other inhibitory receptors expressed by NK cells and which are relevant
for the recognition of transformed cells are TIGIT (T cell immunoglobulin
and ITIM domain) and CD96 (TACTILE), which bind to nectin and
nectin-like adhesion molecules highly expressed in many types of tumors
(37,38). In human NK cells, both TIGIT and CD96 are expressed in
resting conditions and the former is further up-regulated after activation
(37,39,40). TIGIT binds to poliovirus receptor (CD155, PVR) and nectin-
2 (CD112, PVRL2), yet presents higher affinity for PVR (41). The main
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ligand for CD96 is likewise PVR, but association to nectin-1 (CD111) has
also been described (42). Both TIGIT and CD96 compete with the
activating receptor DNAM-1 for the binding of PVR and nectin-2 (43).

All inhibitory NKR signal through immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) present in their cytoplasmatic tail, which enable
the recruitment and activation of SHP-1 and -2 phosphatases that
subsequently switch off the activating signaling cascade initiated by
activating NKR by dephosphorylating signaling molecules such as Syk,
ZAP70 or Vavl, among others (44).

1.2.2. Activating NK cell receptors

NK cell activating receptors with constitutive expression comprise CD16,
NKG2D, natural cytotoxic receptors (NCR) NKp30 and NKp46,
CD94/NKG2C, members of the KIR family (i.e. KIR2DS1/S2/S3/S4/S5,
KIR3DS1) and the coreceptor/adhesion molecule DNAM-1. NKp44,
member of the NCR family, is not expressed in resting NK cells but
induced upon activation (45). With the exception CDI16, activation of
resting NK cells relies on the cooperation between of signaling through
different activating receptors (46). Due to the lack of signaling domains in
their cytoplasmic tails, all activating NKR but DNAMI signal through the
association with adaptor molecules containing immunoreceptor tyrosine-
based activation motifs (ITAMs) such as FceRly (i.e. CD16, NKp46),
CD3C (i.e. CD16, NKp30, NKp46) and DAP12 (i.e. NKp44, NKG2C,
KIR2DS1-5, KIR3DS1), or with the adaptor protein DAP10 containing
the Tyr-Ile-Asn-Met (YINM) motif (i.e. NKG2D) (47-49). Upon
receptor-ligand binding the two tyrosines in the ITAM domains are
phosphorylated by Src-kinase family members, inducing the recruitment
of ZAP70 and Syk tyrosine kinases. These kinases phosphorylate

transmembrane adaptors such as LAT and NTAL, resulting in the



clustering and activation of phospholipase C (PLC)y-1/2, Vav2/3 and
phosphoinositide 3-kinase (PI3K), ultimately triggering degranulation and
secretion of effector molecules via Ca** flux and cytoskeletal
reorganization. Conversely, NKG2D signaling through DAP10 does not
require Syk or ZAP70, nor LAT or NTAL (50). Phosphorylation of
DAP10 by Src-family kinases induces the recruitment of PI3K or the
small adaptor Grb2, leading to activation of PLCy-1/2 and Vavl (50).

Ligands for NKG2D include self-molecules such as MICA/MICB and the
ULBP family (ULBP1-6), which are poorly expressed by normal cells but
up-regulated under stress conditions (51,52). NKp30 and NKp44
recognize self-molecules exposed in damaged cells (i.e. BAT3 and MLLS,
respectively) or induced by inflammatory stimuli (i.e. B7-H6, ligand for
NKp30), yet the specific nature of some ligands for NCRs remains
unknown (53-55). As stated above, CD94/NKG2C and some activating
KIRs bind to HLA-I molecules (e.g. CD94/NKG2C and HLA-E) yet with
lower affinity than their inhibitory counterparts (56); while DNAM-1
competes with TIGIT and CD96 for the recognition of PVR and nectin-2
(57).

CD16 is the most potent activating NK cell receptor and the only one
capable of inducing NK cell responses in resting NK cells by its own (46).
Expression of CD16 is limited to CD56*™ NK cells and certain T
lymphocyte subsets (i.e. y& T cells). Upon recognition of the constant
fragment (Fc) of cell-bound immunoglobulin G (IgG), CD16 triggers
antibody-dependent cell cytotoxicity (ADCC) by signaling through
association with dimers of CD3( or FceRIy adaptors, containing three and
one ITAMs, respectively (23). CD16 binds with higher affinity IgG1 and
IgG3, as compared to IgG2 or IgG4 (58). An allelic dimorphism where a
T>G substitution changes valine (V) to phenylalanine (F) on position 158

in the IgG binding domain of CD16 dictates receptor surface expression
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levels and the affinity of the receptor for IgG. Cells bearing CD16
158V/V receptors show higher expression levels and higher affinity for
IgG, as compared to cells carrying CD16 158V/F, and more notably CD16
158F/F receptors (59).

1.2.3. The diversity of the NK cell receptor repertoire

Beyond the conventional subdivision of NK cells into CD56""€"/CD56%™,
CD56%™ subset includes different subpopulations at distinct differentiation
status and harboring different NKR combinations by the influence of
genetic (i.e. KIR and HLA-I) and environmental factors [i.e. infection by
human cytomegalovirus (HCMV)], which results in a high degree of inter-

individual heterogeneity in the NK cell receptor repertoire (Figure 2).

CD56bright CDs6dim

CD16- CDl16+ CD16+ CD16+

NKG2A+  NKG2A+  NKG2A+ NKG2A- £ Subject 1

KIR- KIR+/- KIR+ KIR+

waes £ (000000®
0-0-0-@
—_— —_— —_—
Subject 2

NKP

iINKP ©_,©M>®

Adaptive
@ NKG2C+
NK cell differentiation .

B Proliferation
Effector functions
ADCC

000000®

Subject 3

0000000

Intersubject heterogene!

Figure 2. Diversity of the NK cell reperfoire. NKP: NK cell progenitor; iNK:
immature NK cell; HCMV: human cytomegalovirus; ADCC: antibody-dependent
cell cytotoxicity. Different colors represent stochastic expression of KIRs in

different NK cell clones. Adapted from Lopez-Botet M, Front Immunol, 2017 (61).

According to the currently accepted NK cell differentiation scheme,
CD56"™" NK cells, which originate from CD34+ hematopoietic stem

cells (HSCs) and express high levels of the hematopoietic stem cell



marker CD117 (c-Kit) (60), differentiate to CD56"™ NK cells. Most
CD56™€" NK cells express NKG2D, NCR and NKG2A, the first HLA-I-
specific inhibitory receptor expressed along ontogeny, but lack KIR and
CD16 expression (61). Clonal acquisition of KIR receptors occurs during
the transition of CD56™"" NK cells towards CD56“™ CD16+ cells (62).
The high variety of haplotypes in the KIR loci together with stochastic
expression of KIR and NKG2 receptors during NK cell development
contributes to the diversification of the NKR repertoire (63). Stochastic
expression of KIR receptors, which has been reported to be epigenetically
regulated (64), is followed by a positive selection of NK cells expressing
KIRs specific for self HLA-I, which will subsequently acquire functional
competence (65). Moreover, CD56%™ NK cells further differentiate by
acquiring LILRB1 and CD57 expression (62,66). The CD57 epitope is a
glycan carbohydrate modification of different surface glycoproteins,
which is barely detected in newborn NK cells, but increases with age (67—
70). NK cell differentiation occurs concomitant to progressive loss of their
proliferative capacity in response to pro-proliferative cytokines, and the

enhancement of their cytotoxic activity (6,62,71).

Infection by HCMV further shapes the NK cell repertoire by inducing, in
some individuals, the persistent expansion of NK cells with adaptive
features characterized by high expression of the activating NKR
CD94/NKG2C in the absence of its inhibitory counterpart CD94/NKG2A
(56). As compared to other NK cell subsets, adaptive NKG2C+ NK cells
display an oligoclonal pattern of inhibitory KIRs specific for self HLA-C
molecules, express reduced levels of NCR, and include high proportions
of LILRB1+, CD57+ and FceRIy- cells (56,72-75). Besides, adaptive
NKG2C+ NK cells show wvariable epigenetic silencing of
adaptor/signaling molecules (i.e. FceRly, Syk, Eat2) and transcription
factors (i.e. PLZF, Helios and IKZF2) (76,77). Functionally, adaptive NK
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cells display increased TNF-a and IFN-y production and higher granzyme
B levels, and are proficient in mediating ADCC responses likely due to
FceRly down-regulation and enhanced CD16 coupling to CD3( chain
adaptor (78-80).

1.2.4. Cytokines

Different cytokines do further regulate NK cell activation, effector
function, proliferation and survival. IL-2 and IL-15 increase NK cell
proliferation and survival, as well as IFN-y production and cytotoxic
capacity (81). Binding to their shared 3 (IL-2/IL-15R[) and y (yc) receptor
units induces signaling through STATS (81). Specific o chains (IL-2/IL-
15Ra) enhance affinity and stabilize ligand binding (81). IL-12 and IL-18
signaling through STAT4 enhances NK cell cytotoxicity and IFN-y
secretion (82,83). Both IL-12 and IL-18 receptors are heterodimeric
complexes formed by two subunits (IL-12RB1/B2, IL-18Ra/B). Type I
interferons (i.e. IFN-a/p) regulate NK cell effector functions through the
up-regulation of perforin, Fas ligand and IFN-y production. IFN-o/p
signaling occurs through binding to heterodimeric IFN-a/f receptor
(IFNAR) 1/2, and STAT1/2 and IFN regulatory factor (IRF)-9 complex
formation (84). Conversely, TGF- has been shown to antagonize with
mTOR signaling pathway in NK cells, leading to reduced proliferation,

expression of various activating receptors and cytotoxic activity (85).

1.2.5. Activation-inducible receptors

Another layer of regulatory ckeckpoints for NK cell function are
activation-induced stimulatory and inhibitory receptors. However, in spite
of being extensively characterized in cytotoxic CD8+ T cells, their
expression and function has been considerably less investigated in NK
cells. Most extensively studied inducible receptors are going to be revised

in the following lines.
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CD137 (4-1BB, TNFRSF9), OX40 (CD134, TNFRSF4) and GITR
(glucocorticoid-induced tumor necrosis factor, 7TNFRSFI8) are
stimulatory receptors from the tumor necrosis factor receptor superfamily
(TNFRSF) expressed by NK cells upon activation with IL-2 and IL-15 or
upon CD16-dependent target cell recognition (86—89). CD137L, OX40L
and GITRL are predominantly expressed on activated professional antigen
presenting cells (APCs), including dendritic cells, macrophages and B
cells. Circumstantially, expression has also been detected in other
hematopoietic (i.e. activated

NK, ILCs, mast and T-activated

aCD137

cells) and non-hematopoietic
cells (i.e. epithelial and
endothelial cells) (90-92). The
role of CDI137, OX40 and
GITR in NK cell function

remains unclear with reports

ERK1/2
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specific  TNFRSF members

e 5)
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multivalent agonistic antibodies Figure 3. CD137 signaling pathway upon
induces the recruitment of crosslinking with agonistic antibodies as

TRAF1 and TRAF2 into described in CD8+ T cells.
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CD137 cytoplasmatic tail. Transubiquitination of TRAF2 results in
activation of TAK1-TABI1/2 (transforming growth factor beta-activated
kinase 1-TAK-1 binding proteins 1 and 2) and phosphorylation of nuclear
factor x-B kinase (IKK)-B leading to canonical activation of NF-xB, as
well as ERKI1/2 and p38 MAPK signaling pathways (100-103)
(Figure 3).

Inducible costimulatory (ICOS), which belongs to the B7-CD28
superfamily, has been described to be up-regulated in NK cells by
cytokine stimulation (i.e. IL-2, IL-12, IL-15, IL-18) (104—106). Binding
of ICOS to its cognate ligand, ICOSL, mainly expressed by APCs,
enhanced cytotoxicity and IFN-y production by NK cells (105,107,108).

Regarding inhibitory receptors, programmed cell death-1 (PD-1)
expression has been mainly reported under pathological conditions such
as cancer or chronic infections in human NK cells, but also in mature
CD56%™ NK cells with a NKG2A- KIR+ CD57+ phenotype from healthy
donors (109-112). PD-1+ NK cells showed reduced cytokine-induced
proliferation, and impaired degranulation and cytokine production upon
encounter with tumor targets in vitro (112). Blockade of the PD-1/PD-L1
axis enhanced NK cell-mediated antitumor responses both in vitro and in

vivo in human and mice (110,113,114).

Finally, expression of cytotoxic T lymphocyte-associated protein 4
(CTLA-4) has been described in mouse NK cells upon IL-2 mediated
activation, as well as in tumor-infiltrating NK cells in tumor-bearing mice
(115,116). Engagement of CTLA-4 by CD80 in mouse NK cells has been
shown to inhibit IFN-y production in response to mature dendritic cells

(115). Expression of CTLA-4 in human NK cells remains elusive.
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2. NK cells and cancer

2.1. NK cell tumor immunosurveillance

NK cell immunosurveillance of primary tumor formation, tumor
recurrence and metastasis has been described in multiple mouse models of
spontaneous and induced carcinomas since the 1980s (117-123). NK cell
cytotoxicity may be particularly important for the elimination of tumors
with reduced or absent HLA-I expression that evade CD8+ T cell-
mediated killing, and CD16, NKG2D, NCRs and the costimulatory
molecule DNAM-1 are considered the main activating receptors involved
in the recognition of transformed cells (123,124). In humans, high NK cell
cytotoxic activity in in vitro assays was associated to lower risk of cancer
in an 11-year follow up epidemiological study (125). Moreover, presence
of tumor-associated NK cells in different tumor types has been related to

good prognosis and/or low risk of metastasis in patients (27,126—132).

Despite the fact that infiltrating NK cells in solid tumors are usually
scarce, they appear important for tumor control not only because of their
cytotoxic capacity but also because of their immunoregulatory role (26—
29). In melanoma and breast cancer mouse models, secretion of CCL5
(RANTES), XCL-1/2 and FLT3 ligand by infiltrating NK cells
contributed to the recruitment and maintenance of conventional type 1
dendritic cells (cDC1) and CD8+ T cells, necessary for an effective
antitumor response (26,27). In melanoma and head and neck squamous
cell carcinoma patients, presence of NK cells within the tumor correlated
with the frequency of cDC1 and response to anti-PD-1 immunotherapy
(27). In this sense, a limited number of NK cells infiltrating the tumor

might be enough to set in motion optimal anti-tumor responses.
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2.2 TGF-p as a NK cell immunoevasion mechanism in solid

tumors

Different mechanisms are used by tumor cells in order to limit NK cell
antitumor function: (i) shedding of ligands for NK cell activating
receptors (e.g. MICA/B, B7-H6) (133,134); (ii) up-regulation of ligands
for NK inhibitory receptors (e.g. non-classical HLA-I) (135,136) and (iii)
dysregulated expression of death receptors (e.g. Fas, TRAIL-R) (137,138)
or apoptosis-related molecules (e.g. BH3 family members) (139,140).
Moreover secretion of immunosuppressive soluble factors such as TGF-§,
prostaglandin E2 or idoleamine 2,3-dioxygenase (IDO) by tumor cells
themselves or other regulatory cells present in the tumor
microenvironment further impair NK cell survival and function (26,141—

143).

Transforming growth factor-f1 (TGF-Bl) is a pleiotropic cytokine
involved in many cellular processes in the developing embryo and adult
organism including cell differentiation, cell homeostasis, tissue
regeneration and immune regulation (144). TGF-B belongs to a
superfamily of 32 members grouped into the TGF-B and the bone
morphogenic protein (BMP) subfamilies. The TGF-f subfamily includes,
among others, three TGF-§ ligands (TGF-B1, -2, and —3), which are the
most relevant members of the family in immune regulation. Specifically,
TGF-B1 is the most abundant and ubiquitously expressed isoform in
mammalian tissues. TGF-PBs are synthesized in a latent form as pro-
proteins, and are activated by the action of proteases and metalloproteases
such as MMP-9 and MMP-2, thrombospondin-1, or integrins such as
aVP6 or aVPS; in the presence of acidic conditions; or by the exposure to
reactive oxygen species (ROS) (145). TGF-B family members signal

through heterodimeric complexes of specific type I and type II receptors
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containing serine/threonine kinase domains in their cytoplasmic tails.
Upon ligand binding, TGF-B-RII, a constitutively active kinase,
phosphorylates TGF-B-RI  (ALKS), triggering its activation and
downstream signaling. The coreceptor TGF-B-RIII (also known as
betaglycan) has been shown to enhance the affinity of TGF-Bs for TGF-f-
RII (146). Signal transduction downstream of TGF-B-RI occurs via
phosphorylation of receptor-regulated Smads (R-Smads), Smad2 and
Smad3. Activated R-Smads form heteromeric complexes with common-
partner Smad4 or, alternatively, TIF-1y (also known as TRIM33 or
Ectodermin), which facilitates their translocation to the nucleus (147-
149). Once in the nucleus, Smads regulate transcriptional programs by
cooperating with lineage-specific transcription factors, co-activators and
corepressors including AP-1 (encoded by JUN and FOS), FOXOI1-
FOXO04, RUNX3, E2F4, ATF3 or ID1 (150). Inducible Smad7 acts as a
negative regulator of the signaling pathway mainly by suppressing
phosphorylation of Smad2/3 (151). TGF-B-RI and —RII can also activate
non-canonical Smad-independent signaling such as MAPK (ERK, JNK
and p38 MAPK) or PI3K/AKT (147) (Figure 4).
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Figure 4. TGF-p signaling pathway. Canonical and non-canonical Smad4-

dependent and —independent signaling branches are shown.

TGF-B can elicit a tumor suppressor or tumor promoting role depending
on the cell context and tumor stage (152). In early tumor stages, TGF-f
may act as a tumor suppressor, inducing apoptosis in pre-malignant cells
and inhibiting proliferation of carcinoma cells. However, aberrant
regulation of TGF-f signaling in tumor cells turns TGF-f into a pro-
oncogenic factor contributing to angiogenesis, epithelial-mesenchymal
transition (EMT), metastasis dissemination, drug resistance and immune
suppression in evolved solid tumors (147). Being produced in high

amounts by tumor cells, cancer-associated fibroblasts and regulatory
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immune cells such as tumor-associated macrophages, TGF-B inhibits Th1
helper and cytotoxic T cell responses, induces a T regulatory phenotype,
and promotes dendritic cell differentiation towards myeloid suppressor
cells, among others (144). Elevated TGF-f serum levels have been found
in poor prognosis patients with hematologic malignancies and solid
tumors and associates to systemic inhibition of immune function,

including impaired NK cell responses (153—157).

In human NK cells silencing of IFN-y and T-bet through Smad-dependent
TGF-B signaling has been described in resting and CD16-activated NK
cells (158,159). Down-regulation of activating receptors (i.e. NKp30,
NKG2D, DNAM-1) and effector molecules (i.e. granzymes and perforin)
due to TGF-B has been reported in resting, IL-15- and CD16-activated NK
cells, leading to impaired direct and antibody-mediated killing of target
cells (159-161). TGF-pl has been shown to antagonize with
IL-15-dependent NK cell proliferation and mTOR activation, resulting in
reduced NK cell metabolic activity (85,161). Global changes induced by
TGF-B promote NK cell differentiation into poorly cytolytic CD16- CD9+
CD103+ subset, resembling decidual NK cells (162). In cancer mouse
models, TGF-B signaling in the tumor microenvironment promoted NK
cell differentiation towards an ILC1-like phenotype (i.e. increased CD49a,
CD73 and TRAIL expression, decreased EOMES and granzyme B levels)
with diminished cytotoxic activity facilitating for tumor immunoevasion

(21,163).
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3. Breast cancer

Breast cancer is the most frequent cancer type in women worldwide, and
the second most common cause of cancer death after lung cancer
(http://globocan.iarc.fr/old/FactSheets/cancers/breast-new.asp). Breast
cancer is a highly heterogeneous disease, both histologically and
molecularly (164-166). Breast carcinomas have been traditionally
classified based on the expression of the receptors for steroid hormones
estrogen (ER) and progesterone (PR), and the overexpression of the
epidermal growth factor receptor tyrosine kinase HER2, yet 5 molecular
subtypes (i.e. luminal A, luminal B, HER2-enriched, basal-like and
claudin-low) have been defined in the recent years according to
transcriptional profiles (167,168). However, to date, breast cancer
classification on daily clinical practice does mostly rely on the expression
of traditional tumor markers ER, PR and HER2 only. Accordingly, 3
major breast cancer subtypes can be distinguished: hormone
receptor+/HER2- tumors; HER2+ breast tumors, that comprise 15-20% of
total cases; and triple-negative breast cancer, lacking expression of ER,
PR and HER-2. Patients with HER2+ breast cancer benefit from HER2-
targeted therapy, including anti-HER2 monoclonal antibodies (i.e.
trastuzumab, pertuzumab, T-DM1) and small-molecules tyrosine kinase
inhibitors (i.e. lapatinib) (169,170). Specifically, HER2 dual targeting
with trastuzumab and pertuzumab together with chemotherapy is the first
line treatment for primary HER2+ tumors in the neoadjuvant setting and
metastatic disease (171). Moreover, T-DM1 (i.e. trastuzumab-emtansine,
an antibody-drug conjugate including the antimitotic agent DM1) has
been approved for advanced HER2+ breast cancer patients with
progressive disease following trastuzumab/pertuzumab plus chemotherapy
regimens (172). Combination of lapatinib and trastuzumab/chemotherapy

is also used for the treatment of refractory patients with advanced disease
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(173,174). As compared to ER+/PR+ HER2- breast carcinomas, HER2+
breast tumors were associated with a more aggressive disease and
decreased survival (175). Approval of HER2-targeted therapy brought a
significant improvement to the clinical outcome of HER2+ breast cancer
patients. Mechanisms of action of anti-HER2 mAb include prevention of
HER?2 dimerization with other members of the family, required for HER2
signaling, increased endocytosis and HER2 degradation and immune cell
activation by antibody-dependent cell cytotoxicity (ADCC) (176).
Nonetheless, disease progression eventually occurs due to de novo or

acquired resistance to treatment in a proportion of patients (177).

3.1. NK cell-mediated ADCC in HER2+ breast cancer

All anti-HER2 mAb (i.e. trastuzumab, pertuzumab, T-DM1) approved for
clinical use are IgGl capable of inducing ADCC responses. Several
studies point towards a role of NK cell-mediated ADCC in the clinical
efficacy of tumor antigen-specific mAb, together with other immune cells
such as tumor-specific T lymphocytes. In mouse models, deficiency of
CD16, NK cells or CD8+ T cells, as well as treatment with F(ab’)2
fragments, impaired the antitumor effect of HER-specific antibodies
(178-181). In breast cancer patients, treatment with trastuzumab and
T-DM1 induced increased tumor infiltration by lymphocytes, particularly
NK cells (182—184). Indeed, presence of tumor infiltrating lymphocytes
has been associated to response to neadjuvant treatment with anti-HER2
mAb (185-189). We have recently identified tumor infiltrating-NK cells
in diagnostic core biopsies as an independent biomarker predictive of
response to anti-HER2 mAb-based neoadjuvant treatment in primary
HER2+ breast cancer patients (132). Presence of NK cell in HER2+
tumors correlated with activated dendritic cells and CD8+ T cells, as

measured by gene expression signatures (132). In addition, impaired
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ADCC responses have been described in patients at advanced or
metastatic stages of the disease and the magnitude of NK cell-mediated
ADCC against trastuzumab-coated tumor cell lines in in vitro assays
correlated with response to treatment in metastatic patients treated with

anti-HER2 mAbD (182,190-194).
3.2. Immunotherapy in breast cancer

Immunotherapy in breast cancer is still far from other solid tumors, but an
increased interest in the recent years has led to more than 200 clinical
trials currently ongoing in the field (195). Among different breast cancer
subtypes, presence of tumor-infiltrating lymphocytes is more pronounced
in triple-negative and HER2+ tumors, which are considered the more
immunogenic breast cancer subtypes (196). The majority of the trials
currently ongoing are aimed at the treatment of triple-negative breast
tumors, the subtype showing the worst prognosis to date (195). Blocking
antibodies targeting the PD-1/PD-L1 axis showed great efficacy in
preclinical models of breast cancer, and account for most of the
immunotherapeutic agents being evaluated in clinical trials (181,184).
Anti-PD-L1 antibody atezolizumab has been recently approved in
combination with chemotherapy for the treatment of metastatic triple-
negative breast cancer, yet clinical efficacy is rather low (197). Anti-
CD137 agonistic antibody utomilumab is being tested with anti-HER2
mAb trastuzumab or T-DMI1 alone (NCT03364348), or in combination
with chemotherapy and anti-PD-L1 mAb avelumab (NCT03414658) in
patients with metastatic HER2+ breast cancer in two different clinical
trials. Other strategies being addressed include vaccines, oncolytic viruses
and adoptive cell therapy. Adoptive transfer of tumor-infiltrating
lymphocytes recognizing tumor antigens in combination with IL-2 and

pembrolizumab (anti-PD-1 mAb) has been recently reported to lead to
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complete durable regression of the tumor in a patient with metastatic ER+

HER2- breast cancer refractory to chemotherapy (198).

Altogether, there is still a long way to go in the field of immunotherapy in
breast cancer. Good clinical responses have been reported in some
patients, yet biomarkers of response as well as novel strategies are needed

to broaden the number of patients benefiting from these therapeutics.
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HYPOTHESIS AND AIMS






One of the mechanisms of action of anti-HER2 therapeutic antibodies is
the triggering of NK cell-mediated antibody-dependent cytotoxicity
(ADCC). Natural killer (NK) cells are cytotoxic innate lymphocytes that
can contribute to ADCC and facilitate the development of tumor-specific
adaptive immunity. Several evidences support the contribution of NK cell-
mediated ADCC to the clinical efficacy of anti-HER2 therapeutic
antibodies in breast cancer and NK cell dysfunction has been associated to

disease progression in metastatic patients.

We hypothesized that the heterogeneity on the clinical benefit of anti-
HER2 antibody-based treatments could be related to genetic and
epigenetic differences dictating the expansion of relevant NK-cell
subpopulations in distinct patients. On the other hand, molecular tools
targeting immune checkpoints could be used for strengthening NK cell-
mediated ADCC responses and enhancing the clinical efficacy of HER2-
specific antibody-based therapies.

To asses this issue, the following aims have been addressed:
1. To analyze the influence of the NK cell repertoire on the clinical

efficacy of anti-HER2 mAb in HER2+ breast cancer patients.

2. To study the suitability of CD137 (4-1BB) stimulatory co-receptor for
enhancing NK cell-mediated ADCC responses against HER2+ breast

cancer cells.
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CD137 (4-1BB) costimulation counteracts TGF-1
impairment of antibody-dependent NK cell responses
against breast cancer cells






METHODS






1. Human blood samples

Peripheral blood mononuclear cells (PBMC) were obtained from
heparinized blood samples of volunteer healthy adults by Ficoll-Hypaque
gradient (Lymphoprep) and kept overnight in complete RPMI 1640
GlutaMAX medium (Invitrogen) [i.e. penicillin/streptomycin (100 U/ml
and 100 pg/ml, respectively, Invitrogen), sodium pyruvate (1 mM, Gibco),
10% FBS (Gibco)] supplemented with recombinant IL-2 (200 U/ml,
Proleukin). NK cell purification was performed by negative selection
using NK isolation kit (Miltenyi) according to the manufacturer
instructions. HCMV serology was assessed by standard clinical diagnostic

tests.

A heparinized blood sample was obtained from a patient with juvenile
polyposis syndrome (JPS). The patient had been diagnosed as harboring a
c.403C>T (p.Argl35*) (1s377767326) SMAD4 mutation in heterozygosis
leading to SMAD4 haploinsufficiency (199). PBMC were obtained as

stated for healthy volunteers.
2. Human breast carcinoma samples

Remnant breast carcinoma samples from diagnosis were selected by the
pathologist from patients undergoing surgery. After clearance of fat
pieces, the specimen was mechanically disrupted and digested for 40
minutes under agitation with collagenase type IV (1 mg/ml, Gibco) and
DNAse (50x10°u/ml, Sigma Aldrich). The digested tissue was filtered
through 100 pm and 40 pm filters, and multicellular suspensions were
recovered by centrifugation at 400xg for 7 minutes at 4 °C, counted and
cultured overnight in the presence of IL-2 (200 U/ml) and trastuzumab
(210 ng/ml, Herceptin®, Roche) in flat-bottom 96-well plates. CD137,
PD-1 and CD16 expression was checked after overnight culture by flow
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cytometry on DAPI- CD45+ CD3- CD56+ cells. Alternatively,
multicellular suspensions were culture in the presence of IL-2 (200 U/ml),
trastuzumab (210 ng/ml) and urelumab (50 pg/ml, Bristol-Myers Squibb)
for 6 days, and phenotyped by flow cytometry for the expression of CD16,
CD137, NKG2D, CD103 and PD-1.

3. Ethics Statement

All healthy volunteers and patients gave written informed consent for the
analysis of peripheral blood and tumor biopsies for research purposes.
Study protocol was approved by the local ethics committee (Clinical
Research Ethics Committee, Parc de Salut Mar n°® 2015/6038/1 for healthy
volunteers; n° 2015/6038/1 and 2019/8584/1 for cancer patients).

4. Cell lines

The human HER2+ breast cancer cell line SKBR3 was grown in complete
DMEM/F-12 medium (Sigma-Aldrich) supplemented with L-glutamine
(0.5 mM, Gibco). The mouse mastocytoma cell line P815 and the HLA
class I -negative human erythroleukemic cell line K562 were cultured in
complete RPMI 1640 GlutaMAX medium [i.e. penicillin/streptomycin
(100 U/ml and 100 pg/ml, respectively, Invitrogen), sodium pyruvate (1
mM, Gibco), 10% FBS (Gibco)].

5. NK cell expansion in CD16-coated plates

Purified NK cells were cultured at a density of 3x10° cells/ml in flat-
bottom plates previously coated overnight at 4 °C with purified anti-CD16
mAb (0.5 or 5 pg/ml, clone KDI, kindly provided by Dr. A. Moretta).
TGF-B1 (10 ng/ml, Peprotech), anti-CD137 agonist antibody urelumab
(50 or 1 pg/ml) or control human IgG4 (50 pg/ml, Bristol-Myers Squibb)

were added at 8 hours post activation (unless specifically stated). Cultures
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were maintained up to 6 days and NK cells were subsequently used for
functional, phenotypic or transcriptomic analysis. In some experiments the
ALK receptor inhibitor SB-431542 (20 uM, Sigma-Aldrich) was added
prior activation with anti-CD16 (5 pg/ml) and maintained along the 6 days

culture.

6. NK cell immunophenotyping by multiparametric flow

cytometry

Total PBMC, primary or expanded purified NK cells were pre-treated
with aggregated human IgG (10 pg/ml) to block Fc receptors, incubated
with specific unlabelled mAb (i.e. anti-TNF-RI) or hybridoma culture
supernatants (i.e. KIRmix), washed and further incubated with secondary
antibodies  polyclonal goat anti-mouse IgG+IgM-PE (Jackson
Immunoresearch) or polyclonal goat anti-mouse IgG-APC/Cy7
(Biolegend). Subsequently, samples were stained with combinations of
directly labelled antibodies. In experiments in which intracellular staining
was performed (i.e. for the detection of y-chain, phospho-NF-kB p65,
TNF-a, IL-9 and granzyme B), cells were fixed and permeabilized
(fixation/permeabilization kit, BD Bioscience) prior to incubation with
directly-labelled antibodies specific for intracellular antigens. Data was
acquired on a FACS-Fortessa or FACS-LSRII (BD Bioscience) and
analyzed with FlowJo vX software (FlowJo LLC). Antibodies used for
flow cytometry are listed in Table 1.

Monoclonal antibody Clone Source
Active caspase 3-FITC C92-605 BD Bioscience
CCR7-PE/Cy7 3D12 BD Bioscience
CD3-PerCP SK7 BD Bioscience
CD16-PE/Cy7 3G8 BD Bioscience
CD16-APC-eFluor 780 CB16 eBioscience
CD25-PE BC96 eBioscience
CD25-APC/Cy7 BC96 Biolegend
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CD45-Alexa Fluor 700 2D1 eBioscience
CD56-APC CMSSB eBioscience
CD56-APC-eFluor 780 HCD56 eBioscience
CD56-HV510 NCAMI16.2 | BD Bioscience
CD57-FITC HCD57 Biolegend
CDI103-FITC B-Ly7 eBioscience
CD103-PE/Dazzle 594 Ber-ACT8 Biolegend
CD107a-FITC H4A3 BD Bioscience
CD117 (cKit)-PE 104D2 eBioscience
CD137-PE 4B4-1 eBioscience
CXCR3-eFluor 660 CEW33D eBioscience
FCeRI y subunit-FITC Merck
Granzyme B-Pacific Blue GBl11 Biolegend
IL-9-PE REA1038 Miltenyi
NF-xB p65 (pS539)-PE/Cy7 K10-895 BD Bioscience
NKG2A-CF-Blue 7199 Dr. A Moretta,
Immunostep (*)
NKG2C-PE 134591 R&D systems
NKG2D-APC BAT221 Miltenyi Biotec
NKp46-BV605 9E2 Biolegend
0X40-APC ACT45 eBioscience
PD-1-PE-eFluor 610 J105 eBioscience
TNF-0-CF Blue Infliximab Jannsen,
Immunostep (*)
TNF-RI 16803 R&D systems
TNF-RII-PE 22235 R&D systems

(*) Anti-NKG2A (clone Z199, kindly provided by Dr. A. Moretta) and
anti-TNF-a infliximab (Remicade®, Janssen) were labelled with CF-Blue
by Immunostep.

Hybridoma Clone Source

culture supernatant
KIRmix, mix of the following
hybridoma supernatants:
KIR2DL1, -2DS1/S3/S5 HPMA-4 | Dr. M. Lopez-Botet
KIR2DL2/L3, -2DS2 CHL Dr. S. Ferrini
KIR2DLS UP-R1 Dr. M. Lopez-Botet
KIR2DL1/L2, -2DS2/S4/S5, -3DS1 | 5.133 Dr. M. Colonna
KIR3DLI DX9 Dr. L. Lanier

Table 1. Antibodies used for flow cytometry analyses.
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7. viSNE (t-SNE) analysis

VviSNE (t-SNE) analysis were implemented for the analysis of activated
NK cells at 6 days. Raw flow cytometry data was imported into R (v3.5.1)
using flowCore and openCyto packages. A compensation matrix
generated in FlowJo (v10.0.7, Tree Star) was exported an applied into R.
NK cells were gated on forward and side scatter and data from 2,000-
5,000 NK cells were concatenated. Barnes-Hut t-SNE was conducted
using the Rtsne package. Graphics were produced using packages gplots,

ggplot2, and RColorBrewer.
8. NK cell ADCC assays

Primary or CD16-expanded NK cells were cultured in the presence of
target cells (i.e. SKBR3, P815 or K562) in complete RPMI 1640
GlutaMAX medium in U-bottom 96-well plates. Co-culture with target
cells was done at an effector:target (E:T) ratio 4:1. Trastuzumab was
added at 210 or 2.1 ng/ml in the indicated conditions. NK cell
degranulation was checked by monitoring CD107a mobilization by flow
cytometry after 4-hour-co-culture including the anti-CD107a-FITC (clone
H4A3, BD Bioscience) and monensin (5 pg/ml, Sigma-Aldrich). When
indicated TNF-a (infliximab-CF Blue) was also analyzed by intracellular
staining at the end of the co-culture in the presence of brefeldin A (10
pg/ml, Sigma-Aldrich). Co-culture experiments assessing CD137/0X40
induced expression were generally analyzed at 24 hours, unless stated in

the corresponding figure.

In indicated experiments, recombinant human TNF-a (10 ng/ml,
Peprotech), anti-TNF-o neutralizing antibody infliximab (50 pg/ml,
Remicade®, Janssen) or TNF-RI and -RII blocking antibodies (10 pg/ml,
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#16805 and #22210 respectively, R&D Systems) were added in the co-

culture and maintained along the assay.

For P815-redirected activation, NK cells were co-cultured in with P815
cells (E:T 1:1) previously incubated for 20 min with anti-CD56 (clone
C218), -CD16 (clone KD1), -NKp30 (clone AZ20) or —-NKp46 (clone
Bab281) supernatants (all of them kindly provided by Dr. A. Moretta).
NK cell degranulation and CD137 expression was analysed by flow

cytometry in 4-hour- or 24-hour-co-cultures, respectively.
9. NK cell cytotoxicity assays

Activation of caspase 3 in SKBR3 cells was checked by intracellular flow
cytometry after co-culture with purified NK cells in the presence of
trastuzumab (210 ng/ml) at different effector target ratios as indicated in
each figure. SKBR3 cells were gated based on forward and size scatter
(FSC/SSC) and by CD45 exclusion. Levels of active caspase 3 levels in
SKBR3 cells in the absence of NK cells were subtracted in each other

condition.
10. Cytokine stimulation of primary NK cells

CD137 expression was analyzed by flow cytometry in NK cells treated
with recombinant IL-2 200 U/ml or recombinant IL-15 10 ng/ml
(Peprotech) for 24 and 48 hours.

11. Phospho-NF-kB p65 analysis by flow cytometry

Blocking activity of anti-TNF-Rs mAbs was confirmed pre-incubating
NK cells with anti-TNFRI and —RII for 20 minutes prior to treatment with
recombinant human TNF-a (10 ng/ml) for 10 minutes. Phosphorylation of
NF-xB p65 was analysed by intracellular flow cytometry (clone K10-895,
BD Bioscience). Alternatively, phosphorylation of NF-xB p65 in NK cells
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was checked in 30-minute- to 24 hour-co-culture with SKBR3 cells (E:T
1:1) and trastuzumab (210 ng/ml), in the presence or absence of anti-TNF-

a antibody infliximab (50 pg/ml).
12. IL-9 intracellular staining in CD16-expanded NK cells

6-day CD16-activated NK cells (5 pg/ml) in the presence of IL-2, TGF-f1
and/or urelumab (50 or 1 pg/ml) were re-stimulated or not with
PMA/ionomycin (10 ng/ml and 1 pg/ml, respectively; Sigma-Aldrich) for
6 hours and treated with brefeldin A (10 pg/ml) for the last 4 hours. IL-9
was checked by intracellular flow cytometry (clone REA1038, Miltenyi).

13. Proliferation assays and estimation of NK cell numbers

PBMC were labeled with 0.5 pM CFSE (CellTrace CFSE Cell
Proliferation Kit, Invitrogen) prior to NK cell purification. Briefly, PBMC
were incubated with CFSE diluted in PBS (10 cells/ml) at room
temperature in the dark for 8 minutes. Afterwards, an equivalent volume
of FBS was added and left for 5 minutes prior to three washes in complete
RPMI 1640 Glutamax medium. NK cells were purified and activated by
plate-bound anti-CD16 following protocol 4. After 6 days CFSE
fluorescence was checked by flow cytometry and results were expressed
as percentage of NK cells undergoing >4 divisions, as indicated by CFSE

dilution peaks.

Alive NK cell numbers were calculated by cell counts in Neubauer
chamber upon trypan blue exclusion. Numbers of CD16+ NK cells were
estimated based on the percentage obtained by flow cytometry in each

condition.
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14. Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was isolated (RNeasy® Micro Kit, Qiagen) from purified NK
cells or total PBMC after overnight activation with anti-CD16 (5 pg/ml)
or anti-CD3 (1 pg/ml, clone SPV.T3b, kindly provided by Dr J. de Vries),
respectively. cDNA was synthesized from RNA with Superscript III
Reverse Transcriptase (Invitrogen). cDNA expression was analyzed by
quantitative PCR using LightCycler 480 SYBR Green I Master (Roche).
The expression of target genes was calculated and normalized to the
expression of reference gene P2-microglobulin using the 24T method.
Primers pairs used (Isogen, except TNFRSF9 which are from Invitrogen)
for RT-qPCR are listed in Table 2.

Gene Forward primer Reverse primers

TNFRSF9 | CACTCTGTTGCTGGTCCTCA CACAGGTCCTTTGTCCACCT

TNFRSF4 | CACTGTGTCGGGGACACCTA ACCACGTCGTTGTAGAAGCC

CTLA4 CTACCTGGGCATAGGCAACG CCCCGAACTAACTGCTGCAA

PDCDI CAGTTCCAAACCCTGGTGGT GGCTCCTATTGTCCCTCGTG

B2M TTAGCTGTGCTCGCGCTACTCT | TGGTTCACACGGCAGGCATACT

Table 2. Primers used for RT-qPCR.

15. Microarray data processing and analysis

Microarray hybridization and analysis were performed by the microarray

core facility at Hospital del Mar Medical Research Institute, Barcelona.
15.1. Sample processing and microarray hybridization

Total RNA was isolated (RNeasy® Micro Kit, Qiagen) from purified NK
cells after 5 days activation with anti-CD16 (5 pug/ml), in the presence of
IL-2, TGF-B1 and urelumab (50 pg/ml). RNA intregrity was assessed
using Agilet 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA)
prior to sample processing. Amplification, labelling and hybridization was

performed according to protocol GeneChip WT PLUS Reagent kit (P/N
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703174 2017), and then hybridized to Human Clariom S Array (Thermo
Fisher Scientific) in a GeneChip Hybridization Oven 640. Washing and
scanning were performed using the Expression Wash, Stain and Scan Kit
(Thermo Fisher Scientific) and the GeneChip System (GeneChip Fluidics
Station 450 and GeneChip Scanner 3000 7G) according to the Expression
Wash, Stain and Scan User Manual (P/N 702731 2017).

15.2. Microarray analysis

For the statistical analysis, R programming (Version 3.4.3) was used,
together with different packages from Bioconductor (200) and the
Comprehensive R Archive Network (CRAN 2017). After quality control
of raw data, samples were background corrected, quantile-normalized and
summarized to a gene-level using the robust multi-chip average (RMA)
(201) obtaining a total of 20893 transcript clusters. Clustering methods
were used and a possible batch effect was discarded. An empirical Bayes
moderated t-statistics model (LIMMA) (202) adjusting for the variable
“sample” as a random effect was built to detect differentially expressed
genes between the studied conditions. Specifically, genes with a p-
value<0.05 and a |log fold-change[>0.585 were considered to be
significantly different between conditions. Genes differentially expressed
between a-CD16+TGF-B1 and a-CD16+TGF-f1+urelumab were loaded
into the ingenuity pathway analysis (IPA) software to analyse the
biological functions, pathways and networks modulated by urelumab.
Gene set enrichment analysis (GSEA) of differentially expressed genes
were performed against the Molecular Signatures Database (MSigDB)
collection “C7: immunologic gene sets” available at the Broad Institute
website (software.broadinstitute.org/gsea/msigdb). Differentially
expressed genes between murine ILCls and NK cells isolated from
intestine and liver were generated from the GEO dataset GSE37448 (203)
and used for GSEA.
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16. IFN-y, IL-9 and CCLS analysis by ELISA

Production of IFN-y, CCL5 and IL-9 secretion was measured in 6-day
cell-free culture supernatants (centrifuged at 1250xg, 10 minutes) with
#88-7316-88, Invitrogen, DY278, R&D and DY209, R&D commercial
ELISAS, respectively, following manufacturer instructions. Alternatively,
IFN-y production was measured in overnight cell-free culture supernatants
from 6-day-expanded NK cells re-estimulated by anti-CD16 mAb (5
pg/ml) and recombinant IL-12 (10 ng/ml, Peprotech). Optical density was
determined on Infinite 200 Pro plate reader (Tecan). Readings at 570 nm
and blank were subtracted from readings at 450 nm, and protein

concentration was calculated by an 8-point standard curve.

17. TGF-B-RII, Smad4/7 and p-actin expression by Western
Blot

NK cells or PBMC dry pellets (5x10°) cells were lysed in RIPA buffer
(40ul/10° cells; 0.15M NaCl, 1% Nonidet P-40, 0.1% SDS, 50mM Tris
(pH 7.5), supplemented with protease and phosphatase inhibitors: ImM
PMSF, 2mM Na3VOs, 5SmM NaF, 10mM B-glycerol-phosphate, SmM
EDTA, and 1 mM protease inhibitor cocktail Sigma (P8340, Sigma-
Aldrich). Protein extracts were denatured in Laemmli buffer, boiled 5
minutes at 95 °C, separated by SDS-PAGE 10% under reducing
conditions (170 V, 1-2 hours), and transferred (wet transfer at 4 °C, 100 V,
1 hour 30 minutes) onto PVDF membranes (Immobilon, Millipore). Blots
were blocked for 2 hours at room temperature or overnight at 4°C in 5%
bovine serum albumin or non-fat dry milk in TBS + 0.05% Tween 20.
Specific antibodies were subsequently used following manufacture’s
recommendations: anti-Smad4 (#46535, Cell Signaling, 1:1000);
monoclonal mouse anti-Smad7 (MAB2029, R&D Systems, 1:1000), anti-
TGFB-RII (sc-17791, Santa Cruz Biotechnology, 1:100) and anti-B-actin
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(A5441, Sigma-Aldrich). Proteins were detected with HRP-labelled anti-
rabbit or mouse antibodies (GE Healthcare, 1:3000 except for B-actin
1:10000) and ECL substrate (SuperSignal West Pico or Femto
Chemiluminescent Substrate, Thermofisher). The intensity of Western

Blot bands was quantified by ImageJ (National Institutes of Health).

18. Statistics

Statistical analyses were performed using Graphpad Prism 6.0 software.
All data were analyzed with a paired or unpaired Mann-Whitney test. A P

value of <0.05 was considered significant.
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RESULTS






1. Regulation of CD137 expression in CD16-activated NK cells

1.1. Identification of CD137 (4-1BB) as a targetable receptor in
activated NK cells

Several immunomodulatory monoclonal antibodies (mAbs) targeting
activation-induced stimulatory (e.g. TNFRSF members) and inhibitory
(e.g. PD-1, CTLA-4) receptors on immune effectors cells have been
approved or are in clinical development with the aim of re-establishing T
cell responses against tumors (204,205). Despite the fact that NK cells
share diverse effector functions with CD8+ T cells, the hierarchy of
activation-induced  receptor  expression and the effect of
immunomodulatory mAbs on NK cell antitumor function needs further
investigation. In order to identify actionable checkpoints for enhancing
NK-cell mediated ADCC responses against tumor cells, we evaluated the
expression profile of activation-induced stimulatory and inhibitory

receptors in CD16-activated NK cells.

Microarray analysis previously performed in the laboratory using
polyclonal primary NK cells activated through plate-bound anti-CD16
agonistic antibody showed the up-regulation of stimulatory (i.e.
TNFRSF9, TNFRSF18, TNFRSF4, TNFRSFIB respectively encoding for
CD137 or 4-1BB, GITR, OX40 and TNF-RII molecules) rather than
inhibitory (i.e. CTLA4 and PDCDI encoding for PD-1) receptor mRNA
expression at 12 hours. Among TNF receptor superfamily (TNFRSF)
members, CD137 was the one showing the highest induction (Figure 1A).
Induction of CD137 in the absence of PD-1 mRNA in CD16-activated NK
cells was confirmed by reverse transcription quantitative PCR (RT-qPCR)
(Figure 1B). In contrast, CD3 crosslinking resulted in the up-regulation of
CD137, 0X40, CTLA-4 and PD-1 mRNA in PBMCs (Figure 1C).
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Figure 1. CD16-dependent activation triggered stimulatory rather than
inhibitory co-receptor mRNA expression in NK cells. (A, B) NK cells were
activated by plate-bound a-CD16 antibody and analyzed for mRNA expression.
(A) Microarray analyses of gene expression at 12h. Heatmap represents relative
expression of TNFRSF9, TNFRSF18, TNFRSF4, TNFRSFI1B, CTLA4 and PDI
in two different donors (D1, D2). NT: non-treated (B) mRNA expression of
TNFRSF9, TNFRSF4, CTLA4, PDCDI relative to f2-microglobulin determined
by reverse transcription quantitative PCR (RT-qPCR) after O/N activation. (C)
Relative mRNA expression of TNFRSFY9, TNFRSF4, CTLA4, PDCDI1 in PBMC
after O/N activation by plate-bound o-CD3 antibody. Graphs represent
mean+SEM of data from 5-7 individuals in independent experiments. Statistical
significance was calculated using the Mann-Whitney U test (* < .05, ** < .01,

##% < 001).

62



In order to validate the induction of CD137 expression in NK cells upon
CD16-activation, we set up an in vitro experimental system by coculturing
purified primary NK cells with the HER2+ breast cancer cell line SKBR3
in the presence of anti-HER?2 therapeutic antibody trastuzumab. Coculture
with SKBR3 and trastuzumab induced a potent NK cell degranulation as
analyzed by CD107a mobilization assay and TNF-a production, leading to

target cell apoptosis, as measured by activation of caspase 3 by flow

cytometry (Figure 2).
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Figure 2. Trastuzumab-triggered NK cell-mediated ADCC against HER2+
breast cancer cells. Purified NK cells were cocultured with SKBR3 (SK) cells
in the presence of trastuzumab (Tz, 210 ng/ml). NK cell degranulation (CD107a
mobilization assay) and TNF-a production (E:T 4:1), as well as active caspase 3
in SKBR3 cells (E:T 1:2) were checked in parallel assays at 4h by flow
cytometry. (A-C) Graphs represent meantSEM of data obtained using NK cells
from 18 donors in multiple independent experiments. Statistical significance was

calculated using the Mann-Whitney U test (* < .05, **** <.0001).

In agreement with mRNA expression, NK cell coculture with SKBR3 and
trastuzumab resulted in the up-regulation of CD137 and OX40 surface
expression, but not PD-1, as checked by flow cytometry at 24 hours post-
activation (Figure 3A, B). CD137 and OX40 induction was mainly
observed in CD356%™ NK cells, and paralleled surface CD16 down-

regulation (Figure 3A). Time-course experiments showed that CD137
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was up-regulated with early kinetics (i.e. 8 hours), large magnitude and
sustained persistence, whereas OX40 expression peaked at 24 hours and
markedly decreased at 48 hours post-activation (Figure 3C). Hence, our
results pointed to CD137 as a targetable receptor induced upon NK cell-

mediated ADCC against breast cancer cells.
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Figure 3. ADCC induced the expression of CD137 and OX40 expression,
concomitant to CD16 downregulation in NK cells. NK cells were cocultured
with SKBR3 cells in the presence of trastuzumab (Tz, 210 ng/ml). (A, B)
Expression of CD137, OX40, PD-1 and CD16 in NK cells at 24h by flow
cytometry. (A) Dot plots from a representative donor are shown. Inset numbers
indicate proportions of marker+ NK cells. (B) Mean+SEM of data from marker+
CD56%™ NK cells from 4 donors in independent experiments. Statistical
significance was calculated using the Mann-Whitney U test (* < .05).
(C) Kinetics of CD137 and OX40 expression in CD56%™ NK cells along

coculture with trastuzumab-coated SKBR3 cells.
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1.2. Cooperation between activating receptors and autocrine TNF-a
regulates CD137 and OX40 expression in NK cells.

We next addressed whether other activating stimuli could also induce
CD137 expression in NK cells. NK cell stimulation by IL-2 and IL-15
cytokines or by redirected activation through NK cell receptors (NKR)
coupled to tyrosine kinase-mediated signaling pathways (i.e. CDI6,
NKp30, NKp46) induced surface CD137 up-regulation in a variable
proportion of cells (Figure 4A, B). Noteworthy, the frequency of NK cells
up-regulating CD137 was proportional to the percentage of degranulation
upon redirected activation through distinct NKR, likely reflecting the
magnitude of NK cell activation (Figure 4B). Indeed, experiments of NK
cell redirected activation by increasing doses of anti-CD16 agonist mAb
showed that CD137 surface expression was proportional to the intensity of

signal through the activating NKR (Figure 4C).

As members of the TNF receptor superfamily, CD137 and OX40 have
been shown to be up-regulated by TNF-a in regulatory T cells (206,207).
Based on these observations, we aimed at elucidating whether autocrine
TNF-a produced along ADCC was also regulating the expression of both
receptors in activated NK cells. We used the TNF-a neutralizing mAb
infliximab, and supplementation with recombinant TNF-a in NK-SKBR3-
trastuzumab cocultures. Addition of infliximab reduced the expression of
CD137 and OX40 in NK cells upon ADCC (Figure SA, B). On the other
hand, recombinant TNF-a triggered low CD137 and OX40 expression in
resting NK cells and enhanced the expression of both molecules upon
ADCC (Figure 5A, B). Time-course experiments showed that treatment
with infliximab effectively blocked TNF-a signaling through NF-«xB
along ADCC as evidenced by decreased phosphorylation of p65 NF-xB in
NK cells at 30 minutes and 24 hours post-activation (Figure 5C).
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Figure 4. Stimulatory cytokines and activating NKR regulated CD137
expression in NK cells. (A) NK cells were stimulated with IL-2 (200 U/ml) or
IL-15 (10 ng/ml) for 24 or 48h. (B) P815 cells were incubated with a-CDS56,
-CD16, -NKp30 or -NKp46 antibodies prior to co-culture with NK cells (ratio
1:1). NK cell degranulation and CD137 expression were checked by flow
cytometry at 4 and 24h, respectively. (A, B) Dot plots showing CD107a and
CD137 expression in NK cells from representative donors are shown. Inset
numbers indicate CD137 mean fluorescence intensity (MFI) and percentage of
CD107+ NK cells. (C) NK cells were activated by plate-bound a-CD16 antibody
and analyzed for surface CD137 expression at 24h by flow cytometry. Graph
represents CD137 MFI on NK cells from 7 donors in independent experiments.
NT: non-treated. Statistical significance was calculated using the Mann-Whitney

U test (** <.01).
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Despite effective signaling blockade, presence of infliximab did not affect

CDI137 expression at early time-points yet resulted in a reduction of

CD137 levels at 24 and 48 hours post NK cell activation (Figure SD, E).

In contrast,

trastuzumab-induced up-regulation of surface 0OX40

expression in NK cells was virtually inhibited in the presence of

infliximab and significantly enhanced by the addition of rTNF-a (Figure

5F).
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Figure 5. Regulation of CD137 and OX40 expression in activated NK cells by
autocrine TNF-a. NK cells were cocultured with SKBR3 (ratio 1:1) and
trastuzumab (Tz, 210 ng/ml) in the presence or absence (-) of the anti-TNF-a
mADb, infliximab (Inflix, 50 pg/ml), or recombinant human TNF-a (rTNF-a, 10
ng/ml). (A) Dot plots showing CD137 and OX40 expression at 24h upon ADCC
including TNF-a blockade or rTNF-a supplementation in NK cells from a
representative donor. Inset numbers indicate CD137 mean fluorescence intensity
(MFI) and percentage of OX40+ NK cells. (B) Mean+=SEM of CD137 and OX40
expression in CD56%™ NK cells from 4-6 donors in independent experiments. (C)
Phospho-NF-kB p65 in CD56™ NK cells at 30min and 24h after trastuzumab-
induced ADCC in the presence or absence (-) of infliximab. (D-F) Kinetics of
CDI137 and OX40 expression in CD56%™ NK cells upon trastuzumab-induced
ADCC in the presence or absence (-) of infliximab. Graphs represent mean+SEM
of data from 4-6 independent experiments. Statistical significance was calculated

using the Mann-Whitney U test (* < .05, ** <.01).

TNF-a signals through TNF-RI (TNFRSF1A4) and TNF-RIl (TNFRSF1B)
(208). Expression of TNF-RI and TNF-RII was detected by flow
cytometry in resting NK cells and TNF-RII expression was enhanced
upon trastuzumab-induced ADCC. Of note, levels of TNF-RI were
remarkably low as compared to TNF-RII and did not change upon
activation (Figure 6A). Blocking antibodies specific for TNF-RI or —RII
showed that dual blockade was required for abrogating TNF-a-dependent
CDI137 and OX40 expression in activated NK cells, whereas single
blockade of TNF-RI or TNF-RII only resulted in a partial inhibition
(Figure 6B-D). Neither the addition of infliximab nor TNF-R blocking
antibodies induced changes in NK cell degranulation along coculture with
SKBR3 and trastuzumab, excluding an effect of these antibodies on NK
cell activation (Figure 7A, B). Moreover, the blocking capacity of anti-
TNF-RI and —RII antibodies was confirmed by the abrogation of TNF-a-
induced phospho-p65 NF-«xB, as measured by intracellular flow cytometry
(Figure 7C).
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Figure 6. Signaling through TNF-RI and —RII regulates TNF-a dependent
expression of CD137 and OX40 in NK cells upon ADCC. NK cells were
cocultured with SKBR3 cells (ratio 1:1) and trastuzumab (Tz, 210 ng/ml) in the
presence or absence of infliximab (50 pg/ml), anti-TNFRI (a-RI, 10 pg/ml), anti-
TNFRII (o-RIL, 10 pg/ml) blocking antibodies or control mouse IgG1 antibody
(cIgGl, 10 pg/ml) for 24h. CD137 and OX40 expression in NK cells was
analyzed by flow cytometry. (A) Histograms depicting TNF-RI and TNF-RII
staining in resting (NK, solid line) and trastuzumab-activated NK cells
(NK+SKBR3+Tz, dashed line). Control staining (Iso ctrl, filled histogram) is
shown. (B) Dot plots showing CD137 and OX40 expression in NK cells from two
representative donors. Inset numbers indicate CD137 mean fluorescence intensity
(MFI) and percentage of OX40+ NK cells. (C, D) Mean+SEM of CD137 and
0X40 expression in CD56™ NK cells from 4 independent donors normalized to
trastuzumab-activated NK cells in the absence of blocking antibodies (-).

Statistical significance was calculated using the Mann-Whitney U test (* <.05).
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Figure 7. Effect of anti-TNF-a (infliximab), anti-TNF-RI and anti-TNF-RII
blocking antibodies on NK cell degranulation and phosphorylation of p65
NF-kB. (A) NK cells were incubated with 10 ug/ml of anti-TNF-RI (a-RI), anti-
TNF-RII (a-RII), or control mouse IgGl antibody (cIgG1) and co-cultured with
SKBR3 (ratio 1:1) and trastuzumab (210 or 2.1 ng/ml). NK cell degranulation
(CD107a) was analyzed cells by flow cytometry at 4h. (A, B) Graphs represent
mean+SEM of data in CD56%™ NK cells from 2-4 individuals in independent
experiments. In (B), data is normalized to trastuzumab-activated NK cells in the
absence of blocking antibodies (-). Statistical significance was calculated using
the Mann-Whitney U test. (C) NK cells were incubated with 10 pg/ml of a-TNF-
RI/-RII or control IgG1 for 20 minutes and subsequently treated with rTNF-o (10
ng/ml) for 10 minutes. Phospho-NF-kB p65 S529 was checked by intracellular
flow cytometry. Inset numbers indicate phospho-NF-kB p65 mean fluorescence

intensity (MFT).
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Altogether, these results point towards a cooperation between signaling
through CDI16 and autocrine TNF-o in the regulation of CD137
expression in NK cells after ADCC, whereas OX40 expression was

dependent on TNF-a produced along NK cell activation.

1.3. Induction of CD137 is enhanced in adaptive NKG2C+ NK cells
upon ADCC

Among different NK cell subpopulations, adaptive NKG2C+ NK cells
have been shown to be proficient on ADCC and TNF-a production
(78,79). To evaluate whether presence of adaptive NKG2C+ NK cells
influenced ADCC-induced expression of CD137 and OX40 in NK cells,
donors with NKG2C™®" (i.e. >30% NKG2C+ NK cells) or NKG2C4™
(i.e. <5% NKG2C+ NK cells) NK cell profile paired by their CD16A F/V
genotype were selected for ADCC experiments (Figure 8A). NK cells
from individuals harboring NKG2C+ NK cells expansions showed higher
percentage of FceR y-chain deficient cells and increased production of
TNF-a after ADCC, in comparison to NK cell samples lacking adaptive
expansions (NKG2C%™) (Figure 8B). Initial ADCC-induced CD137 up-
regulation was comparable in all NK cell samples, however, NK cells
from NKG2C"*¢" donors maintained sustained CD137 expression whereas
in samples from donors lacking adaptive NK cells CD137 expression
decreased at 24 hours post-activation (Figure 8C). Indeed, higher CD137
expression was detected in NKG2C+ as compared to NKG2C- NK cells in
NKG2C™#" donors (Figure 8D). On the contrary, no differences were
observed in OX40 expression on activated NK cells between donors with

different NKG2C profile (Figure 8E).
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Figure 8. CD16-induced CD137, but not OX40 expression, is higher in NK
cells from individuals with adaptive NKG2C+ NK cells expansions.
(A) Dot plots showing proportions of NKG2C+ cells in NK cell samples from two
representative donors with distinct NKG2C profile. Inset numbers represent
percentage of NKG2C+ NK cells. (B) NK cells from donors with NKG2Cb or
NKG2C4™ profile were characterized for the expression of NKG2C, y-chain and
trastuzumab-induced TNF-o production (4h-coculture with SKBR3 and
trastuzumab (210 ng/ml), E:T 4:1). (C-E) CD137 and OX40 expression in CD56™
NK cells at 8 or 24h coculture with SKBR3 (E:T 1:1) and trastuzumab (210 ng/ml).
(C, E) Graphs represent mean+SEM of data from 4-8 individuals paired by their
CDI16A F/V genotype and with NKG2C profile, tested in 2-4 independent
experiments (minimum n, t=8h). (D) Graph represent mean+SEM of data from 2-4
individuals with NKG2C™&" profile tested in 2-4 independent experiments
(minimum n, t=8h). Statistical significance was calculated using the Mann-

Whitney U test (* <.05).
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1.4. Anti-HER2 antibody treatment induced CD137 up-regulation in

tumor-associated NK cells

We next interrogated whether CD137 could be induced by trastuzumab in
the tumor microenvironment. For this purpose, cellular suspensions were
obtained by mechanical and enzymatic digestion of treatment-naive breast
carcinoma specimens and unsorted multicellular fractions were cultured
overnight in the presence of IL-2 and trastuzumab. After overnight
culture, CD137 expression was analyzed by flow cytometry in tumor-
associated lymphocytes. In line with previous results, trastuzumab
induced the expression of CD137 but not PD-1 on tumor-associated
CD16+ NK cells (Figure 9A, B). Remarkably, tumor-associated CD8+
and CD4+ T cells, expressing variable levels of PD-1 depending on the
tumor sample, did not up-regulate CD137 after trastuzumab treatment
(Figure 9B). Thus, in whole primary tumor cultures, trastuzumab
treatment promoted the up-regulation of CD137 expression in CD16+

tumor-associated NK cells.
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Figure 9. Trastuzumab treatment of breast carcinoma-derived multicellular
culture induced CD137 expression in CD16+ tumor-associated NK cells.
Unsorted multicellular suspensions obtained by enzymatic and mechanical
digestion of fresh breast carcinoma specimens were cultured in complete medium
with IL-2 (200 U/ml) in the presence or absence (-) of trastuzumab (Tz, 210 ng/ml)
for 24h. CD137 and PD-1 expression in tumor-associated lymphocytes was
analyzed by flow cytometry. (A) Dot plots showing CD137, PD-1 and CD16
expression in tumor-associated NK cells from one representative culture. Inset
numbers indicate the percentage of CD137+ or PD-1+ NK cells. (B) CD137 and
PD-1 expression in tumor associated CD16+ NK, CD8+ and CD4+ T cells. Graphs

represent data from 3 different whole tumor-derived cultures.
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2. Functional impact of the anti-CD137 agonistic antibody

urelumab in the antitumor activity of NK cells

Engagement of CD137 by agonistic antibodies has been shown to enhance
NK cell proliferation and survival, as well as IFN-y production in vitro
(94,95,209). However, the effect of CD137 costimulation on NK cell-
mediated ADCC remains unclear. On the other hand, TGF-p, a major
immunosuppressive factor in the tumor microenvironment, has been
shown to inhibit NK cell proliferation, as well as the expression of
activating receptors and effector molecules (e.g. NKp30, NKG2D,
granzymes, perforin and IFN-y) (158-161), altogether impairing direct
and antibody-mediated killing of target cells in in vitro experiments

(159,160).

Based on these premises we next evaluated whether an anti-CD137
agonistic antibody urelumab (210) could enhance NK cell-mediated

antitumor responses in a TGF-f1-rich microenvironment.

2.1. CD137 ligation by an agonistic antibody enhances CD16-induced
NK cell proliferation and survival in response to IL-2, overcoming
TGF-$1 inhibition

Initial experiments were aimed at assessing whether CD137 crosslinking
with the agonistic mAb urelumab could enhance activation-induced
proliferation in NK cells. CFSE-labeled primary NK cells were activated
through plate-bound anti-CD16 antibody in the presence of IL-2.
Subsequently, urelumab and TGF-B1 were added after 8 hours, and
proliferation was assessed by CFSE dilution at 6 days, together with the
analysis of CD25 (IL-2Ra) expression by flow cytometry. Agreeing with
previous reports (85), CD16-induced IL-2-dependent NK cell proliferation
was almost abrogated by TGF-B1. Crosslinking of CD137 enhanced
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CDl16-induced proliferation at basal conditions and bypassed TGF-f1
inhibition, restoring NK cell proliferation in a dose-dependent manner
(Figure 10A, B). Accordingly, expression of CD25 in activated NK cells
was inhibited by TGF-B1 and rescued by CD137 costimulation (Figure
10C, D). As a consequence, addition of urelumab resulted in an increased
recovery of total and CD16+ NK cells at 6 days post-activation in a TGF-
Bl-rich milieu (Figure 10E, F). Control human IgG4 (cIgG4) had no

effect in any of the monitored readouts.
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Figure 10. CD137 co-stimulation in CD16-activated NK cells counteracted
TGF-f1-mediated inhibition, restoring CD25 expression, IL-2-dependent
proliferation, and CD16+ NK cell numbers. CFSE-labeled NK cells were
activated with a-CD16 and IL-2 (200 U/ml) in the presence or absence of TGF-
B1 (10 ng/ml), urelumab (Ure, 50 or 1 pg/ml) and control human IgG4 (cIgG4, 50
pg/ml). (A, B) Proliferation was assessed by CFSE dilution by flow cytometry at
6 days after activation with o-CD16 (0.5 pg/ml). (C, D) CD25 (IL2Ra)
expression was checked at 36h and 6 days after a-CD16 (Spg/ml) by flow
cytometry. (E, F) Total and CD16+ NK cell numbers at 6 days. (A, C)
Histograms and dot plots from data of representative experiments are shown.
Inset numbers indicate proportions of NK cells divided 4 times or more (A) and
percentage of CD25+ cells (C). (B, D-F) Bar graphs show mean+SEM of data
from multiple independent experiments normalized to data in CD16-activated
NK cells. Statistical significance was calculated using the Mann-Whitney U test
(* <.05, ** <.01, #*** <.0001). NT: non-treated.

Due to changes in CD56 expression upon CD16 activation in the presence
of IL-2, combined staining of surface CD56 and CD117 (c-Kit) was used
for distinguishing CD56™€" from CD56“™ NK cell subsets in 6-day
cultures (60) (Figure 11A). Numbers of CD56™" ¢-Kit™ " (CD56"")
cells remained relatively stable in all conditions whereas numbers of
CD56%™" NK cells decreased upon CD16-activation in the presence of
TGF-B1, and recovered in cultures with urelumab (Figure 11B, C).
Proliferation experiments comparing simultaneous (t=0h) or sequential
(t=8h) treatment with a-CD16 and TGF-B1 showed comparable results
(Figure 12).
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Figure 11. Proliferation of CD56"1e" cKit"h* and CD56%™- cKit"- NK cell
numbers in different culture conditions. NK cells were activated with a-CD16
(5 pg/ml) and IL-2 (200 U/ml) in the presence or absence of TGF-B1 (10 ng/ml),
urelumab (Ure, 50 or 1 pg/ml) and control human IgG4 (cIlgG4, 50 pg/ml).
(A) CD56™et (CD56e cKit"righty and CD569™ (CD56Y™ cKit'~) were gated by
CD56 and cKit expression at 6 days. Dot plots from a representative donor are
shown. Inset numbers represent percentage of CDS56eht c-Kit®eh NK cells.
(B, C) Graphs represent mean=SEM of CD56 " cKit*e" and CD56%™ cKit""
NK cell numbers from 7 donors normalized to IL-2 only at 6 days post-

activation. Statistical significance was calculated using the Mann-Whitney U test
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Figure 12. Influence of TGF-f1 and urelumab on NK cell numbers and
CD2S expression were equally observed regardless of TGF-f1 timing. NK
cells were activated through CD16 (5 pg/ml) in the presence of IL-2 (200 U/ml),
and simultaneously (t=0h) or subsequently (t=8h) treated with TGF-f1 (10
ng/ml). Urelumab (50 pg/ml) was added at 8h. NK cell numbers and CD25
expression were analyzed at 6 days. (A) Scheme on the experimental design.
(B) Graph of mean+SEM numbers of NK cells recovered in 5 independent
experiments normalized to a-CD16. Statistical significance was calculated using
the Mann-Whitney U test (** < .01). (C) Dot plots from a representative
experiment out of 2 performed showing percentage of CD25+ CD56%™ NK cells

in each condition (inset numbers).
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In order to characterize global changes in the transcriptome of CD16-
activated NK cells in the presence of TGF-f1 and urelumab, we
performed microarray analysis at 5 days post-activation. 2477 genes were
differentially expressed in CD16-activated versus IL-2-treated NK cells
(i.e. p-value<0.05 and a |log fold-change[>0.585), 1877 genes were
differentially expressed in CDI16-activated NK cells in the presence or
absence of TGF-B1, and 85 genes in urelumab-treated versus non-treated
CDl16-activated NK cells in the presence of TGF-B1 (Figure 13A).
Unsupervised analysis of the 85 genes differentially expressed between
TGF-B1-treated CD16-activated NK cells in the presence or absence of
CD137 costimulation by Ingenuity Pathway Analysis (IPA) identified
“Cellular growth and proliferation” as the biological pathway most
significantly affected by CDI137-costimulation followed by “Cell death
and survival” and “Cell movement”, among others (Figure 13B).
Analysis of upstream regulators of differentially expressed genes
predicted the activation of TNF (p-value 0.003, z-score 2.5) and NF-xB
complex (p-value <0.001, z-score 2.2), linked to lymphocyte proliferation
through changes in VCAMI, CD80, LTA, SDC4, CSF2 and IL13 mRNA
expression (Figure 13C). A supervised analysis confirmed that CD137
costimulation: (i) increased expression of genes involved in CD137
signaling (i.e. TRAF1, TABI, NFKBIA, NFKBIB, NFKBI, NFKB2); (ii)
up-regulated mRNA levels of MYC, CCNBI, CCDNB2, CDK4 or CDKG6,
related to NK cell proliferation; and (iii) increased mRNA expression of

anti-apoptotic molecules BCL2A1 and BCL2L1 (Bcl-xL) (Figure 13D-F).
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Figure 13. Influence of TGF-$1 and urelumab in the transcriptomic profile
of CD16-activated NK cells. NK cells were activated with a-CD16 (5 pg/ml)
and IL-2 (200 U/ml) in the presence or absence of TGF-f1 (10 ng/ml) and
urelumab (50 pg/ml). Total RNA was isolated for microarray analysis at 5 days.

(A) Volcano plots of genes differentially expressed between CD16-activated
(aNK) and non-activated NK cells (IL-2 only), CD16-activated NK cells in the

presence or absence of TGF-B1, and CD16-activated NK cells in the presence of
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TGF-B1 with or without CD137 costimulation. Log fold-change cut-off: log21.5;
-log (p-value) cut-off: -10g100.05. Inset number indicate differentially expressed
genes. (B) Selection of relevant biological functions over-represented in CD137
costimulated NK cells upon activation in a TGF-Bl-rich milieu with p-value
<0.001. Red line corresponds to —log(p-value)=1.3. Biological functions with a
z-score >2 are colored in pink. (C) “NF-xB complex-proliferation of
lymphocytes” network identified in differently expressed genes using IPA.
Orange boxes: predicted activation; red to pink boxes: upregulation level in the
dataset; orange arrows: activation; yellow arrow: inconsistent findings; grey
arrow: effect not predicted. (D-F) Heatmaps of mean relative expression of
genes involved in CD137 signaling (D), cell proliferation (E) and cell survival
(F). Fold-change in gene expression between TGF-B1-treated cells + a-CD137 is

indicated next to each gene.

2.2. CD137 and TGF-f1 combined signaling promotes the
differentiation of NK cells with tissue (tumor)-resident features which

partially preserve cytotoxic potential

Gene set enrichment analysis (GSEA) of microarray data evidenced that
CD16-activated NK cells cultured with TGF-B1 for 5 days presented a
gene expression profile reminiscent to that of liver- and intestine-isolated
ILC1 (203). On the contrary, CD137 costimulation triggered a gene
program more alike to that of IL-2- and IL-15-activated NK cells,
counteracting the effect of TGF-B1 (Figure 14A, B). CD16-mediated NK
cell activation induced enhanced mRNA expression of TNF (TNF-a),
IFNG (IFN-y), GZMB (granzyme B), or TNFRSF9 (CD137), and down-
regulated FCGR34 (CD16) mRNA levels, among other changes in gene
expression (Figure 14C-H). In CD16-activated NK cells, treatment with
TGF-B1 induced a reduction in the expression of genes encoding for
activating NKR and signaling adaptors [NCR3 (NKp30), CD226 (DNAM-
1), HCST (DAP10) or FCERIG (FcRy)] (Figure 14C), effector molecules
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[granzymes (GZMA, GZMB, GZMH, GZMK), PRF1 (perforin 1), FASLG
(Fas ligand) and TNFSF10 (TRAIL), TNF (TNF-a), IFNG (IFN-y), CFS2
(GM-CSF), LTA (lymphotoxin-a), XCLI or CCL2 (MCP-1)] (Figure
14D), costimulatory receptors such as /COS and members of the TNFRSF
[TNFRSFIB (TNFR-1), TNFRSF4 (0X40), TNFRSF9 (CDI137),
TNFRSF18 (GITR)] (Figure 14E), and adhesion molecules such as
ICAM1 or VCAM]I (Figure 14F). On the other hand, presence of TGF-f1
was also associated to the mRNA expression of CD103 (/TGAE) and
chemokine receptors such as CCR4, CXCR3, CCR7 or CXCR4 (Figure
14F). Indeed, down-regulation of transcription factors involved in NK cell
differentiation and function [EOMES (eomesodermin), TBX21 (T-bet),
NFIL3 (E4bp4) and PRDM1 (Blimp-1)] (211-214), and the up-regulation
of RUNX3 or ZNF683 (Hobit), associated to tissue-resident lymphocytes
(215-217), could underlie the gene expression program triggered by TGF-
Bl in activated NK cells (Figure 14G). In this context, CD137
crosslinking prevented, in part, the down-regulation of some activating
receptors, effector and adhesion molecules mRNA levels (i.e. NCR3,
CD226, GZMA, GZMK, TNF, IFNG, CSF2, LTA, ICOS, TNFRSF4,
TNFRSF9, ICAMI1, VCAMI) while sparing or further emphasizing the
tissue residency gene expression program triggered by TGF-B1 (Figure
14C-F). Expression of exhaustion markers such as CTLA4, PDCDI (PD-
1) or TIGIT, which were up-regulated after CD16-activation and down-
regulated in the presence of TGF-B1, were mostly unaffected by CD137
costimulation. As an exception, an increase in 7/GIT mRNA levels was

observed after treatment with urelumab (Figure 14H).
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Figure 14. CD137 signaling in CD16-activated NK cells preserved TGF-§1-
induced tissue-residency gene profile while partially maintaining features of
activated NK cells. NK cells were activated with a-CD16 (5 pg/ml) and IL-2
(200 U/ml) in the presence or absence of TGF-Bf1 (10 ng/ml) and urelumab (a-
CD137, 50 pg/ml). mRNA was isolated for microarray analysis at 5 days.
(A, B) Gene set enrichment analysis (GSEA) against liver and intestine ILC1:
GSE37448; IL-2 and IL-15 stimulated NK cells: GSE22886. NES: normalized
enrichment score. FDR: false discovery rate. (C-H) Heatmaps show mean
relative expression of genes related to NK cell biology and function. Fold-change
in gene expression between TGF-f1-treated cells + a-CD137 is indicated next to

each gene.

In order to confirm the information obtained in the microarray, expression
of NKG2D, CDI16, granzyme B, CD103, c-Kit, CCR7, CXCR3 and
NKp46 was analyzed by multiparametric flow cytometry in NK cells at 6
days post CD16-activation in the presence of TGF-B1 with or without
urelumab. After CD16-activation, NK cells up-regulated surface NKG2D
(Figure 15A, 16) and decreased surface CD16 (Figure 15B, 16).
Treatment with TGF-B1 significantly reduced CD16-induced NKG2D up-
regulation and granzyme B expression in activated NK cells, an effect
partially prevented by CD137 costimulation (Figure 15A and C, 16). In
agreement with mRNA data, TGF-f1 treatment triggered increased
expression of CD103 and c-Kit, as well as CCR7 and CXCR3 in activated
NK cells (Figure 15D-G, 16). CD137 costimulation further increased
CXCR3 levels and the proportion of CCR7+ NK cells (Figure 15F-H,
16). Surface NKp46 expression was comparable in all conditions (Figure
15I). Control IgG4 had no impact in any of the readouts analyzed (Figure
15).
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Figure 15. Changes in the NK cell phenotype upon activation in the presence

of TGF-p1 and urelumab. NK cells were phenotyped by flow cytometry 6 days
post-activation with anti-CD16 antibody (5 pg/ml), IL-2 (200 U/ml), TGF-B1 (10
ng/ml), urelumab (Ure, 50 or 1 pg/ml) and/or clgG4 (50 pg/ml). Expression of

different markers was analyzed by flow cytometry. Graphs depict the expression
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levels of each marker in CD56%™ NK cells. Statistical significance was calculated
using the Mann-Whitney U test (* < .05, ** < .01, *** < 001, **** < .0001).

MFTI: mean fluorescence intensity. n.d.: no data. GzmB: granzyme B.

GzmB 4
e,

a-CD16 + TGF-B1 a-CD16 + TGF-B1 + Ure

Figure 16. Impact of TGF-p1 treatment and CD137 costimulation in the
phenotype of CD16-activated NK cells. 6 days CD16-activated NK cells (5
pg/ml) in the presence of TGF-B1 (10 ng/ml) and urelumab (a-CD137, 50 pg/ml)
were analyzed for the expression of different markers by multiparametric flow
cytometry. Data from one representative donor was analyzed using the t-SNE
algorithm. (A) Plots show expression of different markers in the t-SNE field.
Color codes indicate the expression intensity from the lowest (blue) to the highest
(red). GzmB: granzyme B. (B) Cell distribution in the t-SNE field of NK cells

from different culture conditions.
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Overall, data from transcriptomic and phenotypic analysis indicated that
TGF-B1 promoted the differentiation of CD16-activated NK cells towards
an ILCl-like gene expression profile, whereas CD137 costimulation
altered the effect of TGF-B1 by partially preserving the expression of
some activating receptors and cytotoxic effector molecules while

maintaining tissue-residency features.

2.3. Configuration of the NK cell repertoire after CD16-activation in
the presence of TGF-1 and urelumab

We next analyzed the impact of TGF-B1 and CD137 costimulation upon
CDl16-activation in NK cell subsets at distinct maturation/differentiation
stages. Expression of NKG2A, KIR, CD57, NKG2C and PD-1 was
monitored in CD16-activated NK cells after 6-day culture in the presence
of TGF-p1 and urelumab. Percentage of NKG2A+ CD56%™ NK cells
increased after CD16-activation (Figure 17A), whereas proportions of
CD57+ CD56%™ NK cells markedly decreased (Figure 17B). A slight
reduction in the percentage of KIR+ and NKG2C+ CD56%™ NK cells was
also observed in CD16-activated NK cells as compared to cells cultured in
the presence of IL-2 only (Figure 17C). Treatment with TGF-B1
precluded NKG2A up-regulation and partially prevented CD57 down-
regulation (Figure 17A, B). KIR and NKG2C expression were unaffected
by TGF-B1 (Figure 17C, D). Costimulation through CD137 in TGF-f1-
treated NK cells increased the percentage of cells expressing NKG2A
(Figure 17A), whereas no changes were observed in CD57, KIR or
NKG2C expression (Figure 17B-D). No expression of PD-1 could be
detected in NK cells in any of the conditions tested (Figure 17E).
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Figure 17. NK cell phenotype in CD16-activated NK cells cultured in the
presence of TGF-B1 and urelumab. NK cells were phenotyped by flow
cytometry after 6 days activation in the presence of anti-CD16 antibody (5
pg/ml), IL-2 (200 U/ml), TGF-B1 (10 ng/ml), urelumab (Ure, 50 or 1 pg/ml)
and/or cIgG4 (50 pg/ml). (A-E) Expression of different markers in CD56%™ NK
cells was analyzed by flow cytometry. Graphs depict the expression levels of
each marker in CD56%™ NK cells. Statistical significance was calculated using
the Mann-Whitney U test (* < .05, ** < .01, *** < .001). (F) Graph of
mean+SEM NKG2D and CD103 expression in different NK cells subsets from 2
to 5 individuals upon CD137 costimulation normalized to a-CD16 (minimum n:
adaptive NKG2C+). MFI: mean fluorescence intensity. (G, H) Data from one
representative donor was analyzed using the t-SNE algorithm. (G) Plots show
expression of different markers in the t-SNE field. Color codes indicate the
expression intensity from the lowest (blue) to the highest (red). (H) Cell
distribution in the t-SNE field of NK cells from different culture conditions.

The effect of TGF-B1 and CD137 costimulation on NKG2D and CD103
expression were comparable in all NK cell subpopulations (i.e. NKG2A+
KIR- NKG2C- cells, NKG2A+ KIR+ NKG2C- cells, and adaptive
NKG2A+ KIR+ NKG2C+ cells) (Figure 17F-H).

Altogether, different NK cells from early to terminally-differentiated

subsets were similarly susceptible to CD137 costimulation and TGF-f1.

2.4. CD137 costimulation by urelumab partially prevents TGF-p1-
impairment of NK cell function enabling subsequent responses

against transformed targets

We next evaluated whether CD137 costimulation in TGF-f1-treated cells
could enable subsequent NK cell effector function (Figure 18A). NK cells
activated for 6 days in distinct conditions including or not TGF-1 and
urelumab were harvested and restimulated in 4-hour-coculture

experiments with trastuzumab-coated SKBR3 cells (Figure 18B, C). NK
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cell ADCC was assessed by monitoring active caspase 3 in target cells by
flow cytometry. Activated NK cells cultured for 6 days with TGF-B1
presented impaired ADCC capacity. Conversely, CD137-costimulation
restored ADCC in NK cells cultured with TGF-B1, to that of
CDl6-activated NK cells in the absence of TGF-f1 (Figure 18B, C).
Degranulation against the erythroleukemic cell line K562 upon
restimulation was also reduced in NK cells which had been cultured in the
presence of TGF-f1, and rescued by CDI137 costimulation
(Figure 18D, E).
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Figure 18. CD137 co-stimulation in CD16-activated NK cells reestablished
TGF-$1-impaired anti-tumor function in vitro. (A) Scheme of the
experimental design. In detail, after 6 days activation by a-CD16 (5 pg/ml) in the
presence of TGF-B1 (10 ng/ml) and urelumab (Ure, 50 or 1 pg/ml) or cIgG4 (50
pg/ml), cell-free supernatants were collected and NK cells used for restimulation.
(B) Dot plots showing activate caspase 3 in SKBR3 cells after 4-hour-coculture
with restimulated NK cells and trastuzumab (Tz, 210 ng/ml) at an E:T ratio 1:2.
Data from a representative experiment. (C) Bar graphs represent mean+SEM
active caspase 3+ SKBR3 in each condition. Data from 3 independent
experiments normalized to a-CD16. (D) Dot plots showing CD107a expression
(inset numbers) in NK cells restimulated with K562 at an E:T 4:1. Data from a
representative experiment. (E) Bar graphs represent mean+SEM CD107a+ NK
cells in each condition. Data from 3 independent experiments normalized to a-
CD16. (F, G) 6-day cell-free culture supernatants were collected and analyzed
for IFN-y (F) and CCL5 production (G) by ELISA. IFN-y production was also
analyzed after overnight NK cell reestimulation by plate-bound a-CD16 antibody
(5 pg/ml) and IL-12 (10 ng/ml) (H). (F-H) Graphs represent mean+SEM of data
from 3-5 independent experiments. Statistical significance was calculated using

the Mann-Whitney U test (* < .05, ** <.01).

On the other hand, secretion of IFN-y and CCLS5S was analyzed in
conditioned cell-free supernatants obtained from the 6-day cultures by
ELISA (Figure 18F, G). Activation through CD16 induced the
production of both IFN-y and CCL5, which was clearly dampened by
TGF-B1 treatment. CD137-costimulation slightly increased IFN-y and
CCLS5 secretion in CD16-activated NK cells in the absence of TGF-BI,
and partially or almost completely prevented the inhibition of IFN-y and
CCLS5 production in TGF-B1-treated cells, respectively (Figure 18F, G).
Moreover, IFN-y production after NK cell restimulation with anti-CD16
agonist antibody and IL-12 was as well reduced in TGF-B1-treated NK
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cells and partially rescued in NK cells which had been costimulated with

high doses of urelumab (i.e. 50 pg/ml) (Figure 18H).

Of note, costimulation through CD137 did not enhance initial ADCC
(Figure 19), yet rescued subsequent killing by promoting the proliferation
and persistence of NK cells with cytotoxic potential in the context of

TGF-B1 immunosuppression.
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Figure 19. CD137 co-stimulation has no impact on initial trastuzumab-
induced NK cell-mediated ADCC. NK cells were cocultured with SKBR3 cells
(SK) and trastuzumab (Tz, 210 ng/ml) at different E:T ratios in the presence or
absence urelumab (Ure, 50 pg/ml). Active caspase 3 was analyzed in SKBR3
cells at 24h by flow cytometry. (A) Dot plots from representative donors are
shown. Percentage of active caspase 3+ SKBR3 cells is indicated (inset
numbers). (B) Graphs represent mean+=SEM of data from 5 independent donors.
Levels of active caspase 3 in SKBR3 cells in the absence of NK cells are

subtracted.

As a whole, CD137 costimulation reversed TGF-f1 inhibition, partially
preserving the cytotoxic and helper potential of previously activated NK

cells for subsequent antitumor activity.
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2.5. Tumor-infiltrating NK cells from treatment-naive patients show
features of TGF-f imprinting and are sensitive to CD137

costimulation

Cellular suspension was obtained by mechanical and enzymatic digestion
of a treatment-naive breast tumor specimen. Unsorted multicellular
fraction was cultured in the presence of IL-2, trastuzumab and urelumab
for 6 days, and tumor-associated NK cells (i.e. DAPI- CD45+ CD3-
CD56+) were analyzed by flow cytometry for the expression of CDI16,
CD137, NKG2D, CD103 and PD-1 (Figure 20). Addition of trastuzumab

~ CDI37  CDI03  NKG2D  PD-1
1164 3.0 [1 16.4 3.0 145 13.4 |1 9.0 9.0
1 1 .
r o
P = e =
§ i )
731 C19.4 |1 1495 67.2 |1239[7 582
5.8 35 {12 6.4 {41 35
] =
1 +
- { Q@
TP A4S ST 355 147 849 12737 65
{122 0|140 12.1 [{ 20 12.1 [{ 1.0 13.1 |
i
ol | | 87
) i 4 ¥ J —— - +
2 e C = PESe |2
Ol 1798 40 |46 37.4 |1 131157727 [12325 626

CD3

Figure 20. Urelumab and trastuzumab treatment of breast carcinoma-
derived multicellular culture promotes the recovery of CD16+ NK cells with
TGF-f-related features. Unsorted multicellular suspension derived from fresh
breast carcinoma specimen were cultured in complete medium with IL-2 (200
U/ml) in the presence or absence (-) of trastuzumab (Tz, 210 ng/ml) and
urelumab (Ure, 50 pg/ml) for 6 days. CD16, CD137, NKG2D, CD103 and PD-1
expression in tumor-associated lymphocytes was analyzed by flow cytometry.
Contour dot plot show expression of different markers in NK cells (i.e. DAPI-
CD45+ CD3- CD56+ cells) are shown.
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in the culture induced the up-regulation of CD137 and NKG2D, and the
down-regulation of CD16 in NK cells. Remarkably, CD16+ NK cells
were recovered in CD137 costimulated cultures at 6 days. Moreover,
CD103 expression was detected in a fraction of tumor-associated NK
cells, suggestive of TGF-§ imprinting and increased upon trastuzumab and
urelumab treatment. PD-1 expression was also observed in a significant
proportion of CD16- cells, and increased after treatment with trastuzumab
and urelumab. Of note, after CD137 costimulation CD16 expression was

mostly detected in NK cells co-expressing CD103 and PD-1 (Figure 20).

2.6. CD137-costimulation associates with decreased TGF-B-RII
expression in CD16-activated NK cells and mainly curtails Smad4-

dependent TGF-B1 targets

We next attempted to gain insights into the molecular mechanisms
underlying the crosstalk between CD137 and TGF-B1 signaling pathways
in CD16-activated NK cells. In order to elucidate whether modulation of
the NK cell phenotype by TGF-B1 was dependent on canonical signaling
through TGF-B-RI, we treated NK cells with SB-431542, a specific
inhibitor of TGF-B-RI kinase activity (218), along CD16-activation in the
presence of TGF-B1 and urelumab. After 6-day treatment, expression of
CD25, NKG2D, granzyme B, c-Kit, CD103 and CCR7 was analyzed by
flow cytometry, and NK cell numbers were calculated. Presence of SB-
431542 precluded the inhibitory effect of TGF-f1 on CD16-activated NK
cell proliferation (Figure 21A) and abolished all phenotypic changes
associated to TGF-B1 in activated NK cells (Figure 21B-G), resembling

the effect of urelumab.
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Figure 21. Effect of TGF-B-RI inhibitor SB-431542 on TGF-p1-induced
phenotypic changes in activated NK cells. NK cells were incubated with the
TGF-B superfamily ALK receptors inhibitor SB-431542 (20 puM) prior and
during CD16-activation (5 pg/ml) with TGF-B1 (10 ng/ml) and urelumab (50
pg/ml) for 6 days. (A) Graph display CD56%™ NK cell numbers recovered after
6-day culture in each condition. (B-G) Expression of CD25, NKG2D, GzmB,
cKit, CD103, CCR7 was analyzed by flow cytometry. Graph indicate proportions
or mean fluorescence intensity (MFI) for the analyzed markers in CD56%™ NK
cells on the different culture conditions. Statistical significance was calculated

using the Mann-Whitney U test (* <.05).
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Down-stream of canonical TGF-B-RI signaling through pSmad2/3 Smad4-
dependent and —independent (e.g. involving TIF-1y) transcriptional
programs have been described in distinct cell types (148,149,219).
Heterozygous germline mutations in SMAD4 are responsible for some
cases of juvenile polyposis syndrome (JPS), an autosomal dominant
disease characterized by the development of intestinal polyps and
increased risk of gastrointestinal cancer (220,221). We could study the
impact of TGF-fl1 and urelumab on NK cells from a Smad4
haploinsufficient patient. Decreased expression of Smad4 in PBMC from
JPS patient was confirmed by western blot analysis (Figure 22A). PBMC
from the JPS patient and a healthy control were activated with anti-CD16
agonistic mAb with or without TGF-B1 and urelumab. At 6 days post-
activation cells were counted and their phenotype analyzed by
multiparametric flow cytometry. In contrast to NK cells from the healthy
donor, numbers of Smad4+/- NK cells recovered at 6 days post-activation
were not reduced by treatment with TGF-B1. Nonetheless, urelumab
increased NK cell recovery both in the healthy donor and JPS patient-
derived PBMC (Figure 22B). CDIl6-activated Smad4+/- NK cells
appeared less sensitive to TGF-B1-mediated down-regulation of NKG2D
and granzyme B, whereas showed an apparently enhanced acquisition of
CD103 and CCR7 upon activation in the presence of TGF-f1 (Figure
22C). Remarkably, CD137 costimulation resulted in almost complete
recovery of NKG2D and granzyme B levels in these conditions (Figure
22C). Thus, these results indicate that CD137 costimulation mostly
prevented Smad4-dependent transcriptional programs in activated NK
cells (i.e. proliferation, granzyme B and NKG2D expression) sparing or
synergizing with Smad4-independent transcriptional programs for the

expression of CD103 and CCR7, respectively.
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Figure 22. Urelumab and TGF-$1 influence in the activation and
differentiation of Smad4 haploinsufficient NK cells. (A) Smad4 and fB-actin
expression in resting PBMC from a patient with juvenile polyposis syndrome and
two healthy donors (HD#1 and HD#2) by western blot. (B, C) PBMC were
cultured O/N with IL-2 (200 U/ml) and subsequently treated with plate-bound o-
CD16 (5 pg/ml) and fresh IL-2 (200 U/ml) in the presence or absence of TGF-f1
(10 ng/ml) and urelumab (Ure, 50 pg/ml) for 6 days. (B) CD56%™ NK cell
numbers at day 6. (C) Dot plots showing NKG2D, granzyme B (GzmB), CD103
and CCR7 on Smad4+/+ and Smad4+/- CD56%™ NK cells in each condition.
Inset numbers indicate mean fluorescence intensity (MFI) or percentage of

positive cells.
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Signaling through NF-xB has been shown to modulate TGF-f canonical
signaling either by: (i) promoting the expression of the inhibitory Smad7
(222), or (ii) decreasing TGF-B-RII expression (223). Further experiments
were aimed at analyzing the effect of CD137 costimulation in both TGF-f
signaling mediators. Overnight treatment with urelumab limited the up-
regulation of TGF-B-RII induced by TGF-B1 in CD16-activated NK cells,
whereas no changes were detected on Smad7 levels (Figure 23A, B).
Analysis of microarray data at 5 days showed that TGF-B1 treatment up-
regulated SMAD2, SMAD4, SMAD7 and TRIM33 (TIF-1y) mRNA in
activated NK cells whereas urelumab treatment in these conditions
associated to decreased expression of TGFBR2, SMAD3 and SMAD7
mRNA (Figure 23C).
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Figure 23. CD137-costimulation associated with diminished TGF-B-RII
expression. NK cells were activated with a-CD16 Ab (5 ug/ml) and IL-2 (200
U/ml) in the presence or absence of TGF-B1 (10 ng/ml) and urelumab (Ure, 50
pg/ml). (A, B) TGF-B-RII and Smad7 were checked by western blot after
overnight activation. (A) Western blot images from a representative experiment.
(B) Graphs represent mean+SEM of TGFB-RII and Smad7/B-actin ratio in NK
cells from 5 donors in multiple independent experiments. (C) Heatmaps showing
mean relative expression of genes involved in TGF-B1 canonical signaling at 5
days in microarray expression data including 3 donors. Fold-change in gene

expression between TGF-B1-treated cells + a-CD137 is indicated.

Overall, these data indicate that CD137 costimulation associates to
reduced TGF-B-RII expression in activated NK cells and modulates the
transcriptional program down-stream of TGF-B-RI-dependent canonical
signaling by reducing Smad4-dependent while preserving Smad4-

independent transcriptional targets.

2.7. CDI137-costimulation in a TGF-Bl-rich microenvironment
promotes a Th9-like gene signature and triggers secretion of IL-9 in a

fraction of CD16-activated NK cells

Further analysis of gene expression microarray data revealed that
activated NK cells treated with TGF-B1 in the presence of urelumab up-
regulated several genes associated to Th9 helper profile in CD4+ T cells
(i.e. IL-9, IL-5, IL-13, CCR4, ICOS, BATF3, IRF4) (224-226) (Figure
24A, B). Indeed, TGF-B signaling in combination with TNFRSF-
dependent costimulation has been shown to promote the differentiation of
CD4+ T cells with a Th9 functional profile (225,227-229). Since IL-9 is
the hallmark cytokine of Th9 helper profile, we analyzed its presence on
conditioned supernatants derived from CD16-activated NK cells after 6
day culture in the presence of TGF-f1 and urelumab by ELISA. IL-9 was

almost exclusively detected in supernatants from NK cells which had been

100



cultured in the presence of TGF-fl1 and urelumab, both at high and

suboptimal doses (Figure 24C). In addition, IL-9 production in a fraction

of NK cells upon activation in the presence of TGF-f1 and CD137

costimulation was corroborated by intracellular flow cytometry with and

without restimulation with PMA/ionomycin (Figure 24D, E). Overall,

CDI137 costimulation in the presence of TGF-f1 can promote the

differentiation of NK cells secreting IL-9 and with a Th9-like gene

expression profile.
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Figure 24. CD137-costimulation in a TGF-pl-rich microenvironment
promoted a Th9-like functional profile in a fraction of CD16-activated NK
cells. NK cells were activated with a-CD16 Ab (5 pg/ml) and cultured in the
presence or absence of TGF-B1 (10 ng/ml) and urelumab (Ure, 50 pg/ml) for 5-6
days. (A, B) Heatmaps show mean relative expression of genes related to Th9
functional profile in microarray data at 5 days. Fold-change in gene expression
between TGF-B1-treated cells +a-CD137 is indicated next to each gene. (C) IL-9
production was analyzed in 6-day cell-free supernatants by ELISA. (D, E) IL-9
expression by intracellular flow cytometry in 6-day activated NK cells
reestimulated or not with PMA/ionomycin (10 ng/ml, 1 pg/ml). (D) Dot plots
from a representative experiment. (E) Graph showing percentage of IL-9+ cells
in NK cells reestimulated with PMA/ionomycin upon 6-day treatment with TGF-
B1 in the presence or absence of a-CD137 (urelumab 50 pg/ml).
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DISCUSSION






The incorporation of HER2-targeted antibodies into the clinics brought a
significant improvement in the clinical outcome of HER2+ breast cancer
patients. However, poor clinical responses are still observed in some
individuals due to de novo or acquired resistance, highlighting the need of
implementing additional therapeutic strategies. Strengthening NK cell-
mediated ADCC responses by targeting activating (i.e. TNFRSF members
such as CD137 or OX40) or inhibitory (i.e. PD-1, CTLA-4) inducible
receptors in the tumor microenvironment is envisaged as a relevant option
for enhancing the clinical efficacy of anti-HER2 antibodies. However,
although different antibodies targeting the aforementioned receptors are in
development or have been approved for the treatment of a variety of
tumors, the expression and role of inducible receptors in NK cells remains

rather unexplored (204,205).

In the present study we have shown that CDI6-redirected NK cell
activation or anti-HER2 antibody-dependent ADCC against breast cancer
cells induces the up-regulation of CD137 in peripheral blood NK cells.
Trastuzumab-induced CD137 expression was also ascertained in tumor-
associated NK cells in multicellular breast carcinoma-derived cultures, yet
differences in concomitant PD-1 up-regulation were observed among the
experimental systems. It has been reported that PD-1 is up-regulated after
prolonged stimulation with anti-NKp30 and -NKp46 antibodies in vitro,
but not after CDl16-mediated NK cell activation (109). Differences
between CD16 and NKp30/46 may rely on the intensity and persistence of
the activating signal. Whereas activation through CD16 induces a potent
yet transitory stimulation due to CD16 shedding from cell surface by the
metalloprotease ADAM17 (230), ligation of NKp30 and/or NKp46 may
trigger a lower intensity but persistent stimulation in NK cells. In breast
cancer, expression of NKp30 ligands has been detected in different cell

lines and in tumor specimens (193,231,232), and could be one of the

105



factors, among others, contributing to PD-1 expression in tumor-
infiltrating as compared to CD16-activated NK cells. PD-1 expression has
been reported to inhibit NK cell effector function in human and mice,
impairing NK cell-mediated antitumor responses (113,114). In this line,
although trastuzumab-induced CD137 expression in tumor-infiltrating NK
cells enabled their sensitivity to CD137 costimulation, as shown by the
recovery of CD16 expression, it is likely that simultaneous PD-1 up-
regulation could limit the effect of CD137 agonists in vivo. Indeed, dual
targeting of CD137 and PD-1 has been reported to enhance the antitumor
activity of human T lymphocytes adoptively transferred into
immunodeficient mice (233) and could similarly coregulate NK cell
antitumor activity. In this regard, anti-CD137 agonistic antibodies
urelumab and utomilumab are being tested in phase I/II clinical trials in
combination with anti-PD-1/PD-L1 blocking antibodies for the treatment
of different neoplasms including breast cancer (NCT03414658) showing
good safety and promising efficacy in a phase Ib study (234). The relative
contribution of NK cell antitumor function on the efficacy of CD137
agonists in combination with PD-1/PD-L1 immunocheckpoints could be
of relevance, particularly on the surveillance of HLA class I-deficient

tumors.

TNFRSF9 (encoding for CD137 or 4-1BB) resides in a compact locus
within the chromosomal region 1p36 together with TNFRSF4, TNFRSF18
and TNFRSF1B, encoding for OX40, GITR and TNF-RII, respectively,
what could suggest a coordinated regulation of various co-stimulatory
members of the TNFRSF (91). Indeed, expression of CD137, OX40 and
TNF-RII was coordinately up-regulated in NK cells upon ADCC. Both
NF-«xB and AP-1 are involved in TCR stimulation-dependent
transcriptional regulation of the CD137 promoter upon T cell activation

and CDI137 mRNA has a relatively short half-life in lymphocytes
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(206,207,235,236). Here we described that in NK cells, TNF-a alone is
not sufficient to significantly up-regulate CD137 and OX40 expression,
yet contributes to their sustained levels upon CD16-triggered expression
by signaling through TNF-RI and TNF-RII. Our results would support a
model in which TNF-RI acts synergistically with TNF-RII for down-
stream NF-xB activation, supporting CDI137 and OX40 sustained
transcription upon AP-1 activation downstream of CD16 signaling via
FcRy and CD3( heterodimers, as previously described in T cells (235).
Our results also indicate that despite showing coordinated expression, the
dependency for AP-1 and NF-xB might differ for CD137 and OX40
promoter activity. TNF-o neutralizing antibodies almost completely
abrogated OX40 expression yet only partially reduced CDI137 levels
pointing towards a greater dependency of OX40 as compared to CD137
on TNF-a for its effective expression. In addition, trastuzumab-induced
ADCC triggered higher CD137 yet comparable OX40 levels in adaptive
NKG2C+ NK cells displaying enhanced CD16 signaling by the
preferential coupling of the activating receptor to CD3{ adaptor (78-80),
further supporting different dependency on CD16-derived or TNF-derived
signaling for CD137 and OX40 expression in activated NK cells.

In NK cells, TGF-p has been shown to inhibit proliferation, expression of
activating receptors and effector molecules (85,159-161,237). Moreover,
it has been associated with diminished NK cell-mediated ADCC capacity
in cancer patients and related to disease progression in the metastatic
setting (193). As previously described in mice (21), we have shown that
TGF-B promotes the differentiation of NK cells towards an ILC1-like
tissue-resident profile with acquired expression of tissue-resident features
such as ZNF683 (Hobit), CD103 and CXCR3, yet reduced effector
molecules expression (i.e. NKG2D, granzyme B) and impaired cytotoxic

capacity. Upon binding of TGF-B, TGF-B-RII phosphorylates TGF-B-RI
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triggering its activation and downstream signaling through canonical
Smad-dependent and non-canonical Smad-independent pathways (147).
Treatment with SB-431542, a specific inhibitor of the kinase activity of
TGF-B-RI, disclosed that both the impairment of NK cell proliferation and
function, and the promotion of tissue-residency features by TGF- were
mostly dependent on canonical signaling through TGF-B-RI. On the other
hand, data from Smad4+/- NK cells evidenced that TGF-B-mediated
inhibition of proliferation, granzyme B and NKG2D appeared mostly
driven by Smad4-dependent transcriptional program, while up-regulation
of tissue-associated marker CD103 and CCR7 were Smad4-independent,
in agreement with previous studies in mouse NK cells (163,219,238). In
hematopoietic stem cells, association of Smad2/3 with Smad4 has been
related to inhibition of proliferation, yet alternative binding to the
transcriptional intermediary factor 1 gamma (TIF-1y) has been shown to
enhance erythroid differentiation (148). Based on these observations, it is
tempting to speculate that promotion of a tissue-residency-like profile in
TGF-B-stimulated NK cells may occur through association of Smad2/3
with TIF1-y, a factor showing increased expression in transcriptional

analysis of CD16-activated NK cells treated with TGF-p.

Crosstalk between canonical TGF-f and NF-xB signaling has been
reported at two different levels: through the downregulation of TGF-B-RII
and through the upregulation of inhibitory Smad7 (222,223). We have
observed that CD137 co-stimulation in TGF-B-treated activated NK cells
associates to reduced TGF-B-RII expression already at early time-points,
as well as decreased TGFBR2, SMAD3 and SMAD7 gene expression after
sustained CD137 costimulation at 5 days. However, urelumab mostly
prevented Smad4-dependent transcriptional programs in activated NK
cells but spared or even enhanced Smad4-independent targets such as

CD103 and CCR7, which were shown to be as well dependent on
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signaling through TGF-B-RI, and should be likewise impaired by TGF-f3-
RII down-regulation. Although further investigation is required in order to
understand the putative mechanism by which CD137 costimulation
overturns TGF- signaling, higher affinity of TIF1-y or other cofactors as
compared to Smad4 for lower amounts of pSmad2/3 due to reduced
TGF-B-RII signaling could preserve the expression of Smad4-independent
targets concomitant to reduced Smad4-dependent effects. On the other
hand, ligation of CD137 and activation of NF-kB may, directly or
indirectly, contribute to restored expression of TGF-B-inhibited targets
(i.e. IFN-y, granzyme B, CCL5, CD25, Myc) (239-244). Of note, it is
worth mentioning that CD137 and autocrine TNF-o could synergize for
NF-xB activation on activated NK cells, further enhancing the
transcription of NF-kB-dependent genes. Experiments including TNF-a
neutralizing antibodies could be performed in order to assess the role of
TNF-a in the crosstalk between CD137 and TGF-B in CD16-activated NK

cells.

109



A. Impact of TGF-$ on NK cell biology

szB %0 CCL5 () CCLS()o CXCR3
CD16 = O

w NKG2D
IFNy (+) %

o IFNy (-) @@

Tumor
cell

ILC1-like profile with
impaired cytotoxic capacity
CD137

. S TGE- B CD103

Treg

B. CD137 costimulation in a TGFB-rich microenvironment

Migration to
cDC1 lymph nodes

(CCL19/21)

6% CCLS () CCLS () @
o

°_CXCLY/10
—_

0.CD137

]
IFNY( ) ™\
G

oOO
I

T CD8

Recovered anti-tumor response

Figure 5. Impact of CD137 costimulation in a TGF-B-rich mileu. GzmB:
granzyme B; Treg: T regulatory cells; CAF: cancer-associated fibroblast; cDC1:
conventional dendritic cells type 1.

110



In the recent years, a role for NK cells in the regulation of efficient
antitumor responses has been emphasized. Conserved TGF-B-induced
tissue-associated features (e.g. CD103, CXCR3, CCR7) could potentially
contribute to NK cell tumor immunosurveillance, by increasing presence
and/or persistence of NK cells in the tumor niche and epithelial cell
recognition through the CDI103-E-cadherin axis, while promoting
migration to lymph nodes of the NK cell fraction acquiring CCR7
(9,245,246). Indeed, high proportions of activated CD56"*¢" CD16+ NK
cells with high expression of NKG2A and CXCR3 have been reported in
draining lymph nodes from breast cancer patients (247). A previous report
suggested that TGF-f may impair NK cell tumor homing by increasing
CXCR4 expression, while down-regulating CX3CR1 in resting NK cells
in vitro (248). Whether CD137 costimulation in CD16-activated NK cells
also modulates CXCR4 and CX3CR1 warrants attention to further
understand NK cell trafficking. In mouse models NK cells mediate the
recruitment of conventional type I dendritic cells (cDCls, also known as
stimulatory dendritic cells) into the tumor niche by the secretion of the
chemoattractants CCL5 (RANTES) and XLC1 (26). In human, infiltration
of NK cells within the tumor has been associated to presence of cDCs and
CD8+ T cells (27,132). Once in the tumor, cDCls may produce IL-12,
which has been proposed to be essential for the antitumor activity of NK
cells by promoting IFN-y secretion, which reciprocally, sustains IL-12
production by c¢DC1, creating a positive feedback loop (26,249-251).
Secretion of IFN-y-induced CXCL9 and CXCL10 by c¢cDC1 may further
contribute to colocalization of NK cells and ¢cDCls in the tumor niche, as
has been observed in murine models, through the attraction of NK cells
via CXCR3 (245). Our analyses indicate that in a TGF-B-rich
microenvironment such as the tumor niche, CD137 costimulated NK cells
may present higher cDC1 chemoattractive capacity due to their sustained

CCLS5 production, and enhanced CXCL9/10 sensing capacity by increased
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CXCR3 expression, altogether favoring colocalization of NK cells and
DC within the tumor. Interaction between NK cells and DC in the
presence of CD137 agonists may then result in increased DC maturation,
as reported in previous studies (209). Besides, higher [FN-y production by
CD137 co-stimulated NK cells suggests greater ability of these cells to
promote Thl responses in vitro (252). This ability could be of relevance in
the tumor as well as upon migration of CCR7+ NK cells to regional
lymph nodes, as previously reported for IL18-induced CCR7+/CD25+ NK
cells (252). Altogether, our results suggest that treatment with anti-CD137
antibodies may result in NK cells exhibiting an increased potential for
boosting and maintaining cDC1-dependent adaptive anti-tumor responses.
We have also uncovered the capacity of a proportion of NK cells for
secreting IL-9 when co-stimulated through CD137 in a TGF-B-rich milieu.
Costimulation through other TNFRSF members such as 0X40, GITR and
TNFR-II in the presence of TGF-f has been reported to contribute and/or
amplify CD4+ T cell differentiation towards a Th9 IL-9-producing
phenotype (225,227-229). A constellation of transcription factors
including Smad2/3, Stat5, Irf4, Batf3 and NF-«kB have been shown to be
required for Th9 induction and IL-9 expression in different contexts, yet a
single master transcription factor has not been identified (253,254). In our
microarray data, STAT5B was up-regulated in TGF-B-treated NK cells,
and increased mRNA expression of /RF'4 and BATF3 was observed after
combined treatment with TGF- and urelumab, pointing to a role of these
transcription factors for the expression of IL-9 by a fraction of CD137-
costimulated NK cells. Paralleling /L9 gene expression pattern, /L3, IL4,
IL5 and IL13 mRNA expression was up-regulated in TGF-B-treated NK
cells after CD137-costimulation. IL-9 has been shown to enhance
antitumor responses by cytotoxic lymphocytes (229,255-257), at least in
part, because of its role as a T cell proproliferative factor (258). In this

sense, IL-9-producing NK cells may be relevant for the development of
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tumor-specific CD8+ T cell responses. According to our microarray
analysis, /L9R (IL-9 receptor) mRNA expression is as well upregulated in
CDl16-activated NK cells treated with TGF-B, suggesting that IL-9 may
also promote NK cell proliferation in an autocrine/paracrine manner.
Although the release of Th2-related cytokines into the tumor niche by
CD137-costimulated NK cells could be detrimental for efficient antitumor
responses, enhanced /L5 and /LI3 gene expression has also been
described in TNF-a-induced Th9 cells in mice, yet TNF-a-Th9 cells still
exhibited greater antitumor effects than conventional Th9 cells after
adoptive transfer to in vivo models (225). Whether CD137-costimulated
NK cells do indeed secrete I1L-3, IL-4, IL-5 and/or IL-13 and their exact
role in the efficacy of HER2-targeted antibodies against breast cancer

would require additional studies in in vivo experimental models.

Addition of exogenous IL-2 to our experimental setting raises the question
of whether our observations may be dependent on the presence of IL-2 or
the expression of CD25 (IL-2Ra) by NK cells, which is indeed one of the
earliest readouts affected by crosslinking of CDI137. IL-2 is mainly
produced by T cells, implying that presence of activated T cells within the
tumor niche may be needed for efficient CD137 co-stimulation. Whether
IL-15, produced by macrophages and dendritic cells would mimic the
effects of IL-2 has not been addressed in our experiments, yet recent
results described the synergism of IL-15 and CD137 in triggering NK cell
proliferation (259). Hence, it is reasonable that CD137 costimulation in
the presence of IL-15 would parallel the effects observed upon culture

with IL-2.

The NK cell compartment comprises NK cell subpopulations with clonal
NK cell receptor distribution at distinct maturation and differentiation
stages which may be differentially affected by stimuli from the

microenvironment (61). In this sense, distinct epigenetic profiles along

113



NK cell differentiation appear to dictate chromatin accessibility to
specific transcription factors and could influence their responses upon
stimulation/costimulation with CD137 in the presence of TGF-f
(260,261). Indeed, putative binding sites for the TCF-LEF and NF-xB
transcription factor family members, NFKBI and BCL2LL loci appeared
less accessible whereas cytotoxic effectors such as the PRFI locus
displayed increased accessibility in adaptive as compared to conventional
murine NK cells by ATAC-seq (261). Therefore, intra- but also
interpersonal heterogeneity of the NK cell repertoire may result in certain
variability on TGF-B- and/or CD137-mediated effects and more or less
restrained functional plasticity upon CD16 activation. We have reported
that persistence of CD16-induced CDI137 expression was greater in
individuals harboring adaptive NKG2C+ NK cell expansions yet this NK
cell subpopulation did not appear to be particularly enhanced upon
urelumab-restored NK cell proliferation. On the other hand, a marked
decrease in the percentage of CD57" NK cells after sustained CDI16-
mediated activation in vifro indicates that this highly differentiated NK
cell subset might display low capacity for adapting and surviving upon
activation. Given the fact that adaptive NKG2C+ subset contains large
proportions of CD57+ cells it is likely that low proliferation and
persistence of the CD57+ adaptive NK cell fraction hinders the putative
advantage of enhanced CD137 expression in these cells. This observation
fits with the results from the first part of the thesis in which we showed
that CD57+ NK cells exhibit enhanced ADCC yet reduced proliferative
capacity, as well as decreased CXCR3 expression, what could underlie
reduced presence of these cells in the tumor niche as compared to

peripheral blood.

The anti-CD137 agonistic antibody used in this study, urelumab, is one of

the two antibodies against CD137 in clinical evaluation for the treatment
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of cancer patients. Urelumab (BMS-663513, clone 10C7, Bristol-Myers
Squibb) is a fully human IgG4, while utomilumab (PF-05082566, Pfizer)
is a fully human IgG2, with much weaker agonistic strength relying on
crosslinking by Fcy receptors to activate CD137 (210,262). Currently,
both CD137 agonists are in phase I/II clinical trials in combination with
chemotherapy, anti-PD-1/PD-L1 blocking antibodies, and/or tumor-
antigen specific mAb such as rituximab (anti-CD20), trastuzumab and T-
DM1 (anti-HER2) for the treatment of different malignancies
(https://clinicaltrials.gov). Structurally, utomilumab binds to adjacent
domains to that of CD137L, interfering with CD137-CD137L interaction,
whereas urelumab binds to the very N-terminus distant from CD137L
binding site, allowing simultaneous CD137-CD137L ligation and forming
tertiary structures inducing enhanced clustering and potential increased
signaling downstream of the receptor (263). Presence or absence of
CDI137L in the system, as well as the use of distinct anti-CD137
antibodies with different agonistic activity and interfering or not with
CD137-CD137L signaling may underlie controversial data from different
studies regarding the role of CD137 costimulation on NK cell biology. In
this regard, the effect of CD137 costimulation in enhancing antitumor
ADCC responses could only be observed upon NK cell restimulation after
activation-induced proliferation but not along initial activation, according

to previous reports (94,95).

Our results would support the suitability of combinatorial strategies
including CD137-targeted agonists and tumor antigen-specific antibodies
for the treatment of cancer patients. However, a better understanding of
CD137 biology and signaling is required to identify the best approach for
targeting CD137 in the context of solid tumors. Considerable efforts have
been devoted in the recent years to the development of alternative drug

formats to target CD137 that would provide improved targeting to the
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tumor, enhanced efficacy and limited toxicity (264,265). Strategies
include CDI137L transfection into tumor cells, modified forms of
recombinant CD137L, and dual targeting of CD137 and tumor-associated
antigens or proteins broadly expressed in the tumor microenvironment
(i.e. vascular endothelial growth factor (VEGF) or fibroblast activation
protein (FAP)) by aptamers or antibodies (266—273). However, intricacies
of CD137 signaling should be exhaustively studied so as to guide the
development of suitable CD137-targeted therapies.

Lastly, the results presented in this thesis may be further relevant in other
contexts within tumor immunotherapy. TNF-a production by activated
NK cells in the tumor niche may not only regulate CD137 expression in
an autocrine manner but also modulate CD137 expression by other
immune cell types, such as tumor-specific CD8+ T cells or regulatory T
cells. The effect of CD137 costimulation in the latter remains unclear,
with data going from enhanced proliferation upon ligation of CD137 to
reprogramming of regulatory T cells into cytotoxic CD4+ T cells by
CD137 agonistic antibodies (274,275). On the other hand, crosslinking of
CD137 in CD8+ T cells has been shown to promote survival through the
up-regulation of antiapoptotic molecules such as Bcl-xL, and to enhance
IFN-y production and tumor-specific responses in in vivo models (264).
Moreover, CD137 costimulation in naive CD8+ T cells curtailed TGF-p1
suppression of differentiation towards a cytotoxic T cell phenotype (276).
Finally, cell therapy by chimeric antigen receptor T-cells (CAR T-cells)
has been recently approved for the treatment of patients with
hematological malignancies (277). Although first generation CARs only
comprised the { chain of the TCR/CD3 complex, costimulatory domains
of other receptors, such as CD137, have been added to new generation
CAR T cells with the aim of achieving enhanced responses (278). Indeed,
CD137 CARs exhibited superior efficacy than CD28 CARs in patients
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with acute lymphoblastic leukemia (279,280). Differences are attributed to
increased persistence and reduced exhaustion of CD137 CAR T cells as
compared to CD28 CAR T cells (280-282). In this sense, our observations
provide hints of the potential impact of CDI137 costimulation in the
proliferative capacity, tumor persistence, and effector function of CAR T
cells, further supporting the use of CD137 costimulatory domains in the

design of these therapies.
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CONCLUSIONS






Baseline circulating CD57+ NK-cell numbers may be used as a
systemic biomarker for identifying breast cancer patients with primary
resistance to HER2-specific therapeutic antibody-based neoadjuvant

treatment.

Aging may influence NK cell antitumor function by reducing their

tumor-homing, proliferation and persistence upon ADCC.

TNFRSF stimulatory receptors are induced in NK cells upon
antibody-dependent activation, becoming actionable targets for

enhancing subsequent NK cell function.

CD137 expression in NK cells is induced by the ligation of activating
receptors coupled to tyrosine kinase signaling pathways and sustained

by autocrine TNF-a signaling through NF-xB.

CD137 costimulation by the agonist antibody urelumab enhances
CD16-induced NK cell proliferation and survival in response to IL-2,

regardless of TGF-f inhibition.

CD137 and TGF-p combined signaling promote the differentiation of
NK cells with tumor-resident features (CD103 and CXCR3) which
partially preserve their cytotoxic potential (NKG2D, Granzyme B)
and NKR repertoire, enabling subsequent ADCC responses against

breast cancer cells.

Ligation of CD137 enhances NK cell regulatory function in a TGF-§-
rich environment by preserving CCL5 and IFN-y production and
cooperating with TGF-B for the secretion of IL-9; all cytokines
involved in the development of effective adaptive anti-tumor

responscs.
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11.
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CD137 costimulation interplays with canonical TGF-f signaling
pathway by curtailing Smad4-dependent while preserving or

enhancing Smad4-independent transcriptional programs in NK cells.

Breast carcinoma-derived multicellular in vitro cultures are suitable
experimental systems for exploring the translational relevance of the

effects of therapeutic drugs on autologous tumor-infiltrating NK cells.

Treatment with urelumab and trastuzumab preserves CD16, NKG2D
and enhances PD-1 and CD103 expression in breast carcinoma-
infiltrating NK cells and may promote sensitivity to PD-1 blockade, as

directly ascertained in patient samples.

Our results reveal the capacity of CD137 costimulation for enhancing
NK cell anti-tumor function by counteracting TGF-f inhibition and
provide the rational for including CDI137 agonists in therapeutic
regimens aimed at broadening the efficacy of anti-HER2 therapeutic

antibodies in breast cancer.
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ABBREVIATIONS






ADCC
cDCl1
HCMV
HLA
IgG
IFN

IL

ILC
KIR
mAb
NCR
NK
NKR
O/N
TGF
TNF
TNFRSF

Antibody-dependent cell cytotoxicity
Conventional dendritic cells type |
Human cytomegalovirus

Human leukocyte antigen
Immunoglobulin G

Interferon

Interleukin

Innate lymphoid cells

Killer immunoglobulin-like receptor
Monoclonal antibody

Natural cytotoxicity receptors
Natural killer

Natural killer receptor

Overnight

Transforming growth factor

Tumor necrosis factor

Tumor necrosis factor receptors superfamily
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