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Regrets, I've had a few;

But then again, too few to mention.

| did what | had to do

And saw it through without exemption.
| planned each charted course;

Each careful step along the byway,
But more, much more than this,

| did it my way.

Yes, there were times, I'm sure you knew
When | bit off more than | could chew.
But through it all, when there was doubt,
| ate it up and spit it out.

| faced it all and | stood tall;

And did it my way.

Paul Anka
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ABSTRACT

HER2-positive breast cancer remains a clinical challenge despite major advances
in targeted therapies, highlighting the need for more effective and personalized
strategies. Natural killer (NK) cells are emerging as central players in
antibody-based treatments by linking direct cytotoxicity with immune remodeling in

the tumor microenvironment.

This thesis investigates the role of tumor-infiltrating NK (TI-NK) cells and associated
chemokine pathways in shaping therapeutic responses. Transcriptomic and
phenotypic analyses revealed that the presence of TI-NK cells correlates with
activation of the CCL5/IFN-y-CXCL9/10 axis, driving CD8" T-cell recruitment and
amplifying  antitumor  immunity.  Functional assays confirmed that
antibody-dependent NK activation triggers IFN-y—mediated CXCL9/10 secretion by

tumor cells, establishing a feed-forward loop that promotes tumor control.

We identified three NK subsets in human breast tumors, defined by CD16 and
CD103 expression. CD16" NK cells showed strong cytotoxicity, CD16-CD103" cells
displayed tissue-resident, pro-inflammatory features, and CD16 CD103~ cells
exhibited regulatory properties. Anti-HER2 treatment induced a shift of CD16*
toward CD16°CD103* NK cells, linking tissue residency traits with therapeutic

benefit in preclinical in vivo models.

From a biomarker perspective, an early and coordinated increase in serum CCL5
and CXCL9 emerged as a dynamic surrogate of TI-NK activation and favorable
responses to neoadjuvant therapy with anti-HER2 antibodies. In addition, the
CD16A-158V/F genotype predicted relapse risk in patients that do not achieve

pathological complete response (pCR).

Overall, this work supports the role of NK cells as key effectors of anti-HER2
antibody activity, mechanistically linking their activation to chemokine-driven
immune remodeling, and highlights actionable biomarkers to guide personalized
immunotherapy in HER2-positive breast cancer.






RESUMEN

A pesar de los avances en terapias dirigidas, el cancer de mama HER2-positivo
aun presenta desafios terapéuticos. En este contexto, los linfocitos natural killer
(NK) emergen como actores clave en los tratamientos con anticuerpos, al combinar

su citotoxicidad dirigida con la capacidad para remodelar el microambiente tumoral.

Esta tesis investiga el papel tanto de las NK infiltrantes en el tumor (TI-NK) como
de las quimiocinas secretadas en la modulacién de la respuesta a la terapia anti-
HER2. Mediante analisis transcriptdmicos y funcionales, demostramos que la
infiltracion de linfocitos NK se asocia con la activacion del eje
CCL5/IFN-y-CXCL9/10, lo que favorece el reclutamiento de células T CD8" y
amplifica la respuesta inmune antitumoral. La activacion de los linfocitos NK
mediada por anticuerpos desencadena la secrecién de IFN-y, lo que induce la
produccion de CXCL9/10 en el tumor, creando un circuito de retroalimentacion

positiva que promueve el control tumoral.

Ademas, identificamos tres subpoblaciones de TI-NK en tumores de mama,
definidas por la expresion de CD16 y CD103: las células NK CD16*, con perfil
citotoxico; las células CD16°CD103*, proinflamatorias y residentes en tejido; y la
subpoblacién CD16°CD103-, con propiedades reguladoras. El tratamiento con
anticuerpos anti-HER?2 induce la conversion de células NK CD16*" a CD16"CD103",
lo que vincula la residencia tisular con una respuesta inmune antitumoral eficaz en

modelos in vivo preclinicos.

Por otro lado, identificamos el incremento temprano y coordinado de CCL5 y CXCL9
en suero como un biomarcador dinAmico que indica activacién de las TI-NK y se
asocia a una mejor respuesta a la terapia con anticuerpos anti-HER2. Ademas,
evidenciamos el valor del genotipo CD16A-158V/F para predecir el riesgo de

recaida en pacientes gue no alcanzan una respuesta patolégica completa (pCR).

En resumen, este trabajo confirma el papel de las NK como efectoras claves en la
terapia anti-HERZ2, vinculando su activacion a una remodelacién inmunolégica
dependiente de quimiocinas, y destaca biomarcadores clave para la inmunoterapia

personalizada.

Vii






RESUM

Malgrat els avencos en les terapies dirigides, el cancer de mama HER2-positiu
continua sent un desafiament clinic. En aquest context, els limfocits natural killer
(NK) emergeixen com a actors clau en els tractaments amb anticossos, ja que
combinen la seva citotoxicitat dirigida amb la capacitat de remodelar el

microambient tumoral.

Aquesta tesi investiga el paper tant de les cel-lules NK infiltrants en el tumor (TI-NK)
com de les quimiocines secretades en la modulacio de la resposta a la terapia anti-
HER2. Mitjancant analisis transcriptomiques i funcionals, demostrem que la
infiltracio de cel-lules NK s’associa amb l'activacié de I'eix CCL5/IFN-y-CXCL9/10,
el qual afavoreix el reclutament de cél-lules T CD8* i amplifica la immunitat
antitumoral. L'activacio de les cel-lules NK mediada per anticossos desencadena la
secrecio d'IFN-y, que indueix la produccié de CXCL9/10 en el tumor, creant un

circuit de retroalimentacio positiva que promou el control tumoral.

A més, identifiquem tres subpoblacions de cel-lules NK en tumors de mama,
definides per I'expressio de CD16 i CD103. Les cel-lules NK CD16* tenen un perfil
citotoxic; les cél-lules CD16°CD103* son proinflamatories i residents en el teixit; i la
subpoblacié de NK CD16°CD103" té propietats reguladores. El tractament amb
anticossos anti-HER?Z2 indueix la conversio de les cel-lules CD16* a CD16°CD103",
vinculant la residéncia tissular amb una resposta immune antitumoral efica¢ en

models in vivo preclinics.

També identifiquem l'increment tempra i coordinat dels nivells de CCL5 i CXCL9 en
sérum com un biomarcador dinamic que indica l'activacio de les cel-lules TI-NK i
s’associa amb una millor resposta a la terapia neoadjuvant amb anticossos anti-
HER2. A més, evidenciem el valor del genotip CD16A-158V/F per predir el risc de

recaiguda en pacients que no assoleixen una resposta patologica completa (pCR).

En resum, aquest treball recolza el rol de les cél-lules NK com efectores claus per
a l'activitat dels anticossos anti-HER2, vinculant la seva activacio a una remodelacio
immunologica dependent de quimiocines, i destaca biomarcadors d'utilitat clinica

per guiar la immunoterapia personalitzada en el cancer de mama HER2-positiu.
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INTRODUCTION

1. Cellular innate immunity: lymphocytes

1.1 The discovery of innate lymphocytes

Innate immunity represents the evolutionarily conserved, germline-encoded arm of
the immune system, providing immediate, non-antigen-specific defense against
invading pathogens. While myeloid cells, including dendritic cells, macrophages,
and granulocytes, are central players in innate immunity, certain lymphocyte
populations also contribute significantly to this first line of defense against infected

and transformed cells (1).

Natural killer (NK) cells, discovered in 1975, were the first innate lymphocytes
identified. Classically, NK cells are defined as large granular lymphocytes, lacking
T cell and B cell receptor complexes, endowed with cytotoxic reactivity against

virally infected and transformed cells (2-4).

Twenty-two years later, lymphoid tissue inducer (LTi) cells, critical for the
development and organization of secondary lymphoid organs were described (5).
Subsequently, during the late 2000s and 2010s, further research revealed additional
innate lymphoid cell (ILC) populations (6-11), with lower cytotoxic capacity than NK
cells, but exhibiting characteristics such as cytokine production and tissue
residency. These innate lymphoid cells were found mainly in the gut and categorized
as ILC1, ILC2, and ILC3 (12,13). In mice, ILC are recognized as critical regulators
of immune responses, playing key roles in host defense, tissue homeostasis, and
inflammatory diseases (13,14). However, their tissue-resident nature presents
challenges for human studies, requiring further investigation to clarify their precise

functions and clinical relevance (15-17).

1.2 NK cell biology

NK cells provide rapid and efficient responses against infected and cancerous cells.
In humans, NK cells are identified by the absence of the T cell marker CD3 and the
expression of the neural cell adhesion molecule 1 (NCAM-1 or CD56) (18). NK cells
are primarily found in circulation and make up 5-15% of the total circulating
lymphocytes. Specific populations also reside in key organs such as the lungs, liver,

3
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and uterus (19).

NK cells originate in the bone marrow from CD34* hematopoietic stem cells (HSC),
which differentiate into common lymphoid progenitors (CLP), and subsequently give
rise to common innate lymphoid progenitors (CILP) and NK cell precursors (NKP).
This process is regulated by transcription factors including TOX, NFIL3, ID2, and
ETSL1. Final NK cell maturation is driven by T-bet and EOMES (13,20,21).

Human NK cells are classified into two main subsets based on their CD56 and CD16
expression: CD56”9" and CD569™ NK cells. CD569™ NK cells, representing 90%
of circulating NK cells, are characterized by the expression of CD16 (FcyRIIIA),
along with cytotoxic granules containing perforin and granzymes. They possess a
high cytotoxic capacity upon recognizing target cells (13) and express CXCR1,
CXCR2, and CX3CR1, enabling their migration to inflamed tissues (22,23).
CD56"19"t NK cells exhibit high CD56 and low to no CD16 expression, and produce
cytokines, like IFN-y, TNF-a and GM-CSF, in response to soluble factors such as
IL-12, IL-15 and IL-18 (24). They express CCR7, CCR2, and the selectin CD62L,
which facilitate their homing to lymph nodes (22,23).

- Granzymes
® @ _ Perforine
®0 g %0
%0 %o Apoptotic
/-. o Target Cell
TRAIL cD(:D
Activated _,

NK Cell

@
OCytokine
production

Figure 1. Effector mechanisms of NK cells. NK cell activation triggers the secretion of pre-formed granules
containing granzymes and perforin, the expression of death-receptor ligands such as TRAIL or Fas Ligand
(FasL), and the production of inflammatory cytokines and chemokines such as IFN-y, TNF and CCL5. Created
in https://BioRender.com.
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Upon target cell recognition, NK cell activation triggers the polarized release of pre-
formed cytotoxic granules. Perforin insertion into the target cell membrane facilitates
granzyme entry and the initiation of a cascade of events leading to apoptosis.
Additionally, activated NK cells express ligands for death receptors of the TNF
receptor superfamily (TNFRSF), such as TNF-a, TRAIL, and Fas ligand, which also
induce target cell death through receptor signaling (25) (Fig. 1).

1.3 Regulation of NK cell activation

NK cell activation is regulated by a balance between activating and inhibitory
signals, triggered by a diverse array of germline-encoded receptors. These
receptors enable NK cells to recognize specific ligands on both healthy and
unhealthy surrounding cells. In a healthy state, NK cell activity is generally
suppressed by the interaction of inhibitory receptors with self-major
histocompatibility complex class | (MHC-I) molecules expressed on target cells
(26,27). Activating receptors mostly recognize stress-induced self-molecules lowly
expressed in healthy, non-stressed cells. Cellular transformation or infection are
often accompanied by the downregulation of MHC-I molecules or the expression of
stress-induced ligands, disrupting this inhibitory balance towards NK cell activation
(28,29).

In NK cells, inhibitory signaling is typically mediated by immunoreceptor tyrosine-
based inhibitory motifs (ITIM) encoded in the receptor's cytoplasmic domain. Upon
ligand binding, ITIM phosphorylation facilitates the recruitment of phosphatases,
which prevent downstream signaling cascades initiated by activating receptors (30).
Activating receptors on NK cells lack signalling motifs and associate with adaptor
molecules (i.e. CD3¢ or DAP12) to transduce their signals (28). Most of these
adaptor molecules have immunoreceptor tyrosine-based activation motifs (ITAMs)
in their cytoplasmic domains which upon phosphorylation by Src-family kinases,
enable the recruitment and activation of Syk-family kinases, thereby regulating

downstream activation signaling cascades (31,32).
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1.3.1 Inhibitory receptors

NK cells constitutively express inhibitory receptors recognizing both MHC-I and non-
MHC ligands (28) (Fig. 2).

MHC-I-specific receptor families include Killer-cell immunoglobulin-like receptor
(KIR) family, CD94/NKG2A and LILRB1. The KIR family includes inhibitory and
activating members which recognize specific epitopes shared by groups of MHC
class | alleles. The KIR family is genetically diverse, varying in gene content and
allelic polymorphism. It comprises 17 members: 8 inhibitory, 7 activating, and 2
non-functional pseudogenes. Human KIR haplotypes are categorized into two main
groups: A and B. Haplotype A is characterized by a stable set of genes that
predominantly create inhibitory receptors. In contrast, haplotype B is highly variable
and includes more genes that produce activating receptors (33). In addition, KIR
expression along NK cell maturation is stochastic with clonal distribution, generating

diverse NK cell populations (34-36).

The inhibitory receptor CD94:NKG2A is a C-type lectin-like heterodimer that
recognizes HLA-E, a non-classical MHC class | molecule presenting peptides from
other MHC-I molecule leader sequences (37-39). CD94/NKG2A is one of the first
inhibitory receptors expressed early along NK cell maturation. Finally, Leukocyte
Immunoglobulin-Like Receptor B1 (LILRB1), or ILT2, is another MHC-I-specific
inhibitory receptor on NK cells, also expressed by B and T lymphocytes and myeloid
cells. LILRB1 interacts with a broad range of MHC-I molecules. In NK cells, LILRB1
is expressed across mature NK cell subsets, in addition to adaptive NK cells
generated during viral infections (40,41).

In addition to prevent NK cell autoreactivity, MHC-I specific inhibitory receptors
(NKG2A and KIRs) are involved in NK cell ‘education’ or ‘licensing’. During
development, NK cell recognition of self MHC-I ligands results in their functional
maturation while NK cell clones expressing inhibitory KIR specific for non-self MHC-I
remain in a hypofunctional state (30,42,43). The inter-individual variability in the
MHC and KIR genotypes determines KIR-KIR ligand availability, leading to distinct
educated NK cell repertoires (44).
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Beyond MHC-I-specific inhibition, several non-MHC-specific inhibitory receptors
contribute to NK cell regulation. TIGIT and CD96, both members of the PVR-like
protein family, are also inhibitory receptors with constitutive expression. TIGIT
primarily binds to CD155 (PVR) and with lower affinity to nectins 2, 3, and 4, while
CD96 ligands include CD155 and nectin-1. CD155 is important for cell adhesion and

polarization and is found on antigen-presenting cells and certain tumor cells (45-47).

/ NK cell activation
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Figure 2. Main inhibitory and activating receptors on NK cells and their ligands on target cells. Green
arrows label activating receptors, and red lines identify inhibitory ones. Adapted from Muntasell, 2017 (48).

Finally, in addition to constitutively expressed inhibitory receptors, NK cells can
acquire additional inhibitory receptors upon activation and along maturation,
including PD-1, Tim-3, CEACAM-1, KLRG1 and LAG3 which further regulate their
activation threshold (49-53).

Several NK cell inhibitory receptors have an activating counterpart that shares a
common ligand. In all cases, inhibitory receptors exhibit higher affinity for these

shared ligands ensuring NK cell tolerance. This competitive dynamic is exemplified
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by receptor systems such as inhibitory and activating KIR (54), the inhibitory
CD94/NKG2A and the activating CD94/NKG2C receptor pair (37), and the inhibitory
TIGIT and CD96 receptors competing with the activating receptor DNAM-1 (55).

1.3.2 Activating receptors

Most NK cell activating receptors with constitutive expression recognize stress-
induced self-ligands (Fig. 2). The natural cytotoxicity receptor (NCR) family includes
NKp30, NKp44 and NKp46, immunoglobulin-like type | transmembrane molecules.
NKp30 and NKp46 signal through CD3 and/or FceRI-y chains, while NKp44 signals
through DAP12 (56-58). Ligands for NCR include self-proteins expressed in infected
or tumor cells. For example, the self-molecules B7-H6 and BAT3 are recognized by
NKp30, the ecto-calreticulin expressed in ER-stressed cells is recognized by
NKp46, and PCNA is the NKp44 ligand in tumors. In addition to stress-induced self-
molecules, both NKp46 and NKp44 can also recognize influenza-virus derived

hemagglutinin (59,60).

NKG2D, a homodimer of the C type lectin-like NKG2 receptor family, signals through
the DAP10 adaptor, which uses a phosphatidylinositol 3-kinase (P13K)- binding motif
Tyr-lle-Asn-Met (YINM) for triggering the activating signaling cascade. NKG2D
ligands include MICA, MICB, and the ULBP1-6 family, and are often upregulated on
stressed cells (61,62).

CD16A (FcyRIIIA) is a low-affinity receptor for the Fc region of IgG1 and IgG3 and
the only receptor capable of independently triggering NK cell activation (63,64). It
signals through CD3C or FceRI-y adaptors, triggering NK cell mediated cytotoxicity
against antibody-coated target cells, a mechanism named antibody-dependent
cellular cytotoxicity (ADCC) (65). Upon activation, CD16 is cleaved by
metalloproteases, such as ADAM-17, facilitating NK cell detachment from target

cells and limiting bystander damage (66,67).

A single nucleotide substitution within FCGR3A gene results in an allelic variation in
the amino acid 158 (phenylalanine-F or valine-V) of the CD16A receptor IgG binding
domain. Individuals with the V/V genotype exhibit higher affinity for IgG1 compared
to those with the F/F genotype, while F/V heterozygotes show intermediate binding

8
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levels (68) (Fig. 3).
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Figure 3. NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC). Recognition of the Fc fraction
of an IgG antibody bound to a transformed cell through CD16 receptor in NK cells. The CD16A-158 V/F
polymorphism dictates the affinity of CD16 for the Fc regions of IgG1 antibodies; the VV genotype confers the
highest affinity, whereas the FF genotype results in the lowest affinity. Created in https://BioRender.com.

Finally, there are receptors, like DNAM-1 or 2B4, that function as co-stimulators in
NK cells, amplifying the activating signalling induced by NKG2D or NCR. DNAM-1
recognizes nectins and CD155 (69). 2B4 (CD244) is a co-stimulatory receptor that

recognizes CD48, upregulated on virally infected cells (70).

1.4 Diversity of the human NK cell repertoire

The human NK cell compartment is characterized by a complex landscape of
subpopulations, defined by distinct differentiation stages and unique combinations
of NK receptors. This significant inter-individual variability is a consequence of both
genetic determinants, such as variations in KIR and MHC-I, and environmental
influences, notably human cytomegalovirus (HCMV) infection and biological aging
(71,72).

CD56"19"t NK cells generally express NKG2A, and do not express KIR, whereas
CD569™ NK cells are characterized by the acquisition of KIR expression and the
loss of NKG2A. Acquisition of KIR receptors is stochastic and with clonal
distribution, driving NK cell repertoire diversification (73,74). Late-stage
differentiation of CD569™ NK cells involves the acquisition of LILRB1 and CD57.

9
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CD57 is a carbohydrate modification related to biological age, which is associated
with NK cells showing strong cytolytic activity and reduced proliferation, often

considered as a marker of terminally differentiated NK cells (75-77).

Among environmental factors, HCMV infection can reshape the NK cell repertoire
in some individuals, leading to the persistent expansion of adaptive NK cells. These
cells are defined by high CD94/NKG2C expression in the absence of CD94/NKG2A,
exhibit an oligoclonal KIR repertoire specific for self HLA-C, reduced expression of
natural cytotoxicity receptors (NCR), and increased proportions of LILRB1 and
CD57 expressing cells (72,73,76-79). Functionally, these adaptive NK cells are
characterized by enhanced production of TNF-a and IFN-y, elevated levels of
granzyme B, and potent ADCC responses (80,81).

1.5. Regulation of NK cell function by cytokines

NK cell activity and maturation can also be regulated by cytokines present in the
microenvironment, such as IL-2, IL-12, IL-15, IL-18 and type | interferons, among
others (82). IL-15 is essential for NK maturation, guiding the differentiation of CLP
into NK cells (21)- IL-2 is important for NK cell proliferation and the production of
cytolytic molecules. In combination with IL-15, they can stimulate the production of
the pro-inflammatory cytokine IFN-y (21,83). IFN-y production can be also induced
by IL-12 and IL-18 through STAT4 signaling (84) or by IFN-I through STAT1/2 (85).
IL-21 and IL-2 act together to boost the levels of NKG2A, CD25, CD86, CD69,
perforin, and granzyme B, which increases their cytotoxic potential (86).

On the other hand, inhibitory cytokines, such as IL-6, IL-10 or TGF-(, directly or
indirectly impair NK cell function and proliferation (82, 87, 88).

1.6 Innate lymphoid cells (ILCs)

Tissue-resident ILC derive from CLP and are characterized by their rapid production
of effector cytokines. The transcription factor PLZF is essential for the determination
of an ILC progenitor (89). The distribution of ILC spans lymphoid and non-lymphoid

tissues, with a significant accumulation at barrier surfaces, notably the mucosal

10
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layers of the gastrointestinal and pulmonary tracts (13).

Based on their cytokine profiles, ILC are classified into three major groups: ILC1,
ILC2 and ILC3 (Fig. 4). ILC1 are involved in the defense against intracellular
pathogens and tumors. They are characterized by weak cytotoxicity, robust
production of interferon-gamma (IFN-y) in response to IL-2, IL-12, IL-18, and IL-21,
and expression of the transcription factors T-bet, NFIL3 and RUNX3 (12,13). In
contrast to NK cells, ILC1 development is independent of EOMES, although some
ILC1 subsets may express it (90). IL-15 is a key cytokine regulating the function and
IFN-y production of ILC1 cells (12).

ILC2 are involved in the defense against large extracellular parasites and mediating
allergic responses. They are characterized by the production of type 2 cytokines,
including IL-4, IL-5 and IL-13, in response to epithelial cell-derived cytokines, such
as IL-25 and IL-33. ILC2s are defined by the expression of the transcription factors
RORa, Bcl11b, GATAS, and GFI1 and the characteristic surface markers CRTH2
and CD161 (12,13).

Finally, ILC3 cells play a crucial role in immunity against extracellular bacteria and
fungi, particularly at mucosal surfaces. They are characterized by the production of
IL-17 and IL-22, which promote neutrophil recruitment, the production of
antimicrobial peptides, and the maintenance of intestinal homeostasis (91,92). ILC3
express the transcription factors RORyt, AHR, and ID2 (13). Phenotypic
characterization of ILC3 is still being refined and depends on the tissue of origin. A
proposed consensus for human ILC3s involves the presence of CD117 and CD127,
along with the absence of CRTH2 (93).

As many cell types in the immune system, ILC display high functional plasticity with
environmental signals affecting both their phenotypic and functional features
(94,95). TGF-B triggers NK cell to ILC1 differentiation (96). IL-12 and IL-15
stimulation drives ILC3 to NK cell conversion in human tonsils (97), whereas IL-2
and IL-12 stimulation convert ILC3 into ILC1, upregulating T-bet and increasing
IFN-y production (98).
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Figure 4. Innate lymphoid cell subtypes and their functions. Classification of ILC based on transcription
factors, lineage receptors, cytokines produced, and functions. Created in https://BioRender.com.

This adaptability allows the ILC compartment to dynamically adjust its composition
and effector functions in response to environmental cues. Further research is
needed to fully understand the dynamics of ILC and NK plasticity, especially in

humans.

1.7 NK/ILC cells in cancer

NK cell importance in antitumor activity has been related to their ability to eliminate
tumor cells that evade CD8"* T cell-mediated killing due to reduced or absent MHC-I

expression. The primary activating receptors involved in tumor cell recognition by
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NK cells include NCR, NKG2D, and the costimulatory molecule DNAM-1, as well as
CD16, which enables the recognition of tumor cells opsonized by tumor antigen-
specific antibodies (48, 60).

However, tumor can evolve several strategies to escape NK cell-mediated
recognition (99). The tumor microenvironment (TME) frequently contains
immunosuppressive factors such as TGF-f3, indoleamine 2,3 dioxygenase (IDO) or
prostaglandins, secreted by tumor cells, tumor-associated fibroblasts and several
regulatory immune cells (tumor-associated macrophages, myeloid-derived
suppressor cells, regulatory T cells) that suppress NK cell activation and cytotoxicity
(100-102). In addition, tumor hypoxia and metabolic stress also preclude NK cell
function (103). Further mechanisms of NK cell evasion include the up-regulation of
ligands for inhibitory NK cell receptors (i.e. HLA-E, CD155 and CD112) (104,105) or
the shedding of ligands for activating receptors (i.e. MICA/B and B7-H6) which act
as decoy molecules (106,107).

Besides cytotoxicity, NK cells possess the ability to remodel the tumor
microenvironment and amplify immune responses (108). TI-NK cells can produce
chemokines and cytokines, like CCL5, XCL1 and XCL2, which facilitate infiltration
of CD8+ T cells and cDC1, as has been observed in human and mouse melanoma
and breast cancer models (109,110). Also, NK cell presence within the tumor
microenvironment (TME) correlates with improved clinical outcomes across various
cancers (111-113). The cooperation of different cytokines and chemokines, such as
IFN-y and CXCRa3 ligands, guides the infiltration of NK cells (and T cells) into solid
tumors (114,115).

The role of the other ILC subpopulations in tumors remains as an evolving area of
research, with both tumor protecting and promoting roles described depending on
the cancer model and the organ affected (116-123). The significant plasticity of ILC
subsets, together with the lack of unique markers allowing ILC monitorization,

introduces complexity in data interpretation.
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2. HER2-positive breast cancer

Breast cancer is the most frequent cancer and the leading cause of cancer-related
mortality among women worldwide, with 2.3 million new cases annually (124). This
heterogeneous disease is classified into distinct subtypes based on the expression
of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). The resulting subtypes are luminal (ER/PR+
HER2-), HER2-positive (HER2+), and triple-negative breast cancer (TNBC, ER- PR-
HER2-). Luminal tumors are further divided into luminal A (low Ki67 expression,
<20%) and luminal B (high Ki67 expression, =220%) while HER2+ cancers are
categorized as HER2+ luminal B (ER and/or PR positive) or HER2+ non-luminal
(ER and PR negative) (125,126).

HER2 overexpression occurs in around 20% of breast tumors (127), leading to the
constitutive activation of its tyrosine kinase activity, increased cell proliferation and
survival (128). In the absence of anti-HER2 therapy, HER2-positive tumors are
characterized by aggressive behavior and decreased survival in comparison with
luminal tumors (127,129).

2.1 Current therapies in HER2-positive breast cancer

The standard first-line treatment for primary HER2-positive breast cancer depends
on tumor size, nodal involvement, and disease stage. For localized tumors (<20 mm
diameter) without lymph node metastasis, surgical resection and radiotherapy are
the conventional approaches. In the rest of the cases, patients typically undergo a
neoadjuvant treatment, including chemotherapy (commonly docetaxel) and the
HER2-targeted antibodies trastuzumab and pertuzumab, prior to surgery (130).
Trastuzumab and pertuzumab are humanized IgG1 monoclonal antibodies that
target distinct extracellular domains of the HER2 receptor, preventing HER2
dimerization and disrupting downstream signaling (131).

Upon neoadjuvant therapy, the absence of invasive cancer cells in the primary
tumor area or the surrounding lymph nodes, named pathological complete response

(pCR), is a significant indicator of treatment success and improved long-term
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prognosis (132). For those patients that achieve pCR, post-surgery adjuvant
treatment with anti-HER2 antibodies is recommended for one year, whereas those
showing residual disease, receive the antibody-drug conjugate (ADC) trastuzumab-
emtansine (T-DM1) as adjuvant treatment (130,133).

In metastatic HER2-positive breast cancer, the combination of trastuzumab,
pertuzumab, and chemotherapy remains the standard first-line treatment,
irrespective of hormone receptor (HR) status (134). This dual therapy is supported
by the positive results from the CLEOPATRA and the APHINITY trials (135).
Second-line therapy often involves trastuzumab-deruxtecan (T-Dxd), supported by
findings from the DESTINY-Breast03 trial (136).

Beyond anti-HER2 antibodies, tyrosine kinase inhibitors have also been approved
as second-line treatment in advanced disease. Lapatinib is used for
advanced/metastatic HER2-positive breast cancer, significantly extending
progression-free survival when combined with aromatase inhibitors. Tucatinib is
combined with trastuzumab and capecitabine for advanced HER2-positive breast
cancer. Lastly, neratinib serves as an intensive adjuvant therapy for high-risk, early-

stage HER2-positive patients post-surgery (135,137).

Even with major treatment breakthroughs, up to 25% of patients diagnosed with
early-stage HER2-positive breast cancer will relapse (138). This underscores the
urgent need to enhance the efficacy of current treatments or developing novel and
better therapeutic approaches.

2.2 Role of NK cells in HER2-positive breast cancer

Tumor-infiltrating lymphocytes (TILs) have been identified as indicators of good
prognosis in early HER2-positive breast cancer (139). Primary HER2-positive breast
tumors are usually more infiltrated by CD8" and CD4* T cells than metastatic
lesions, which are essentially immune deserts (140,141). Furthermore, for
trastuzumab-treated metastatic patients, the presence of tumor-infiltrating CD8+ T

cells predicted a survival benefit in both early and advanced disease (139).

Beyond T cells, NK cells have also been identified as markers of good prognosis in
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breast cancer (142). All anti-HER2 antibodies are immunoglobulins of the IgG1
subclass. In addition to inhibiting HERZ2 signaling, trastuzumab and pertuzumab can
induce antibody-dependent cell-mediated cytotoxicity (ADCC) upon interacting with
tumor-infiltrating CD16+ NK cells (143-146). Even in metastatic patients, those who
respond to trastuzumab treatment show significantly higher NK cell activity and

ADCC function compared to non-responders (147).

Previous work from our laboratory investigated the predictive and prognostic value
of TI-NK cells in HER2-positive breast cancer patients treated with neoadjuvant
anti-HERZ2 antibodies, finding that TI-NK cells were associated with the achievement
of pCR and disease-free survival (DFS), independently of other clinicopathologic
factors (112). Furthermore, studies on circulating NK cells showed an association
between high CD57* NK cell numbers and resistance to neoadjuvant treatment with
HER2-specific antibodies. This inverse correlation between peripheral blood CD57*
NK cell counts and pathological complete response (pCR) was independent of age,
conventional clinicopathologic factors, and the CD16A-158F/V genotype (148).

The CD16A-158V/F dimorphism has also been shown to influence the response to
anti-HER2 antibodies in breast cancer patients (148). An initial retrospective study
suggested an association between the high-affinity V/V genotype and enhanced
trastuzumab responses in the metastatic setting (149). However, subsequent
studies in larger cohorts from clinical trials evaluating trastuzumab in adjuvant
setting showed conflicting results concerning the impact of this genetic variation on
relapse and survival (150,151). Interestingly, margetuximab, an anti-HER2 antibody
engineered for increased affinity to CD16A receptor, demonstrated clinical benefit
as compared to trastuzumab in patients with F/F or F/V genotypes in the SOPHIA
trial, supporting its FDA approval as a third-line treatment for metastatic breast
cancer (152). Further investigation is warranted to fully elucidate the effect of the
CD16A-158V/F polymorphism on the efficacy of anti-HER2 therapies.

Despite the efficacy of anti-HER2 antibodies, drug resistance frequently occurs in
HER2-positive breast cancer leading to disease progression or relapse. The loss of
HERZ2 expression (or the proliferation of HER2 negative cell clones), the appearance
of HER2 mutations, or the expression of HLA-G in breast cancer cells are among

several of the mechanisms described (153,154). Furthermore, tyrosine kinase
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inhibitors (TKI) like lapatinib, afatinib, and neratinib can differentially alter tumor cell
phenotype, impacting NK cell-mediated ADCC response to co-administered

antibody therapies (155).

2.3 NK cell-based immunotherapy in HER2-positive breast cancer

Current strategies for developing NK cell-based antitumor therapies generally fit into
two broad categories: potentiating the endogenous NK cell response of the patient
or adoptively transfer allogeneic NK cells designed to evade host MHC-I inhibition
(48,143,156). These approaches encompass everything from antibody-based
therapies, which either block inhibitory checkpoint receptors or stimulate activating
ones, to adoptive NK cell transfer, with genetic engineering as an optional
component. Among multiple options in preclinical and clinical development, those
being developed for HER2-positive breast cancer treatment will be reviewed in the

following paragraphs (Fig. 5).

Monalizumab is a humanized antibody blocking the inhibitory receptor NKG2A on
NK and T cells that has demonstrated a synergistic effect when combined with
anti-PD1/PD-L1 antibodies, helping to reactivate the anti-tumor responses of CD8*
T cells (104,157). Furthermore, it has also shown promising results in preclinical
models and in a phase Il clinical trial (158) against head and neck squamous cell
carcinoma (HNSCC) in combination with cetuximab (anti-EGFR) (159). However, it
has not improved survival in metastatic/recurrent HNSCC also combined with
cetuximab (160). In metastatic HER2-positive breast cancer, the phase Il clinical
trial MIMOSA tested the combination of trastuzumab and monalizumab, with good

safety profile despite no clinical responses were observed (161).

TIGIT blockade shows promise results in preclinical cancer models, though human
trials are pending. TIGIT blockade enhances NK cell anti-tumor responses in solid
tumors and boosts NK cell-mediated ADCC with trastuzumab in HER2-positive

breast cancer in vitro, increasing IFN-y production and degranulation (162,163).

Besides, agonist antibodies for NK cell (and T cell) co-stimulatory receptors are

emerging. Stimulation of CD137, a surface TNFR family member, improves NK cell
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cytotoxicity and cytokine secretion in the context of TGFB immunosuppression. The
combination of antibodies such as trastuzumab with CD137 agonists (like urelumab)
promotes the activation, persistence, and antitumor functions of NK cells, increasing
the secretion of IFNy and CCLS in preclinical models, and thereby potentially
improving immunotherapy efficacy in HER2-positive tumors (164). A Phase | trial is
evaluating utomilumab (anti-CD137) with trastuzumab or T-DM1 in HER2-positive

advanced breast cancer (165).

Bi- and tri-specific killer cell engagers (BIKEs and TriKEs) are also being explored
for boosting NK cell anti-tumor function (166,167). These engineered antibodies
bridge one or two activating receptors on NK cells with antigens in the tumor cell. In
breast cancer, bi/trispecific antibodies, which are designed to target HER2 and
either CD16 or NKG2D at the same time, have been successfully evaluated in
preclinical in vitro models (166). Furthermore, a triKE targeting HER2 and two more
antigens (not public infomation), TriNKet DF1001, is being evaluated in patients with
advanced disease with HER2 overexpressing tumors in a phase I/l clinical trial
(168).

Allogeneic NK cells do not trigger graft-versus-host disease but contribute to
graft-versus-leukemia effects (169,170). Adoptive transfer of NK cells, particularly
allogeneic NK cells with KIR-MHC mismatch to leverage alloreactivity, represents a
significant avenue for NK cell-based cancer therapy (171,172). Their safety when
transferred across MHC barriers offers the potential for "off-the-shelf" therapeutic
cellular strategies (173). In line with this, several phase | clinical trials for patients
with HER2-positive metastatic/recurrent breast cancer have been proposed to test
the infusion of allogenic NK cells in order to enhance response to treatment with
anti-HER2 antibodies (174,175,176). However, a common limitation for NK cell

products is their inefficient homing and functional inactivation in solid tumors (173).

Numerous strategies are being explored to boost the effectiveness of adoptively
transferred NK cells against solid tumors, including genetic modifications, and
combining them with agents such as checkpoint inhibitors, cytokines, and
tumor-targeted antibodies (177). Genetic modifications of NK cells prior to infusion
represent a promising strategy to overcome limitations and enhance anti-tumor

efficacy. Chimeric antigen receptor (CAR)-engineered NK cells (CAR-NK), modified
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to express a target-specific receptor, have emerged as a compelling alternative,
potentially enabling them to evade immunosuppressive cells within the TME (178).
HER2-specific CAR-NK cells have demonstrated efficacy in preclinical models of
breast cancer (178-180). However, HER2 is also expressed in healthy tissues and
these therapies could have adverse side effects. Tumor-specific HER2 variants,
such as p95HER2, are being explored as a target to avoid these adverse effects
(181). Despite these advances, it is necessary to optimize CAR construct designs
and to develop strategies to overcome extracellular matrix barriers, which
collectively are critical for enhancing both cellular penetration and overall

therapeutic efficacy (182).

A Potentiating Endogenous NK Cell Response B ADCC and Killer Cell Engagers
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Figure 5. Potential strategies for developing NK cell-based anti-HER2-positive breast tumor therapies.
A Potentiating Endogenous NK Cell Response. Immune checkpoint blockade strategies aim to disrupt
inhibitory interactions, thereby promoting NK cell activation and tumor cell killing. Co-stimulation of CD137
counteracts TGF-f inhibition of NK-cell antitumor function. B ADCC and Killer Cell Engagers. ADCC involves
tumor-specific antibodies binding to tumor cells and being recognized by the CD16 receptor on NK cells, leading
to NK cell activation. Bi-specific (BiKEs) and tri-specific (TriKEs) killer cell engagers are engineered antibodies
that bridge activating receptors on NK with antigens on tumor cells. C Adoptive Transfer of Allogeneic NK
Cells. NK cells from a donor (or a cell line such as NK-92) are expanded in vitro using cytokines to pre-activate
them. These expanded NK cells, often with KIR-MHC mismatch to leverage alloreactivity, are then infused into
the patient to target and eliminate tumor cells. D Adoptive Transfer of Genetically Modified NK Cells.
Chimeric antigen receptor (CAR)-NK cells are engineered to express a target-specific receptor (CAR), enabling
them to recognize and kill tumor cells expressing the corresponding antigen.; BiKEs: bispecific antibodies;
TriKEs: trispecific antibodies. Created in https://BioRender.com.
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The landscape of HER2-positive breast cancer treatment has seen remarkable
advancements, yet the challenge of metastatic relapse and treatment resistance
persists, underscoring the urgent need for further innovation. Despite promising
preclinical and early clinical findings, the potential of NK cell-based strategies,
particularly in metastatic settings, remains to be fully realized. It is important to note
that many studies in metastatic breast cancer involve patients with advanced, often
overtreated disease and compromised immune systems who have exhausted other
therapeutic options. This can significantly influence study outcomes.

Overall, dissecting NK cell biology in HER2-positive breast cancer is not only critical
for mechanistic understanding but also for biomarker discovery/validation to stratify
patients and guide personalized immunotherapy approaches.
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HYPOTHESIS AND AIMS

Hypothesis

Previous work from our group demonstrated an association between the presence
of tumor-infiltrating NK cells in diagnostic tumor biopsies with a higher likelihood of
achieving pCR to anti-HER2 antibody therapy in primary breast cancer patients,
whereas high numbers of circulating CD57+ NK cells and the CD16A-158F/F

genotype correlated with a lower probability of pCR achievement.

We hypothesize that elucidating the molecular mechanism underlying the
relationship between tumor-infiltrating NK cells and the efficacy of anti-HER2
antibody therapy will uncover pathways of immune activation relevant for tumor
control. Moreover, validating NK cell-related biomarkers of response will facilitate

personalized treatment strategies in HER2-positive breast cancer.

Aims

1- To study the molecular and immunological mechanisms underlying the
association between TI-NK and response to anti-HER2 antibody therapy in

HER2-positive breast cancer patients.

2- To re-evaluate the translational value of the NK cell-related biomarkers,
circulating CD57+ NK cells and the CD16-158 V/F genotype, as predictors of
treatment response and relapse risk in patients receiving neoadjuvant

therapy with anti-HER2 antibodies
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1. Ethics statement

This study included the participation of healthy donors and patients, all of whom
provided written informed consent for the analysis of peripheral blood and tumor
samples for research purposes. The study protocol was approved by the local ethics
committee (Clinical Research Ethics Committee, Parc de Salut Mar, No.
2018/7873/I for healthy donors and Nos. 2013/5307, 2015/6038/I and 2019/8584/I

for cancer patients).

2. Patients cohorts

The analysis of breast tumor infiltrates included newly diagnosed, treatment-naive
cases of primary breast cancer collected from 2017 to 2023 at Hospital del Mar,
Barcelona (n=84). HER2-positive subtype classification was determined according
to the 2013 ASCO/CAP guidelines (183).

Serum samples were obtained from newly diagnosed, previously untreated, primary
HER2-positive breast cancer from Hospital del Mar, Barcelona and Hospital Clinic,
Valencia, receiving neoadjuvant therapy. Serum samples were collected, at
baseline (n=79) and after three chemotherapy cycles (n=32), aliquoted and stored
at -80°C until analysis. All participating patients underwent a neoadjuvant treatment
consisting of standard chemotherapy in combination with anti-HER2 monoclonal
antibodies. The pathological response was assessed at the time of surgery and
reported according to the Miller-Payne grading system (184). Partial pathological
response was defined as Miller-Payne grades 1-4, while a pathological complete
response (pCR) was defined as grade 5, indicating the absence of invasive
malignant cells in both the primary tumor and axillary lymph nodes, with only

residual fibroelastotic stroma.

Studies on the NK cell receptor repertoire and CD16A-158V/F genotype in aim two
included baseline peripheral blood samples from patients prospectively recruited
between July 2017 and May 2024 at Hospital del Mar (Barcelona) and Hospital
Clinic de Valencia (Valencia, prospective validation cohort n=74). Those patients
were newly diagnosed, treatment-naive, HER2-positive breast cancer patients

undergoing neoadjuvant therapy with standard chemotherapy alongside
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HER2-specific antibodies. Pathologic response was evaluated at surgery and
reported by the Miller-Payne grading system (184). The primary efficacy endpoints
in our study were pCR, disease-free survival (DFS) and overall survival (OS). DFS
and OS were calculated as the time from surgery until any breast cancer relapse or
death by any cause (in months). The term ‘discovery cohort’ is used for the cohort
of patients previously described in Muntasell et al (148), while ‘total cohort’ is used

for those analysis combining data from both discovery and validation cohorts.

3. Isolation of human samples

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood
samples using density gradient centrifugation with Ficoll-Hypaque (Lymphoprep,
StemCell, 1858). PBMC were cryopreserved on FBS supplemented with 10%
DMSO until the moment of the analysis. At thawing, PBMC were incubated
overnight in RPMI 1640 GlutaMAX medium (Gibco, 72400021), supplemented with
penicillin and streptomycin (100 U/ml and 100 pg/ml, respectively, Gibco,
15140122), 1mM sodium pyruvate (Gibco, 11360039), 10% fetal bovine serum
(FBS, Gibco, A5256701), and 200 U/ml of recombinant IL-2 (Proleukin). Following
overnight incubation, NK cells were purified by negative selection using NK cell
isolation kit (Miltenyi, 130-092-657) according to the manufacturer's instructions.

Fresh, treatment-naive breast tumor specimens were mechanically disrupted and
subjected to enzymatically digested in RPMI with 1% FBS, 1 mg/ml collagenase
type IV (Gibco, 171040-19), and 50000 U/ml DNase (New England Biolabs, M0303)
for 40 minutes at 37°C. Following digestion, tissue clumps were removed by filtration
through a 40 pm cell strainer. The resulting cell suspension was then stained with

directly labelled antibodies.

4. Gene expression microarray analysis of FFPE breast tumor

biopsies

Gene expression microarray analysis was performed on a subset of twelve

HER2-positive breast tumor biopsies selected from the previously described cohort
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in Muntasell et al (112). Biopsies were selected based on the presence or absence

of tumor-infiltrating NK cells (TI-NK) and TIL score.

Total RNA was extracted from three consecutive 10-pum thick formalin-fixed,
paraffin-embedded (FFPE) tumor sections using the RNeasy® Micro Kit (Qiagen,
cat. No. 74004). RNA amplification, labeling, and hybridization were performed
according to the GeneChip WT PLUS Reagent kit protocol (P/N 703174 2017) and
hybridized to the Human Clariom S Array (Thermo Fisher Scientific). Presence or
absence of TI-NK was validated in each biopsy using a single
immunohistochemistry (IHC) staining for CD56 (anti-CD56 antibody, clone 123C3,
Agilent).

Microarray data analysis was performed using R (Version 3.4.3) with Bioconductor
and Comprehensive R Archive Network (CRAN, 2017) packages. Raw data were
background-corrected, quantile-normalized, and summarized to the gene level
using the robust multi-chip average (RMA) method. Differential gene expression
between the TI-NK+ and TI-NK- biopsies was determined using an empirical Bayes
moderated t-statistics model implemented in the LIMMA package, adjusting for
estrogen receptor (ER) status. Genes with a p-value < 0.05 and a fold change >1.5
were considered differentially expressed. Heatmap data were scaled by genes using
z-score normalization. Ingenuity Pathway Analysis (IPA) software (Qiagen) was
used to identify enriched biological pathways and networks associated with the

differentially expressed genes.

Analysis were conducted by MARGenomics core facility at the Hospital del Mar

Research Institute.

5. Bioinformatic analysis of publicly available gene expression

data from HER2-positive breast tumors

Gene expression microarray data from treatment-naive HERZ2-positive breast
tumors (GSE130786) was downloaded from the Gene Expression Omnibus (GEO;
https://www.ncbi.nim.nih.gov/geo/). This dataset was generated from a Phase Il

randomized clinical trial of trastuzumab-based neoadjuvant treatment in breast
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cancer patients. Agilent array data were quantile normalized and log2-transformed
using R. A NK cell signature score, comprising 20 genes (CD160, CD244, CTSW,
FASLG, GZMA, GZMB, GZMH, IL18RAP, IL2RB, KIR2DL4, KLRB1, KLRCS,
KLRD1, KLRF1, KLRK1, NCR1, NKG7, PRF1, XCL1 and XCL2 genes) (185) was
calculated using the singscore R package. Z-scores for GZMB, IFNG, CCL5, CXCL9
and CXCL10 transcripts were used to assess their association with pathological
complete response (pCR) to trastuzumab. Odds ratios (ORs) for achieving pCR
were calculated for the top and bottom quartiles of expression for each gene, as well

as for the NK cell signature score (ranked sum expression).

6. Cell lines

Human HER2-positive breast cancer cell lines SKBR3 and BT474 were cultured in
complete DMEM/F-12 medium (Sigma-Aldrich, D6421) supplemented with 0.5 mM
of L-glutamine (Gibco, 25030-081), penicillin/streptomycin (100 U/mland 100 ug/ml,
respectively, Gibco), sodium pyruvate (1 mM, Gibco), 10% FBS (Gibco). The human
HER2-positive breast cancer cell line HCC1954 and the 8866 B-LCL cell line were
grown in complete RPMI 1640 Glutamax medium (Gibco), with

penicillin/Streptomycin, sodium pyruvate and 10% FBS.

7. In vitro ADCC assays with purified NK cells

ADCC assays were done by coculturing NK cells and breast cancer cells at 1:1
effector:target (E:T) ratio with trastuzumab (210 ng/ml) for 24 hours. Cell-free culture
supernatants were collected by centrifugation for cytokine/chemokine
determination. Anti-IFNAR mAb (5 pg/ml, 407296, Calbiochem), anti-IFN-y mAb (5
pug/ml, 14-7318-81, Invitrogen), anti-TNF-a mAb (infliximab, 50 pg/ml, Remicade®,
Janssen) and their combinations were added along ADCC assays in

blocking/neutralization experiments.
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8. Treatment of breast cancer cells with recombinant cytokines

SKBR3 and HC1954 cells were treated with 10 ng/ml recombinant human (rh) IFN-y
(Preprotech, 300-02), 10 ng/ml rhTNF-a (Immunotools, 1134013), 1000 U/ ml
rhIFN-B-1a (Merck, Rebif) and their combinations for 24 h prior to cell-free
supernatant collection and cytokine/chemokine analysis by ELISA. Cell-free

supernatants were collected by centrifugation (5 min 500 G).

9. CCL5, IFN-y, CXCL9 and CXCL10 analysis by ELISA

CCL5, CXCL9 and CXCL10 levels were measured with commercial ELISA (DY278,
DY392 and DY266, R&D, respectively) following the manufacturer’s instructions.
IFN-y levels were assessed with 88-7316-88 (Invitrogen) commercial ELISA, also
following the manufacturer’s instructions.. Optical density was determined on an
Infinite 200 Pro plate Reader (Tecan) using a microplate Reader set to 450 nm and

corrected to the OD values at 570 nm.

10. Human NK cell expansion for in vivo ADCC model

PBMC from healthy donors were co-cultured with irradiated 8866 B-LCL feeder cells
(40Gy) at a 3:1 ratio for 12 days and cryopreserved until use. Cells were subcultured
every 3-4 days (from 2 to 3 wells), and NK cell expansion was monitored by flow
cytometry staining with CD3 and CD56.

Prior to intratumoral injection, expanded cells were thawed and cultured overnight
in complete RPMI medium supplemented with 200 U/ml recombinant IL-2
(Proleukine) prior to NK cell isolation.

11. Humanized mouse model to study in vivo NK cell-mediated
ADCC

All animal experiments were conducted in compliance with ethical guidelines and

protocols approved by the Barcelona Biomedical Research Park (PRBB) Animal
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Facility and the Generalitat de Catalunya Animal Care and Use Committee
(EARA20-0045).

Eight-week-old NOD/Scid/yc-/- (NSG) mice, obtained from Jackson Laboratories,
were subcutaneously inoculated with human HCC1954 breast cancer cells (4 x 10°
cells) suspended in Matrigel. Tumor growth was monitored, and tumor volume was

calculated using the formula: (width? x length x 17)/6.

Once tumors reached approximately 100 mm3, mice were randomly assigned to one

of four treatment groups (n = 5 mice/group):

1. Control group: Received a control human IgG1l antibody (Rituximab; 2

mg/kg).

2. Antibody therapy group: Received a combination of trastuzumab and

pertuzumab (1 mg/kg each).

3. NK cell therapy group: Received expanded human NK cells (2.5 x 10°

cells).

4. Combination therapy group: Received expanded human NK cells (2.5 x

10° cells) in conjunction with trastuzumab/pertuzumab (1 mg/kg each).

All antibodies were administered intraperitoneally every 3—4 days. Expanded NK
cells were injected intratumorally once a week for three weeks, supported by
intraperitoneal injections of recombinant human IL-2 (rhiL-2) every 3-4 days.
Following three treatment cycles, mice were euthanized, and the remaining tumors

were harvested and processed for analysis.

12. Analysis of CCL5, IFNG, CXCL9 and CXCL10 expression in
tumors by RT-gPCR

Tumor cell suspensions were divided for downstream analyses: one portion was
used for RNA extraction and subsequent analysis of CCL5, IFNG, CXCL9 and
CXCL10 expression, while the other portion was used for flow cytometry analysis.

RNA from tumor cell suspensions was extracted using RNeasy Mini Kit (Qiagen,
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74104). 500ng of RNA was retrotranscribed using Superscript-1ll (Invitrogen,
18080044), according to the manufacturer’s instructions. Gene expression was
analyzed using the SYBR green gene expression assay (LightCycler 480 SYBR
Green | Master, 04887352001, Roche). The following primers were used for human
genes (5’ to 3, Table 1):

Gene Forward Reverse

IFNG TGTCCACGCAAAGCAATACA ACTCCTTTTTCGCTTCCCTGT
CCL5 GCCTGTTTCTGCTTGCTCTT AACTGCTGCTGTGTGGTAGA
CXCL9 TTCCTGCATCAGCACCAACC TTTCTCGCAGGAAGGGCTTC
CXCL10 AACCTCCAGTCTCAGCACCA TGCAGGTACAGCGTACAGTTC
B2M TTAGCTGTGCTCGCGCTACTCT | TGGTTCACACGGCAGGCATACT

Table 1. List of primers for RT-PCR.

The relative gene expression was normalized to B2M. gPCR reactions were
performed on the Lightcycler 480 Real-Time PCR System (Roche Diagnostics) and
analyzed using Lightcycler 480 SW 1.5.1 at the Genomics Core Facility, Universitat
Pompeu Fabra, Barcelona. The reaction included a 30 seconds (sec) preincubation
at 40°C, followed by 40 amplification cycles (10 sec at 95°C, 20 sec at 60°C and 10
sec at 72°C).

13. Analysis of the tumor-infiltrating NK cell phenotype by flow

cytometry in the in vivo model

For flow cytometry analyses, cells from all tumors of the same treatment group were
pulled together, pretreated with aggregated human IgG (10 pg/ml) for 20 min and
subsequently stained with a combination of directly labelled antibodies (anti-CD45,
anti-CD56, anti-CD3, anti-CD16, anti-CD103; Table 2). Data was acquired on a BD
LSR Fortessa or BD-LSRII (BD Bioscience) and analyzed with FlowJo software
(v10.0.7, Tree Star).
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14. Ex vivo treatment with anti-HER2 antibodies of multicellular

cultures derived from patient breast tumors

Multicellular suspensions obtained from fresh breast tumor digestion were culture in
flat-bottom 96-well plates (Corning, 153596) at a density of 100,000 cells/well for
20-24 h with 200 U/ml of rhiL2 (Proleukine) and with or without 210 ng/mi
trastuzumab (Tz, from Hospital del Mar Pharmacy). After culture, cells were stained
with a combination of directly labelled antibodies (anti-CD45, anti-CD56, anti-CD3,
anti-CD16, anti-CD103, anti-CD137; Table 2). Data was acquired on a BD LSR

Fortessa (BD Bioscience) and analyzed with FlowJo software.

15. Characterization of human breast tumor immune lymphocyte

subsets

Multicellular suspensions obtained from fresh breast tumor digestion were stained
with a combination of directly labelled antibodies (anti-CD45, anti-CD56, anti-CD3,
anti-CD16, anti-CD103, anti-PD1, anti-NKG2C, anti-CD8, anti-CD4; Table 2).

Eighteen randomly selected tumors were used for ViSNE characterization. Tumors
incorporated in the analysis comprised 5 HER2-positive, 11 luminal and 2
triple-negative breast cancer cases (TNBCs). vi-SNE was implemented for the
analysis of major lymphocyte subsets (186). Raw flow cytometry data was imported
into R using flowCore and openCyto packages. A compensation matrix generated
in FlowJo (v10.0.7, Tree Star) was exported an applied into R. Lymphocytes were
gated based on forward and side scatter within the CD45+ alive (DAPI-) gate. Data
from either 10,000 gated lymphocytes or 2,000-5,000 NK cells were concatenated.
Barnes-Hut t-SNE was conducted using the Rtsne package and subset identification
by Phenograph. Graphics were produced using the ggplot2 and RColorBrewer

packages.
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16. Bulk RNAseq analyses of circulating and tumor-infiltrating NK

cell subsets

Paired blood and tumor samples from three treatment-naive breast cancer patients,
were processed to single-cell suspension, and stained with directly labelled
antibodies (anti-CD45, anti-CD56, anti-CD3, anti-CD16, anti-CD103; Table 2). DAPI

was used as a viability dye for exclusion of dead cells.

Tumor-infiltrating NK cell subsets were sorted based on the expression of CD16 and
CD103 (CD16+; CD16-CD103+; CD16-CD103-) from the CD56+CD3- gate in
CD45+ DAPI- lymphocytes. Circulating CD56""9" CD16- and CD569™ CD16+ NK
cells were sorted from PBMC. Cell sorting was conducted in a FACS Aria Il SORP
cell sorter (BD, 23-9641-01) at the Flow Cytometry Facility, PRBB, Barcelona.

Total RNA was isolated from each sorted NK cell subset using the RNeasy® Micro
Kit (Qiagen, cat. no. 74004). RNA samples were subsequently subjected to
RNA-sequencing (RNA-seq) at the Genomics UPF facility (Universitat Pompeu
Fabra, Barcelona). NGS libraries were prepared using the NEBNext Ultra I
Directional RNA Library Prep Kit for lllumina (New England BioLabs) with poly(A)
capture. Library quality and concentration were assessed using a TapeStation
D1000 (Agilent Technologies). Libraries were pooled in equimolar ratios, amplified
by gPCR with specific primers, and sequenced on a NextSeq High output 2x75
cycles run (lllumina). Reads were mapped against the GRCh38 human reference
genome (Ensembl release 89) using STAR (version 2.7.9a). Read counts were
generated using HTSeq software for the protein-coding genes (n=19.828) and
normalized to log2 counts per million (CPM) with the trimmed mean of M-values
(TMM) method implemented in the edgeR package (version 3.14.0) with a prior
count of 0.5. Lowly-expressed genes were filtered (mean log2(CPM)< -2), which
lead to a total of 10.365 genes.

Differential expression analysis was performed using the limma package with voom
transformation. Patient and surrogate variables were included in the model.
Differentially expressed genes (DEG) between the three TI-NK cell populations were
identified using a threshold of p-value < 0.05 and |log2(fold change)| >1.
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Pre-ranked gene set enrichment analysis (GSEA) was performed with GSEA
(version 4.1.0) using log(p-value)*sign(fold change) as the ranking metric. Gene
sets tested for enrichment analysis were derived from publicly available data
(GSE78897) (187) using GEO2R by performing differential expression analysis
between tonsillar ILC1, ILC3, and PB CD569™ NK cells (adjusted p-value > 0.005
and |log2(fold change)| > 1). 1000 permutations were performed in GSEA to assess

the statistical significance of enrichment for each comparison.

17. CD16A-158 V/F genotyping

DNA was isolated from total blood using the Pure gene Blood Core kit B (Qiagen).
Functional polymorphisms of FCGR3A (CD16A 158 V/F) were determined using a
PCR with confronting two-pair primers, as described previously (188,189). Briefly,
this technique uses four primers in a single reaction: allele-specific primers generate
distinct amplicon lengths (230 bp for 158F and 143 bp for 158V), which are resolved
via agarose gel electrophoresis, while external primers produce a control band (321
bp). The approach ensures gene specificity by targeting sequences that differentiate
FCGR3A from its homologs, enabling efficient allele discrimination without

cross-reactivity.

18. PBMC immunophenotyping from HER2-positive breast cancer

patients by multiparametric flow cytometry

PBMC isolated from blood samples from HER2-positive breast cancer patients were
thawed and pretreated with aggregated human IgG (10 pg/ml) for 20 min. They were
subsequently stained with a combination of directly labelled antibodies (anti-CD45,
anti-CD56, anti-CD3, anti-CD16, anti-CD57, anti-NKG2C; Table 2). DAPI was used
as a viability dye for exclusion of dead cells. Data was acquired on a BD LSR
Fortessa and analyzed with FlowJo software (v10.0.7, Tree Star).
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19. Antibodies used for flow cytometry staining

Antibodies Clone Source Reference
CD3-PerCP SK7 BD Bioscience 345766
CD16-APC-eFluor 780 CB16 eBioscience 47-0168-42
CD45-Alexa Fluor 700 2D1 eBioscience 56-9459-42
CD56-APC CMSSB eBioscience 17-0567-42
CD103-FITC B-Ly7 eBioscience 11-1038-42
NKG2C-PE FAB138P R&D systems 134591
PD-1-PE-eFluor610 610 J105 eBioscience 61-2799-42
CD45-PECy7 HI30 Thermo Fisher 25-0459-42
CD8-HV500 RPA-T8 BD Bioscience 560774
CD4-PECy7 OK-T4 Biolegend 317414
CD137-PE 4B4 (4B4-1) eBioscience 11-1379-42
CD57-FITC HCD57 Biolegend 322306

Table 2. List of antibodies.

20. Statistics

Statistical and correlation analysis were performed using GraphPad Prism 8.0

software. Tests performed are specified in each experiment.

Bivariate analyses by Mann-Whitney U-test were used to assess the putative
association between pCR and NK cell markers as continuous variables. Chi-square
analysis were used for determining the likelihood of achieving PCR for every CD16A
polymorphism. Predictive effects on pCR of CD57+ NK cells and CD16A
polymorphism as categorical variables were calculated by Fisher exact test.

Mantel-Cox proportional hazards regression was used to estimate the hazard ratio
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(HR) in DFS analysis. Kaplan-Meier curves for DFS were used to compare time to
event in patients stratified by their pCR achievement or CD57+/CD16A
polymorphism circulating NK cells. All P values were two-sided; P values lower than
0.05 were considered significant. For the analysis of survival of patients stratified by
CD57* NK cell levels, cutoffs for classification were 65% and 164 events/pL for data

expressed in percentage and absolute numbers, respectively.

Multivariate analysis was conducted with R Software. Binary logistic regression was

performed by adding patient age as continuous variable in the model.
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RESULTS

1. Study of the biological pathways enriched in NK cell-infiltrated

HER2-positive breast tumors

To explore the biological mechanisms underlying the observed association between
tumor-infiltrating NK cells (TI-NK) and the response to anti-HER2 antibodies (112),
the gene expression profiles of HER2-positive breast tumor biopsies with (TI-NK+,
n=6) and without (TI-NK-, n=6) tumor-infiltrating NK cells were compared by
microarray analysis. Tumor samples were selected based on discordant TI-NK cell
content, as determined by CD56 immunohistochemical staining, and paired by
tumor area and tumor-infiltrating lymphocyte score (average number of TIL) (Fig. 6
A-B) to minimize the potential influence of other immune cell subsets on the results.
In this tumor set, the previously reported association between TI-NK cell numbers
and both pathological complete response (pCR) and disease-free survival (DFS)

was also evident (Fig. 6C).

Microarray analysis adjusted by ER expression revealed a total of 130 differentially
expressed genes (DEG) between TI-NK+ and TI-NK- tumors. Specifically, we
identified 88 upregulated and 42 downregulated genes in TI-NK cell-rich tumors
when compared to their TI-NK cell-negative counterparts (Fig. 7A). Functional
enrichment analysis of these DEG pointed to the involvement of several key immune
system pathways that include TLR, GP6, PKC8, and NF-kB signaling, in addition to
processes related to dendritic cell maturation. Conversely, genes related to IL-6

signaling showed reduced activity in TI-NK+ tumors (Fig. 7B).

The functional interactions and biological networks associated with these DEG were
predicted by Ingenuity Pathway Analysis (IPA) (Fig. 7C). Among several molecular
networks identified, TI-NK+ biopsies displayed an enrichment in CXCL9 and
CXCL10 chemokines. This enrichment indicated that IFN-y, type | interferons, and
TNF were key upstream regulators, controlling downstream pathways like

lymphocyte migration, inflammatory response, and cell activation (Fig. 7C).
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Figure 6. Clinicopathological characteristics of HER2-positive breast tumors included in the microarray
analysis. Tumor biopsies at diagnosis from 12 patients (6 with high tumor-infiltrating NK cells [TI-NK+] and 6
with low/no TI-NK infiltration [TI-NK-]) were selected from the cohort previously characterized in Muntasell, 2019
(112). A Representative immunohistochemical (IHC) staining for CD56 in three representative tumor biopsies
per group. Arrows indicate CD56+ lymphocytes. ER: Estrogen Receptor. B TIL score, TI-NK cell count, and
tumor area in TI-NK+ and TI-NK- tumor biopsies (n=6 per group). Statistical analysis was performed using
unpaired Student's t-test. C Clinicopathological features of HER2-positive tumor biopsies included in the
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Figure 7. Biological pathways associated with NK cell infiltration in HER2-positive breast tumors. Gene
expression microarray analysis was performed on total RNA extracted from FFPE tumor sections from HER2-
positive breast tumor diagnostic biopsies (6 TI-NK+ and 6 TI-NK-). A Heatmap of differentially expressed genes
(DEG, fold change >1.5 and p < 0.05) between TI-NK+ and TI-NK- tumors, normalized by z-score. Yellow and
blue bars indicate TI-NK+ and TI-NK- groups, respectively. B Biological pathways enriched in TI-NK+ tumors
identified using Ingenuity Pathway Analysis (IPA). The dashed line indicates a —log(p-value) of 1.3. C Genes
differentially expressed between TI-NK-positive and negative biopsies were loaded into the Ingenuity Pathway
Analysis (IPA) software. Network analysis shows major regulators (top), associated biological pathways
(bottom), and differentially expressed genes (DEG) in TI-NK+ versus TI-NK- tumors (middle). Orange boxes:
predicted activation; red to pink boxes: up-regulation; green boxes: down-regulation; orange arrows: activation;
blue arrow: inhibition; yellow arrow: inconsistent findings; gray arrows: effect not predicted.
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2. Association between CCL5/IFNG-CXCL9/10 axis, TI-NK cells and

response to anti-HER2 antibodies

Microarray analysis revealed that expression of CXCL9, CXCL10, IFNG, and CCL5
were higher in TI-NK+ tumors compared to TI-NK- tumors (Fig. 8A). These markers
showed positive correlations with each other and with TI-NK cell numbers, as

determined by CD56 IHC staining in the original biopsies (Fig. 8B and 8C).

A
Color Key

T1-NK- TI-NK+ E 3

- o CXCL9 202
:
i -
Q

CXCL10 Row Z-Score
CCL5

IFNG
S
O ¥ ¢ © 0 St alates
ccLs Hg-g
04 TI-NK
IFNG 0.2
0 TIL
CXCL9
CXCL10

Figure 8. CCL5, IFNG, CXCL9 and CXCL10 expression in treatment naive HER2 positive breast tumors.
CXCL9, CXCL10, IFNG, and CCL5 expression in tumors with high versus low NK cell infiltration by microarray
analysis. A Relative expression of the indicated genes in all tumors stratified by TI-NK cell content. B Pearson’s
correlation coefficient between the indicated genes. C Pearson’s correlation coefficient between the indicated
genes, TI-NK cell numbers and TIL scores in the corresponding biopsies. Asterisks indicate statistical
significance (**** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05).

The analysis of these four genes in an independent dataset of HER2-positive breast
tumors from a Phase Il clinical trial (GSE130786, n=81) confirmed the positive
correlation among CXCL9, CXCL10, IFNG, and CCL5 gene expression in baseline
tumor biopsies (Fig. 9A). Remarkably, IFNG expression positively correlated with a
TI-NK cell signature (185) (Fig. 9B) and with an increased likelihood of achieving a
pathological complete response (pCR) to trastuzumab-based neoadjuvant therapy
(OR 96.3, p=0.01) (Fig. 9C).
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Figure 9. Bioinformatic analysis of publicly available gene expression data from HER2-positive breast
tumors confirmed the association between CCL5/IFNG-CXCL9/CXCL10, TI-NK and pCR. Analysis of a
public gene expression dataset from HER2-positive breast tumors generated in the context of a Phase I
Randomized Trial (GSE130786, n=81). A Pearsons’ correlation coefficient between the indicated genes.
Asterisks indicate significant correlations. B Correlation between IFNG expression levels and a TI-NK cell score
(gene signature of Cursons et al) (185). C Association of TI-NK cell score (NKsig), IFNG, GZMB, CCL5, CXCL9,
and CXCL10 expression with pCR to trastuzumab-based treatment (Odds ratios and 97.5% confidence
intervals). Asterisks indicate significant associations.

These results pointed to NK cells as the primary source of IFN-y and highlighted the
importance of the CCL5/IFNG-CXCL9/10 axis for the clinical efficacy of anti-HER2
antibody-based treatment in patients with primary HER2-positive breast cancer.

3. IFN-y produced along anti-HER2 antibody-dependent NK cell
activation triggers the production of CXCL9 and CXCL10

The next step was to address whether cytokines produced during trastuzumab-
dependent NK cell activation could stimulate CXCL9 and CXCL10 production from
bystander breast cancer cells using in vitro coculture assays. Trastuzumab-induced
NK cell activation against SKBR3, BT474 and HCC1954 HER2-positive breast
cancer cells resulted in the secretion of CCL5, IFN-y and the consequent production
of CXCL9 and CXCL10, as analyzed by ELISA in cell-free coculture supernatants
(Fig. 10).
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Figure 10. Anti-HER2 antibody-dependent NK cell activation triggers the production of
CCL5/IFN-y-CXCL9/10. Purified primary NK cells were co-cultured with HER2-positive breast cancer cell lines
(SKBR3, BT474, and HCC1954) at a 1:1 effector:target (E:T) ratio with trastuzumab (210 ng/ml) for 24 hours.
Cell-free supernatants were analyzed by ELISA to determine the concentration of the indicated
cytokines/chemokines.

To dissect the specific contributions of IFN-y, TNF-a and type-I IFN to CXCL9 and
CXCL10 chemokine production, coculture experiments were repeated including
blocking or neutralizing antibodies specific for IFN-y, TNF and the receptor for type-I
IFN (IFNAR). Results from blocking experiments revealed that IFN-y was essential
for CXCL9 production, while both IFN-y and type-l IFN signaling contribute to
CXCL10 expression. These effects were consistent across co-cultures of NK cells
with SKBR3 and HCC1954 cells. TNF-a blockade had no impact in HCC1954
cocultures but selectively reduced CXCL10—and to a lesser extent CXCL9—in the
SKBR3 model (Fig. 11A and 11B).
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Figure 11. IFN-y neutralization impairs CXCL9 and CXCL10 production in NK cell and HER2-positive
breast cancer cell cocultures along anti-HER2 treatment. Purified primary NK cells were co-cultured with
(A) HCC1954 (HCC) and (B) SKBR3 (SK) breast cancer cell lines (1:1 E:T ratio) with trastuzumab (210 ng/ml)
for 24 hours. Neutralizing antibodies against IFN-y (5 pg/ml) and TNF-a (50 pug/ml), and/or a blocking antibody
for IFN-I receptor (a-IFNAR) (5 pg/ml) were added as indicated. CXCL9 and CXCL10 relative production in
cell-free supernatants was measured by ELISA. Data from three independent experiments, normalized to
cytokine/chemokine production without blocking antibodies. Asterisks indicate significant differences (Mann
Whitney U test): **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05.

In vitro stimulation of HCC1954 and SKBR3 HER2-positive cells with recombinant
cytokines confirmed that IFN-y was the primary driver of CXCL9 and CXCL10
secretion. IFN-B had chemokine-specific effects: it synergized with IFN-y and TNF-a
to enhance CCL5 production but antagonized the induction of CXCL9. Without
IFN-y, IFN-B combined with TNF-a induced CCL5 and, to a lesser extent, CXCL10
production, but were not sufficient for inducing CXCL9 production in any cell line.
IFN-y and TNF-a together cooperatively increased CCL5 and CXCLS9 levels in both
cell lines (Fig. 12).

These results indicate that the interaction of NK cells with breast cancer cells along
anti-HER2 antibody-dependent ADCC is sufficient for unleashing the secretion of
CCL5/IFN-y-CXCL9/10 axis.
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Figure 12. IFN- and TNF-induced production of CCL5, CXCL9 and CXCL10 by HER2-positive breast
cancer cell lines. SKBR3 and HCC1954 cells were cultured for 24 hours with recombinant IFN-y (10 ng/ml),
IFN-B (1000 U/ml) and TNF-a (10 ng/ml) or combinations thereof. CCL5, CXCL9, and CXCL10 levels in cell-
free supernatants were measured by ELISA. The heatmap shows the absolute chemokine concentrations (pg/ml
for CCL5 and ng/ml for CXCL9 and CXCL10) for each condition.

4. Treatment with anti-HER2 antibodies and NK cells unleash the
CCL5/IFN-y-CXCL9/10 axis and controls tumor growth

To determine if systemic anti-HER2 antibody and NK cell combined treatment
activates the CCL5/IFN-y-CXCL9/10 axis, a humanized in vivo mice model was
implemented. HCC1954 cells were subcutaneously injected into the right flank of
NOD/Scid/yc-/- (NSG) mice. When tumors reached a volume of 100 mm?2, mice were
randomized to receive: i) intraperitoneal injections of anti-HER2 antibodies
(trastuzumab and pertuzumab) or control human IgG1 (Rituximab), ii) intratumoral
injections of expanded human NK cells, or iii) a combination of both (Fig. 13A). Both
monotherapies reduced tumor growth compared to control mice; however, the
combined treatment achieved superior tumor growth control relative to either

monotherapy (Fig. 13B).
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Figure 13. Combined NK cell and anti-HER2 antibody therapy controls tumor growth and activates the
CCL5/IFNG-CXCL9/10 axis in a humanized mouse model of HER2-positive breast cancer. HCC1954
xenografts were implanted in NSG mice and treated with either: i) isotype control (Rituximab; 2 mg/kg,
intraperitoneal); ii) trastuzumab (Tz)/pertuzumab (Pt) (1 mg/kg each, intraperitoneal); iii) expanded human NK
cells (2.5 x 10° cells, intratumoral); or iv) Tz/Pt in combination with expanded human NK cells. Mice were
sacrificed at the end of treatment. A Experimental design. B Tumor volume fold change for each treatment
group (n=5 mice/group). Statistical significance was determined by two-way ANOVA: ****p < 0.0001; ***p <
0.001; **p < 0.01; *p < 0.05. C Tumor tissue was collected at the end of treatment, and RNA was extracted.
CCL5, IFNG, CXCL9, and CXCL10 expression were analyzed by RT-qPCR and normalized to B2M expression.
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Following study completion, tumors were harvested, dissociated into single-cell
suspensions, and divided: half were used for RNA extraction and subsequent
RT-gPCR analysis of IFNG, CCL5, CXCL9 and CXCL10 (Fig. 13C); the other half,
for flow cytometric phenotyping of tumor-infiltrating NK cells (Fig. 14A).

Our findings revealed that IFNG transcripts were detected exclusively in tumors from
mice that received NK cell injections, whether these injections were administered
alone or in combination with anti-HER2 antibodies. Monotherapy with either
systemic anti-HER2 antibodies or intratumoral NK cells led to increased expression
of CCL5 and CXCL10, but not of CXCL9, compared to untreated tumors. A
coordinated upregulation in CCL5/IFNG-CXCL9/10 was observed only in tumors
treated with the combination of NK cells and anti-HER2 antibodies, supporting the
requirement of both elements for effectively triggering the CCL5/IFN-y-CXCL9/10
axis (Fig. 13C).

These in vivo findings suggest that NK cell activation via ADCC during anti-HER2
antibody therapy effectively triggers the CCL5/IFN-y-CXCL9/10 axis, contributing to

improved tumor control.

Phenotypic characterization of tumor-infiltrating NK cells from resected tumors
revealed a shift from the original NK cell product (primarily composed of CD16*
CD103 cells) toward a phenotype characterized by the progressive acquisition of
CD103 (CD16*CD103"), indicative of tissue residency, concomitant to the loss of
CD16 (CD16° CD103%), likely reflecting activation-induced receptor shedding (Fig.
14B). The extent of this phenotypic shift was directly proportional to the magnitude

of the activating stimuli and the degree of tumor growth control (Fig. 13B).

Overall, this experiment suggests that CD16* NK cells contribute to antitumor
immunity in vivo, particularly in the presence of anti-HER2 antibodies. Interestingly,
this effect was linked to both the triggering of the CCL5/IFNy-CXCL9/10 axis and
the acquisition of a CD16-CD103* phenotype by NK cells.

52



RESULTS

A
8]
Single Cells =4 ': .
< 88,2 L oy » Live cells
1 ke 815
Q ©
') L
w Q .4
g 3
3
o o
3
o
w0
B a Teells
%) 3,66
, IS
Comp-PerCP-Cy5-5-A CD3-PerCP
B
eNK (Pre) TI-NK (Ritux+NK) TI-NK (Tz/Pt+NK)
‘ 3 16% 48%
3
© =
o »:18%
o T

-1

CD103

v

Figure 14. Expression of CD16 and CD103 in tumor-infiltrating NK cell subsets in vivo. HCC1954
xenografts were implanted in NSG miceand treated with either: i) isotype control (Rituximab; 2 mg/kg,
intraperitoneal); ii) trastuzumab (Tz)/pertuzumab (Pt) (1 mg/kg each, intraperitoneal); iii) expanded human NK
cells (2.5 x 10° cells, intratumoral); or iv) Tz/Pt in combination with expanded human NK cells. Mice were
euthanized at the end of treatment. At the end of treatment, tumor-infiltrating NK cells were analyzed by flow
cytometry. A Gating strategy used to identify NK cells. B CD16 and CD103 surface expression on NK cells:
pre-injection, isolated from tumors treated with NK cells and control antibody (Rituximab + NK), or from tumors
treated with NK cells and anti-HER2 antibodies (Tz/Pt + NK).

5. CD16 and CD103 define functionally distinct NK cell subsets in

human breast tumors

Based on observations from the in vivo model, we studied the expression of CD16
and CD103 in TI-NK cells from fresh, treatment-naive, human breast tumors by flow
cytometry. NK cells were defined as CD45* CD56" CD3" lymphocytes (Fig. 15A).
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Reminiscent of data in mice, three distinct TI-NK cells subsets were identified in
human tumors based on CD16 and CD103 expression: CD16* (regardless CD103
expression), CD16'CD103*, and CD16'CD103 (Fig. 15B).
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Figure 15. CD16 and CD103 expression defines distinct NK cell subsets in human, treatment-naive
breast tumors. Three treatment-naive breast tumors were processed into single-cell suspensions and analyzed
by flow cytometry for the expression of CD16 and CD103. A Gating strategy used to identify NK cells. B CD16
and CD103 surface expression profiles of tumor-infiltrating NK (TI-NK) cells.

To investigate the role of these three NK cell subsets in anti-HER2 therapy,
multicellular cultures from digested human breast tumors were treated in vitro with

trastuzumab, and NK cell activation was monitored by CD137 expression after 24h.

54



RESULTS

The CD16* NK cell subset was activated by trastuzumab treatment in a
dose-dependent manner (Fig. 16A). Of note, CD16 shedding was also noticed in
these cultures resulting in the up-regulation of CD137 in both CD16* and CD16
CD103" NK cell subsets (Fig. 16B and 16C).
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Figure 16. Trastuzumab in vitro treatment activates CD16+ NK cells in human breast tumor-derived
multicellular cultures. Multicellular suspensions obtained after digestion of treatment-naive breast tumors were
cultured with or without trastuzumab, and IL-2 (200 U/ml). After 24 hours, CD137 expression in tumor-infiltrating
NK cells was measured by flow cytometry. A Proportions of CD137+ cells within CD16*, CD16:CD103* and
CD16°CD103" NK cell subpopulations in a representative breast tumor derived multicellular culture treated with
two different doses of trastuzumab (Tz, 210 ng/ml or 1 pug/ml). B Proportions of CD137+ cells within CD16+,
CD16° CD103* and CD16° CD103  NK subpopulations in tumor cultures treated or not with 210 ng/ml
trastuzumab (n=9). Asterisks indicate statistical significance by one-way ANOVA test. C Dot plots showing
CD137 expression in CD16*, CD16*CD103* and CD16°CD103" NK cell subsets from a representative sample.
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We next analyzed the functional profile of the different TI-NK subpopulations in three
treatment-naive breast tumors upon sorting and bulk RNAseq analyses (Fig. 17A).
For comparative purposes, CD56"9" and CD56%9™ NK cells were also sorted from
paired blood samples (Fig. 17B). The three TI-NK cell subsets showed remarkably
similar transcriptomes, with hundreds of genes differentially expressed in pair-wise
comparisons (Fig. 17C) and with only 23, 51 and 68 genes uniquely expressed by
CD16%, CD16CD103 and CD16CD103* TI-NK cells, respectively (Fig. 17D).
Biological pathways enriched in the CD16- CD103" TI-NK cells subset included cell
migration and cellular defense response, whereas lymphocyte activation and NF-kB
signaling were prominent in CD16°CD103", and lymphoid and non-lymphoid cell
interactions in CD16" TI-NK cell subset (Fig. 17E).

CD16" TI-NK cells showed increased expression of transcription factors involved in
NK cell lineage commitment, particularly ZEB2, EOMES, and TBX21 (T-bet), similar
to circulating CD56dim NK cells. ZNF683 (Hobit) was upregulated in CD16°CD103*
TI-NK cells, while LEF1 was prominent in CD16-CD103- TI-NK cells and circulating
CD569nt NK cells (Fig. 18).

Moreover, CD16°CD103* cells showed the highest expression of IFNG and CCL5
followed by CD16" TI-NK cells. Notably, CD16°CD103" TI-NK cells also exhibited
high expression of CCL3L1, XCL1, XCL2, IL32, CSF1 and LTA, as far as IL9R, and
adhesion molecules as CD151 and CD9. CD16* TI-NK cells were characterized by
the high expression of cytotoxic effectors such as GZMB, PRF1, FASL, and
TNFSF10, KIR receptors (e.g., KIR2DL4, KIR3DL2, KIR3DL1, and KIR2DL3), and
chemokine/cytokine receptors like CXCR1 (Fig.18).

Finally, CD16°CD103" TI-NK cells showed high expression of IL7R, IL23R, IL2RA,
CCR7, and CCRS, as well as LEF1, CSF2, CCL22, and TNFSF13B, which points
to the inclusion of ILC3 cells (Fig18).
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Figure 17. Transcriptomic analysis of circulating and tumor-infiltrating NK subsets. Paired blood and
tumor biopsies were obtained from three breast cancer patients. RNA-seq analysis was performed on sorted
NK cell subsets. A Patient demographics and tumor clinicopathological features. B Gating strategy for sorting
circulating and tumor-infiltrating NK cell subsets (within DAPI- CD45* CD56* CD3" lymphocytes). C DEG in
pairwise comparisons of the distinct tumor-infiltrating NK (TI-NK) cell subsets (p < 0.05 and [log2(fold
change)|>1). D-E) Number of (D) and biological processes analysis (E) using unique TI-NK cell subset-specific
genes (p-value < 0.05 and log2(FC) > 1 in only one of the three one-to-one comparisons).
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Figure 18. Transcriptomic profiling of CD16+, CD16-CD103+, and CD16-CD103- tumor-infiltrating NK (TI-
NK) cell subsets and paired circulating NK cells. Total RNA was extracted from sorted CD16*, CD16
CD103* and CD16™ CD103" TI-NK cells (within DAPI- CD45* CD56* CD3" lymphocytes) from breast tumors as
well as from CD569" CD16- and CD569™ CD16* circulating NK cells from paired blood samples and analyzed
by RNA-seq. The heatmap shows z-scores of log2 counts per million (CPM) expression of differentially
expressed genes in the indicated NK cell subsets. Asterisks indicate genes differentially expressed in at least
one TI-NK cell subset.
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These findings were complemented by a Gene Set Enrichment Analysis (GSEA),
which compared the distinct TI-NK cell transcriptomes against previously described
profiles of circulating and tonsillar NK, ILC1, and ILC3 cells (187). Gene Enrichment
Set Analysis (GSEA) revealed that CD16" TI-NK cell gene expression profile
significantly overlapped with that of circulating CD569™ NK cells, CD16-CD103*
TI-NK cell aligned with ILC1 whereas CD16°CD103" TI-NK cells resembled the
immunoregulatory ILC3 population (Fig. 19).

Enrichment NK Enrichment NK Enrichment ILC1
NES: 2,93 NES: 2,96 NES: 2,44
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Figure 19. Gene set enrichment analysis of RNAseq data from TI-NK cell subsets compared to liver and
intestinal CD56%™ NK/ILC/ILC3 Pre-ranked gene set enrichment analysis (GSEA) was performed using RNA-
seq data from the different TI-NK cell subsets and those published in (GSE78897). NES: normalized enrichment
score; FDR: false discovery rate.

Altogether, these data support a lineage relationship between CD16* and CD16"
CD103* tumor-infiltrating NK cells in human breast tumors, with both subsets
capable of CCL5/IFN-y production. Furthermore, the evidence also highlighted the
regulatory profile of the CD16-CD103" subset, reminiscent of regulatory ILC3.
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6. Specialized tumor-infiltrating NK cell subsets associate to

distinct immune microenvironments in human breast tumors

The potential

subpopulations and major T cell subsets were next evaluated by analyzing the
expression of CD45, CD3, CD56, CD16, CD103, CD4, CD8, PD1, NKG2C in a

prospectively collected cohort of 84 fresh breast tumor samples (Figure 20: cohort

description; Figure 21: gating strategy).

Figure 20. Clinicopathological features of tumor specimens included in flow cytometry analysis of

immune infiltrates.

associations between the distinct tumor-infiltrating NK cell

Type of cohort | Prospective
N® of patients 84
Median Age 63
Tumor size (nf%)
T1 30 (36%)
T2 42 (50%)
T34 5 (6%)
MNA 7 (8%)
Lymph MNode status
NO 49 (58%)
M+ 2T (32%)
NA 8 (10%)
Tumor grade

11 (13%)

36 (43%)

29 (35%)
NA 8 (9%)

Tumor subtype

HRA 16 (19%)
HRB 38 (45%)
HER2 20 (24%)
TN 10 (12%)

60




RESULTS

_NKcells
i oo 5_‘.33
< o1l S| o
aq ] T i L i g -
2 coums 3
L 5,58 Single Cells e o
. 99,8 e Lo O
FSC-A FSC-H CD45-AF700 CD3-PerCP
NK Cells
CD16+ CD16-CD103+ DN
o {65 545 7,96 11 Q10 a1 Q10 a1 Q1o
= :
2 cD16+ . 11 0 . 14,6 1,17 . 0 5,88
g - 3 m g
= (8] "t [§] (8]
o 1 & sl &
g of 't ol i g
2 "IDN ¥ CD103+ 1@. Q9 ' q1:%ﬁ_:- Q9 az" e Q9
g 01 541 A 0.79 Je3s T 058 .94 0
CD103-FITC PD1-PEefluor610 PD1-PEefluoré10 PD1-PEefluor610
T Cells
CD8 T cells CD4 T cells
65,7 3,05 262 271 0,39 2,40
B
5] = 2
(ST o o
w | ]
5 S| 3
a " o) : o)
o Of dgisiauadsi. o
I'._j-'.!.59 i R 37,6 36,9 334 73,7
CD8-HV500 PD1-PEefluoré10 PD1-PEefluor610

Figure 21. Gating strategy followed for analysing NK and T cell subsets in human breast tumors. Fresh
breast tumor specimens (n=84) were processed and stained with a combination of antibodies specific for CD45,
CD3, CD56, CD8, CD4, CD16, CD103, NKG2C and PD1 and analyzed by flow cytometry. DN: double negative.

Data from 18 randomly selected tumors were used for an initial t-SNE unbiased
clustering analysis and PhenoGraph subsequently used for the identification of the
resulting 21 clusters, which were then manually grouped into ten major lymphocyte
subsets. Among NK cells, CD16" was the major subpopulation (clusters 2, 4 and 5),
followed by CD16CD103 subset (cluster 20), and the CD16°CD103* fraction
(cluster 13). Among T cells, CD8* and CD4* T cell clusters were further subdivided
into CD103*PD1*, CD103PD1*, and CD103PD1 subpopulations. A significant
cluster of cells was negative for all analyzed markers (cluster 3), presumably B
lymphocytes (Fig. 22).
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Figure 22. Unbiased identification of tumor-infiltrating lymphocyte subsets in treatment naive breast
carcinomas. Fresh breast tumor specimens (n=18) were processed and stained with a combination of labelled
antibodies specific for CD45, CD3, CD56, CD16, CD8, CD4, PD1, CD103 and NKG2C and analyzed by Flow
cytometry. A tSNE visualization of lymphocyte subsets (DAPI- CD45*) within the breast tumor immune infiltrate.
B Phenograph clustering of lymphocyte subsets. C Combined phenograph and manual clustering of major
lymphocyte subsets. Red and blue indicate high and low marker expression, respectively.

Data of all identified subsets were collected from the 84 analyzed tumors and the
relative frequency of the three NK cell subsets was correlated with the different T
cell subsets. CD16" TI-NK cells were the predominant subset (Fig. 23A) and
positively correlated with total TI-NK cell abundance yet did not show any additional
correlation with any other lymphocyte subset (Fig. 23B). Strong positive correlations
were observed between CD16°CD103* TI-NK cells and CD103* T cells (CD8* and
CD4") (Fig. 23B). The combination of CD16* and CD103* TI-NK cells were inversely
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correlated with total CD4* T cells but positively correlated with total and
CD103*CD8* T cells (Fig. 23B). In contrast, CD16 CD103" subpopulation exhibited
a negative correlation with total TI-NK cells and associated with decreased CD8+,
CD103*CD8", and CD8*PD1* T cells, and increased CD4* T cells (Fig. 23B). Similar
correlations were found in the specific analysis of HER2-positive tumors (n=20) (Fig.
23C). Analysis by breast cancer subtypes showed no significant differences in

immune subpopulation distribution across tumors (Fig. 24).
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Figure 23. Association of specialized tumor-infiltrating NK cell subsets with distinct immune contexts
in human breast tumors. Fresh breast tumor specimens (n=84) were analyzed by flow cytometry using
antibodies specific for CD45, CD3, CD56, CD8, CD4, CD16, CD103, NKG2C, and PD1. A Frequency of CD16",
CD16°CD103*, and CD16°CD103" tumor-infiltrating NK (TI-NK) cell subsets in treatment-naive tumors. B-C
Spearman’s correlation heatmaps illustrating the correlation between TI-NK cell subsets and other major
tumor-infiltrating lymphocyte subsets in (B) all breast tumors (n=73-84) and (C) HER2-positive tumors (n=20).
Asterisks label significant correlations. Statistical significance is indicated as follows: ****p < 0.0001; ***p <

0.001; **p < 0.01; *p < 0.05.

In conclusion, CD16" and CD16'CD103* TI-NK cell subsets were associated with
immune infiltrates enriched in tissue-resident memory T cells, supporting their
potential role in anti-tumor immunity. Conversely, the CD16°CD103" TI-NK subset,
resembling regulatory ILC3 cells, correlated with immune infiltrates characterized by

elevated CD4/CDS8 T cell ratios.
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A Lum A Lum B HER 2 N p
n=16 n=38 n=20 n=10
CD45+ DAPI- 2.6(0.46.5) 6.8 (0.3-39.6) 3.8 (0.18-17.1) 6.6 (0,4-33.3) 0.27
D5+ Teells (CD3+) 75.9(31.597.3) 79.7 (38.4-94.5) 80.3 (50.4-89.3) 71.3 (20.7-88.8) 0.306
NK cells (CD56+CD3) | 7.9 (0.5-30.3) 6.2(12:23.8) 8(1.3-19.1) 88(1440.7) | 0583
DAPI- |CD3+CD56- 1018 (0823.1) | 12.15(19553) | 98 (2.136.1) 176(4353) | 0.164
CD16+NK 68.1(33.2929) | 539(19.9947) | 469(92928) | 505(6.7837) | 0.048
056 Cpa. |CDLEBHCDI6 NK 16.3 (043.6) 24 (3.2-75) 281(22677) | 315(339.8) | 0381
fhead CD16-CD103- NK 23 (5.7-95.2) 28.5(4.982.1) 28.4 (0-76.6) 24.5(1.2-52.4) 0.835
(D16+&(CD103+ NK 79.2 (44.8-100) 72 (17.995.1) 71.8 (23.4-100) 75.5 (47.6-98.8) 0,599
(D103+T 24.9(0.567.1) 20.6 (6.2-55) 24 (1.4-79.3) 22.2 (13.444.5) 0.840
CD8+T 433(235782) | 41.9(226621) | 429(155812) | 351 (24517) | 0323
CD4+T 496(158743) | 51(318742) | 506(10679) | 57.4(39376) | 0417
CD3+  |CD8+CD103+T 19.8(0.566.7) 15.2 (2.546.5) 19.5(2.2-76.3) 156.3 (7.2-28) 0.933
CD8+PD1+T 338(19.4756) | 28(12571) | 313(112:812) | 265(16462) | 0753
CD4+CD103+T 2.9(0.26.1) 42(1.1-119) 4(0.8-938) 5(158) 0.154
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Figure 24. Immune infiltrate composition across breast cancer subtypes. Fresh breast tumor specimens
(n=84) were processed and stained with a combination of antibodies specific for CD45, CD3, CD56, CD8, CD4,
CD16, CD103, NKG2C and PD1 and analyzed by flow cytometry. A Median (range) percentage of the indicated
lymphocyte subsets in tumors stratified by molecular subtype. Significant differences are indicated. B-D

Distribution of the indicated lymphocyte subsets across molecular subtypes, shown as violin plots.
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7. Early increase in serum CCL5/CXCL9 as an early predictor of
response to neoadjuvant anti-HER2 therapy in HERZ2-positive

breast cancer patients with NK cell-rich tumors

We next explored whether changes on CCL5/IFN-y-CXCL9/CXCL10 cytokines
could be detected at systemic level, thus serving as a potential biomarker for

treatment response.

A B
Type of Cohort| Baseline |Post-Chemo Baseline chemokines
o . 79 patients
N2 of patients 79 32 (47% pCR=G5)

Mean Age 58 57
Tumor size (n/%, / \

T1-2 63(80%) | 29(91%) —
s Bi0m | 3o | | sondidlsemries e
NA 8(10%) 0 pCR=G5) 44 patients(*)
Lymph Node status (n/%)
NO 30(38%) | 11(34%)
N+ 44(56%) | 21(66%)
NA 5 (6%) 0
Histological type (n/%)
DIC 69 (87%) | 29(91%)
Others 10 (13%) 3(9%)
Histological Grading (n/%)
G1-G2 38(48%) | 11(34%)
G3-4 33(42%) | 20(63%)
NA 8 (10%) 1(3%)
Hormonal status
ER+ 57(72%) | 23(72%)
ER- 22(28%) | 9(28%)
PR+ 38(48%) | 17(53%)
PR- 41(52%) | 15(47%)
Ki 67 index (n/%)
<20% 9(11%) 2(6%)
220% 63 (79%) 30 (94%)
NA 8 (10%) 0

Anti-HER2 (n/%)
Trastuzumab 38 (48%) 14 (44%)
Dual anti-HER2| 41(52%) | 18(56%)

Chemo regimen (n/%)
Anthracyclines| 43 (54%) 26 (81%)

Taxanes 9(11%) 5(16%)
NA 27 (34%) 1(3%)
pathological Clinical Response
pCR 37(47%) | 18(56%)
no pCR 42(53%) | 14(44%)

Figure 25. Clinical features of HER2-positive breast cancer patients undergoing neoadjuvant anti-HER2
therapy included in serum chemokine analysis. CCL5, CXCL9, and CXCL10 levels were measured by
ELISA in longitudinal serum samples collected before treatment (baseline, n=79) and after 3 chemotherapy
cycles (post-chemo, n=32). Data from TILs and TI-NK cells was available for 44 tumor biopsies. A
Clinicopathological features of the patients included in the serum chemokine analysis. B Scheme indicating the
number of baseline and paired longitudinal serum samples for each time point; the percentage of pathological
complete response (pCR) in each patient group; and patients with TILs and TI-NK cell data available. DIC:
ductal carcinoma; ER: estrogen receptor; PR: progesteron receptor.
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For this purpose, serum samples from a cohort of HER2-positive breast cancer
patients were prospectively collected at baseline (n=79) and following three cycles
of neoadjuvant chemotherapy (n=32). Data on TIL scores and TI-NK cell numbers

was available for some cases (n=44) (112) (Fig. 25).

CCLS5, IFN-y, CXCL9, and CXCL10 serum levels were measured by ELISA analysis.
IFN-y was not detected in any serum sample (data not shown). For assessing the
reliability and reproducibility of CCL5, CXCL9, and CXCL10 ELISA assays, a subset
of 34 samples was subjected to independent, duplicate testing. The results
demonstrated a high degree of concordance between the replicate measurements,

confirming the robustness and reproducibility of the determination (Fig. 26).

CCL5 ng/ml CXCLS pg/mi CXCL10 pg/ml
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Figure 26. Inter-assay reproducibility of serum CCL5, CXCL9, and CXCL10 ELISA measurements.
Chemokine levels in 34 serum samples were measured by ELISA in two independent ELISA assays. Pearson's
correlation coefficients are shown for the two independent assays of each sample.

Analysis of serum CCL5, CXCL9 and CXCL10 levels revealed no statistically
significant differences at baseline or after three cycles of neoadjuvant chemotherapy
when comparing patients who achieved pathological complete response (pCR)
(G5), those with a good response (G4), and those with poor responses (G1-G3)
(Fig. 27).

66



RESULTS

Basellne

G1-3 G4 G5

n=27 n=15 =37 p
CCLS [ng/ml) 82 [6-174) | 81(18-223) | 76 [7F201) ns
CMCL10 [pefml) |156(37-626)) 163 (66-363) (162 (13-1215) ns
C)(CL&[pg_,-’mI:l 232 (0-1524)] 316 (0-724) 383 (0-148%9) ns

Post Chemotherapy

G1-3 G4 G5

n=2-9 n=6 =17 p
CCLS [ngfmil) 79 (5-137) |122 [19-217)| 126 [14-265) ns
CIELID[p&,I’mIJ 159 [66~-280)| 154 [7E-340)| 151 [6-664) ns
CXCLY [pefml) | 273 [60-646)] 116 [0-386) | 200 [0-1364) ns

Figure 27. Serum chemokine levels in HER2-positive breast cancer patients. Systemic CCL5, CXCL9, and
CXCL10 levels were measured by ELISA in serum samples collected at diagnosis (baseline) and after three
months of neoadjuvant chemotherapy (post-chemotherapy). Data are stratified by response to neoadjuvant
anti-HER2 therapy according to Miller-Payne criteria. Statistical analysis was performed using a Kruskal-Wallis
test. Median (minimum and maximum) chemokine levels for each group are shown in parentheses.

However, patients exhibiting favorable responses to treatment (G4 and G5 groups)
showed a coordinated increase in all three chemokines (CCL5, CXCL9, CXCL10)
after three chemotherapy cycles as compared to those with poor responses (G1-G3)

(Fig. 28).
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Figure 28. Early increase in serum chemokine levels as potential biomarkers of response to neoadjuvant
anti-HER2 therapy in HER2-positive breast cancer. CCL5, CXCL9, and CXCL10 levels were measured by
ELISA in paired baseline (pre-treatment) and post-chemotherapy serum samples from patients undergoing
neoadjuvant anti-HER2 therapy. Patients were stratified as good (G4 and 5) or poor (G 1-3) responders.
Statistical significance was determined by Mann-Whitney U test.
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Remarkably, high numbers of TI- NK cells were present in the diagnostic tumor
biopsies of patients who achieved pCR (G5 group) (Fig. 29A), positively correlating
with systemic levels of CCL5 and CXCL9 post-chemotherapy (Fig. 29B).
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Figure 29. Correlation of systemic chemokines with tumor-infiltrating NK (TI-NK) cells. A TIL score and
TI-NK cell numbers in diagnostic biopsies of the analyzed cohort, stratified by Miller-Payne response grade.
Statistical significance was determined by the Mann-Whitney U test. B Spearman’s correlation coefficient
between baseline TIL score and TI-NK cell numbers, and post-chemotherapy CCL5, CXCL9, and CXCL10
levels. Significant correlations are indicated by an asterisk.

Collectively, these results underscore the pivotal role of TI-NK cell activation by
anti-HER2 antibodies as a key driver of CCL5/IFNG-CXCL9/10 axis and the
subsequent recruitment of additional immune effectors, ultimately contributing to

the therapeutic benefits of anti-HER2 antibodies.
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RESULTS

1. Association between the CD16A-158V/F genotype and clinical

response to neoadjuvant anti-HER2 antibody treatment

We have previously described two potential biomarkers for response to neoadjuvant
treatment with anti-HER2 antibodies in HER2-positive breast cancer patients: the
CD16A-158 V/F polymorphism and the percentage/numbers of CD57* NK cells
(148). In this work, the described biomarkers were reassessed by analyzing a new
cohort of HER2-positive breast cancer (BC) patients (n=74) undergoing neoadjuvant
treatment with anti-HER2 antibodies as a validation cohort. The combined data from
the originally described cohort (148) and the one here presented, showing similar
clinicopathological characteristics (Fig. 30), was also analyzed to increase the

overall cohort size.

Discovery Validation Total
Patients (n)
66 74 140
Age mean (years)
58 60 59
Tumor size (n)
T1-T2 51 (T7%) 47 (64%) 94 (67%)
T3-T4 15 (23%) 22 (30%) 37 (27%)
Lymph node status (n (%))
NO 25 (38%) 37 (50%) 62 (45%)
N+ 41 (61%) 35 (47%) 75 (54%)
Ki67 index (n (%))
<20% 8 (12%) 10 (14%) 18 (13%)
220% 57 (86%) 59 (80%) 115 (82%)
PCR (n (%))
Yes 27 (41%) 32 (43%) 59 (42%)
No 37 (56%) 39 (53%) 78 (56%)
DFS
Median (IQR) 92.7 (85-101) 60.2 (35-68) 79.2 (96-96)

Fig. 30. Characteristics of the HER2-positive breast cancer patient cohorts included in the study. A
Discovery cohort as previously described in Muntasell et al (148). The validation cohort includes new patients
prospectively recruited. Total cohort is the combination of both.

The distribution of the CD16A-158V/F genotype conformed to the Hardy—Weinberg
equilibrium in all cohorts (Fig 31), even though the F/V:F/F ratio was higher in the

validation cohort compared to the discovery cohort.
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Fig. 31. Distribution of CD16 158 V/F genotypes in the three cohorts evaluated. Discovery cohort: n=61
MAF:0.33; Validation cohort: n=61 MAF:0.38; Total cohort: n=122 MAF:0.34. (MAF: minor allele frequency).

Patients with the F/F genotype from the discovery cohort showed a lower likelihood
of achieving pCR in comparison with those with the F/V genotype. However, no
difference was observed between F/F and V/V genotypes, likely due to the small
number of V/V patients analyzed (n=8) (Fig. 32A). In contrast, in the validation
cohort, V/V homozygous patients showed a significantly higher likelihood of
achieving pCR compared to both F/V and F/F genotypes (Fig. 32B), a finding
confirmed in the combined analysis of both cohorts (Fig. 32C).

A Discovery B Validation c Total
=PCR_ p=0.004 p < 0.0001 p =0.001
B3 No pCR p < 0.0001
p=0.0002 p=0.02 OR: 7.9 (4.2-14.6) p = 0.0006
(1.7-5.5) (1.2-3.6) OR: 4.7 (2.6-8.9) | p=0.02 |
w 07 _ 80 1 — o 801 OR:21(1.2-36)
E 60 60 604
& 40 40 - 40
= 201 H H 20 - H |-| 20
0 0 0-
FIF  FIV VN FF Fv Vi FIFFV VIV
n= 30 20 8 21 28 9 51 48 T

Fig. 32. Association between CD16A-158V/F genotype and pCR achievement. Proportion of patients
grouped according to their CD16A-158V/F genotype and stratified based on pCR achievement. Significant
p-values, Odds Ratios (OR) and 95% Confidence Interval (in parenthesis) are indicated by Fisher’s exact test.
Bold p-values correspond to the overall significance according to Chi-square. A Discovery cohort. B Validation
cohort. C Total cohort.In all graphs n indicate the absolute number of patients for each genotype.
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The influence of the CD16A-158V/F genotype on disease-free survival (DFS) and
overall survival (OS) was also investigated by comparing DFS and OS across all
three genotypes and by grouping patients carrying at least one copy of the CD16A-
158V allele. Patients with the low affinity F/F genotype showed higher risk of relapse
compared to those with F/V or V/V genotypes (Fig. 33). While similar trends were
observed in both cohorts individually, statistical significance was reached when data
from both cohorts were combined, with F/F genotype associated with 7.24-fold
increased risk of relapse than patients carrying the V allele (Fig. 33C). The lower
number of relapses observed in the validation cohort compared with the discovery

cohort is likely influenced by the clinical shift in adjuvant therapy, as from 2019

non-pCR patients received trastuzumab-emtansine (T-DM1) instead of
trastuzumab, following the results of the KATHERINE trial (135).
A Discovery B Validation c Total
p=0.018
100 A Y 100 T AR P 100_
80 807 — - 807 — FIF n=38
FIF n=13
— F/F n=2 =
P 60{ _ £ "2 60— FIV n=22 g0 — F/V =41
Qo _ - — V/V n=9 — VIV n=17
* 404 VIV n=8 401 401
204 201 20‘ F/F vs F/V: p= 0.042
HR: 4.65 (1.06-20.52)
0 1 T 1 1 I T 1 0 T 1 Ll |l T T 1 0 T T T T T T 1
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2401 40 401
20 204 p=10.026 20 p=10.01
0 HR: 32.53 (1.52-696.3) . HR: 7.24 (1.58-33.11)
0 20 40 60 80 100120 140 0o 20 40 60 80 100120 140 0 20 40 60 80 100 120 140
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Months Months

Fig. 33. Association between CD16A-158V/F genotype and DFS. Patients were grouped according to their
CD16A-158V/F genotype and by grouping patients carrying at least one V allele. Log-rank test for trend was
used for statistical analysis in three group comparisons. Log-rank test (Mantel-Cox) was used in two group
comparisons. Statistically significant P values, Hazard Ratios (HR) and 95% Confidence Interval (in parenthesis)
are indicated. A Discovery cohort. B Validation cohort. C Total cohort.
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The association of CD16A-158 V/F genotype with OS showed similar results (Fig.
34). Altogether, these results indicate that patients with primary HER2-positive
breast cancer who carry the CD16A-158V allele display higher rates of pCR and
lower risk of relapse after neoadjuvant treatment with anti-HER2 antibodies,

compared to patients with the F/F genotype.

A Discovery B Validation c Total
=0.018
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807 — F/F n=25 809 — F/F p=13 801— FiF n=38
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o — VIV n=8 — V/V n=9 = VIV n=17
=2 407 40 40
20 204 204 F/F vs F/V: p=0.044
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Fig. 34. Association between CD16A-158V/F genotype and OS. Patients were grouped according to their
CD16A-158V/F genotype and by grouping patients carrying at least one V allele. Log-rank test for trend was
used for statistical analysis in three group comparisons. Log-rank test (Mantel-Cox) was used in two group
comparisons. Statistically significant P values, Hazard Ratios (HR) and 95% Confidence Interval (in parenthesis)
are indicated. A Discovery cohort. B Validation cohort. C Total cohort

2. Reassessment of circulating CD57* NK cells as a biomarker of

resistance to neoadjuvant anti-HER2 antibody treatment

The second set of biomarkers previously described included the proportion and
absolute numbers of circulating CD57* NK cells, which showed an inverse
association with pCR achievement (148). With the objetive of validating both
biomarkers of primary resistance to anti-HER2 antibodies, percentages and
absolute numbers of CD57* NK cells were analyzed in the validation cohort,
together with NKG2C and NKG2A receptors by multiparametric flow cytometry
(Fig.35).
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Fig. 35. Gating strategy for the characterization of circulating NK cell repertoire in HER2-positive breast
cancer. PBMC were isolated from blood of HER2-positive breast cancer patients, stained for CD45, CD56,
CD3, CD16, CD57, NKG2A and NKG2C and analyzed by flow cytometry. Every marker was analyzed in the
CD56dim NK cell population following the indicated strategy.

As for the CD16A-158F/V genotype, the analysis of the NK cell repertoire and
clinical outcomes was performed in each patient cohort by separate and upon
combination. In agreement with our original report, no differences in the percentage
and absolute number of circulating NK and T cells nor in the distribution of the
circulating CD569" and CD569™, CD16*, NKG2C* and NKG2A* NK cell subsets
were detected between patients achieving or not pCR (Fig.36 and data not shown).

Discovery Validation Total
Marker pCR No pCR p pPCR No pCR p pCR No pCR p

% NK 12,5 (4-37) 16,5 (4-47)0.07| 12,1 (3-40)| 12,3 (3-40)0.70| 12,3 (3-37) 14 (3-47)0.23

% CD56dim NK | 93,6 (67-99) 94,7 (80-98)0.15] 93,4 (66-100)| 91,6 (70-98)0.07{ 93,4 (67-100) 93,3 (70-98 0.80

% CD56bright NK 6,2 (1-33)) 5,1(1-19)0.16 6,6 (0-14) 8,4 (2-26)0.06 6,6 (0-33) 6,7(1-26 0.89

CDES%Cms 91,7 (31-99)| 93,3 (75-99) 0.28| 921 (66-98)| 89,8 (54-96)/0.25| 91,9 (31-99) 91,9 (54-99 0.99
dim

NK [ ZNKG2A 44 8 (14-70)[ 40,6 (13-75)0.33| 289 (1-62) 43,5(2-98)007, 41,6 (1-70) 41,9 (2-98 0.40

%NKG2C 17,1 (0-66)] 11,4 (0-73)0.47 99 (0-76) 99 (0-91)0.90[ 121 (0-76) 11 (0-91 0.87

Fig. 36. Association between between NK markers and pCR achievement. The mean percentage of each
marker is indicated (minimum-maximum). Patients were grouped by pCR achievement. No comparison was
statistically significant using the Mann-Whitney U test (p is indicated).
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Analyses of the validation cohort did not confirm the association between the
frequency and absolute numbers of CD57* NK cells and the rate of pCR (Fig. 37B),
observed in the discovery cohort (Fig.37A). However, when both cohorts were
combined, the significant association between a high percentage of CD57* NK cells

and lower pCR rates persisted (Fig. 37C).
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Fig. 37. Association between CD57* NK cell numbers and pCR achievement. Patients were grouped
according to their CD569™ CD57* percentage or absolute numbers and divided in two groups depending on the
achievement of pCR. Statistical significance by Mann-Whitney test is indicated. A Discovery cohort. B Validation
cohort. C Total cohort.
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For the analysis of the potential impact of CD57* NK cells on long-term clinical
outcomes (DFS and OS), the clinical follow-up for all patients was updated and
patients were stratified based on high and low CD57*" NK cells, based on the
previously described thresholds (148). An association between high numbers and
percentages of CD57* NK cells and increased risk of relapse was observed in the
discovery cohort (Fig. 38A) yet not supported by data from the validation cohort (Fig.
38B). In the combined analysis, frequencies of CD57* NK cells but not their absolute
numbers showed a significant impact on the probability of DFS (38C).

A Discovery B Validation c Total
100 . s 100 -I 100-
H _H
80- 80+ 80
(7] = CD57low (%) n=37 %) — CD57low (%) n=46 | — o) n=
604 — . 60— ow (%) n o 60 CD57low (%) n=83
= CD57high (%) n=20 & CD57high (%) n=7 W |== CD57high (%) n=27
*® 40 2 40 <401
204 p=0.014 20 204 p =0.035
HR: 20.3 (1.8-224) HR: 21.2 (2.7-164.7)
0 T T T T T T 1 0 T T T T T T 1 0 T T T T T T 1
0 20 40 60 80 100 120 14 0 20 40 60 80 100120 140 O 20 40 60 80 100 120 140
Months Months Months
10 2 = mr 100l 100
I__I— I
80- 80- 804
4 60 — CDS57low (cell/ul) n=36 & 60— CD57low (cell/ul) n=34 {2 60— cD57low (cell/pl) n=70
o CD57high (cel/pl) n=20 A CD57high (cell/uly n=12 2 CD57high (cell/ul) n=32
=401 32404 2404
204 p=0.016 204 20 ]
HR: 19.2 (1.8-210.4)
C T T T T T T 1 O T T T T T T 1 O T T T T T T 1

Months Months Months

Fig. 38. Association between CD57* NK cell frequency and numbers and DFS. Patients were stratified
based on either the 65% of CD57*CD56%™ NK cell (top) or 164 CD57* CD56%™ NK cells/ul (bottom) thresholds
or (left). A Discovery cohort. B Validation cohort. C Total cohort.

The analysis of overall survival (OS) largely mirrored the results for DFS (Fig. 39).
Statistical significance for the association between the frequency of CD57* NK cells
and OS was observed in the discovery cohort (Fig. 39A) and in the combined cohort

analysis (Fig. 39C), but not in the validation cohort (Fig. 39B).

The lack of significance of the association in the validation cohort may be attributed
to the low number of relapse events in the validation cohort (n=2).
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Fig. 39. Association between CD57+ NK cell frequency and numbers and OS. Patients were stratified based
on either the 65% of CD57*CD569™ NK cell (left) or 164 CD57* CD569™ NK cells/ul (top) thresholds or (bottom).
A Discovery cohort. B Validation cohort. C Total cohort.

3. CD16A-158F/F genotype and high CD57" NK cells as biomarkers

of relapse among patients failing to achieve pCR

On a patient level, pCR is strongly correlated with improved long-term outcomes
(132,190) (Fig. 40). This was sustained in both patient cohorts, where there as an
association between pCR and DFS (Fig. 40). In the validation cohort, the association
did not reach statistical significance, but the two relapses documented occurred in
patients failing to achieve pCR (Fig. 40).

We next investigated whether the CD16A-158F/V genotype and the frequency of
CD57* NK cells could help identifying patients at increased risk of relapse among
those who did not achieve pCR following neoadjuvant therapy. DFS data were first
analyzed by stratifying patients according to pCR status and CD16A-158V/F
genotype. Remarkably, within the No pCR group, patients with the low affinity F/F
genotype had a higher risk of relapse than carriers of the V allele in the total cohort
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[p=0.03, HR: 7.3 (95%CI: 1.7-32.5)]. Conversely, carriers of the V allele displayed a
lower relapse risk regardless of pCR status (Fig. 41A). Indeed, no relapses occurred
among patients with the V/V genotype during follow-up (data not shown). A similar
analysis stratifying patient by pCR status and CD57* NK cells showed that among
non-pCR patients, those with high CD57* NK cell frequencies had an increased risk
of relapse, reaching statistical significance only in the combined cohort [p=0.03,
HR:7.4 (95%Cl: 1.2-46.5)] (Fig. 41B).
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Fig. 40. Association of pCR and DFS. DFS was analyzed in patients stratified by pCR achievement. Log-rank
test (Mantel-Cox) was used for statistical analysis. P values, Hazard Ratios (HR) and 95% Confidence Interval
(in parenthesis) are indicated.

These findings strongly support the value of CD16A-158V/F dimorphism as a
prognostic biomarker for long-term outcomes in HER2-positive BC patients treated
with anti-HER2 antibodies, particularly among those who do not achieve pCR
following neoadjuvant treatment. Additionally, the frequency of CD57* NK cells may

further refine risk stratification within this high-risk patient subgroup.
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Fig. 41. Combined analysis of CD16A-158F/V genotype, CD57+ NK cell frequencies and pCR in relation
with DFS. Log-rank test (Mantel-Cox) was used for statistical analysis. P values were indicated when the
analysis reached statistical significance. A Samples were stratified by pCR achievement and CD16A genotype

B Samples were stratified by pCR achievement and CD57 levels (according to CD57" NK percentages).

4. Analysis of potential confounding factors influencing the

association between CD57" NK cell levels and pCR achievement

Factors that possibly influence the association between CD57 expression in
peripheral NK cells and pCR achievement in HER2-positive breast cancer patients
treated with anti-HER2 monoclonal antibody therapy were next analyzed (Fig. 42).
While both the CD16A-158F allele and a high number of CD57* NK cells were
independently linked to a poor treatment response, no significant relationship was
found between CD57 expression and CD16A genotype (data not shown).

The CD57 epitope is a sulfated carbohydrate post-translationally added to
glycoproteins and glycolipids (75). Acknowledging that CD57 expression can be

influenced by biological age (76), our study confirmed a correlation between CD57

80



RESULTS

levels and patient age within our cohorts (Fig. 42A). Despite the positive correlation
between CD57* NK cells and age, percentages of CD57* NK cells independently
associated with lower likelihood of response to HER2-specific antibodies in
multivariate analysis when adjusting by age in the discovery and the total cohort,
and remained without statistical significancy in the validation cohort [Discovery
cohort: p = 0.05, OR 1.04 (95% CI, 1.001-1.08); Validation cohort p = 0.37; Total
cohort p = 0.037, OR 1.03 (95% CI, 1.002-1.05)].
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Fig. 42. Analysis of potential confounding factors influencing the association between CD57* NK cell
levels and pCR achievement. A Linear correlation of CD57* NK cells (%) and patient age. Statistics for the
linear correlation are noted on each graph. B Association of adaptive (NKG2C*CD57*) NK cell counts (%) and
pathological response (no pCR and pCR).
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CD57, along with the activating receptor NKG2C, also marks a subset of NK cells
with adaptative features that expands during chronic viral infections, particularly
HCMV (73). To determine if this subset may be responsible for the observed
associations, the potential association between the percentage of CD57*NKG2C*
NK cells and pCR was analysed. No differences in pCR were found according to the
proportions of CD57* adaptive (NKG2C+) NK cells (Fig. 42B).

Taken together, these findings show that the influence of circulating CD57* NK cells
on the response to neoadjuvant anti-HER2 mAb-based treatment in patients with
primary HER2-positive breast cancer appears to be independent of both HCMV
infection status and CD16A genotype.

In summary, our results suggest that the CD16A-158V/F genotype refine prediction
of therapeutic benefit and relapse risk in HER2-positive breast cancer, whereas
circulating CD57* NK cells show limited and cohort-dependent value, underscoring

the need for further validation of their role as biomarkers.
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DISCUSSION

1. The CCL5/IFN-y-CXCL9/10 axis: integrating innate and adaptive

immunity

The TME of HER2-positive breast cancer constitutes a complex ecosystem where
immune cells interact with tumor cells, influencing disease progression and
therapeutic response. Our previous research reinforced the prognostic significance
of TI-NK in HER2-positive breast cancer, demonstrating a predictive power that
surpasses that of TILs. Notably, the absolute number of TI-NK cells within tumors is
frequently low, suggesting their antitumor effects may extend beyond direct
cytotoxic killing of malignant cells, possibly through modulation of the TME
(110-112,191,192). This thesis aimed to elucidate the biological pathways and
mechanisms underlying the prognostic and therapeutic significance of TI-NK in
HER2-positive breast cancer. Our data support a pivotal role for the
CCL5/IFN-y-CXCL9/10 chemokine axis in mediating NK cell-driven anti-tumor
responses and point to their potential value for optimizing the efficacy of anti-HER2

monoclonal antibodies.

By comparing the transcriptomes of HER2-positive breast tumors with high versus
low NK cell infiltration, we identified immune pathways that were significantly
associated with NK cell infiltration. The NF-kB and PKCB signalling pathways,
together with cytokines such as IL-12 produced by mature dendritic cells, are
essential for IFN-y production by NK cells. The upregulation of these pathways
suggests that TI-NK+ tumors possess a more immunologically active

microenvironment (193-196).

Beyond the role of IFN-y, our data reveal that TI-NK cells orchestrate the
coordinated production of a specific chemokine axis within the TME responsible for
recruiting other immune effectors. Mechanistically, we observed that anti-HER2
antibody-dependent activation of NK cells triggers the release of CCL5, IFN-y and
TNF-a, which collectively induce subsequent production of CXCL9 and CXCL10—
potentially by other cells within the TME—establishing a positive feedback loop that
may further recruit and activate effector cells (114).

Our data also highlight the heterogeneity of breast cancer cell lines in their

responsiveness to IFN-y, IFN-B and TNF-q, indicating that intrinsic differences in
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signalling or epigenetic states may influence tumor cell participation in
chemokine-mediated immune recruitment. Additionally, the impact of NK/ILC
repertoire in different tumor models may vary depending on the TME and its
complex regulation (197). This underlines the importance of understanding

patient-to-patient response variability

While the dependency of CXCL9 and CXCL10 production on IFN-y is well
established (198-200), this work provides novel evidence for a cooperative effect
between IFN-y and TNF-a. Furthermore, our results demonstrate that type-I
interferons can exert a context-dependent, dual effect on this axis: synergizing with
IFN-y and TNF-a to boost CCL5 and CXCL10 release, yet simultaneously
repressing CXCL9 production. This finding suggests that the delicate balance of
CCL5, CXCL9, and CXCL10 levels can become dysregulated under specific
conditions, potentially depending on TI-NK paracrine effects (201). An imbalance of
these cytokines and chemokines may promote tumor growth via autocrine signalling
(202-206).

Remarkably, both preclinical cancer models and studies in patients have shown that
CXCL9/10 blockade, via epigenetic silencing or soluble inhibitors, promotes tumor
progression (207,208), whereas coordinated secretion of this chemokine axis, as
seen in our in vivo model, significantly improves tumor control. Collectively, our
findings suggest that NK cell activation through ADCC during anti-HER2 therapy
initiates a coordinated chemokine cascade that enhances immune cell recruitment

and tumor clearance.

2. Functional diversity of TI-NK cell subsets

This study provides novel insights into the phenotypic and functional heterogeneity
of TI-NK cells. Three distinct TI-NK cell subsets were identified, characterized by
differential surface expression of CD16 and CD103. The different transcriptional
profiles of these populations suggest that each subset may have specific roles in
the TME.

The CD16* subset displayed a robust cytotoxic profile, supporting its role in
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mediating antitumor immunity in vivo (209). In contrast, the CD16CD103*
subpopulation exhibited a gene expression profile reminiscent of pro-inflammatory
ILC1s. This transcriptional signature suggests that these cells play a key role in
orchestrating antitumor immune responses within the TME. Additionally, this subset
expressed high levels of adhesion molecules, such as CD151 and CD9, which may
facilitate tissue residency, cell adhesion and migration, as well as interactions with
other immune and stromal cells in the TME (173, 210-212).

Importantly, both CD16* and CD16°CD103* subsets retain the capacity to produce
CCL5 and IFN-y, key mediators of antitumor immunity. The coordinated production
of these molecules by distinct NK cell subsets underscores their potential
contribution to the activation of the CCL5/IFN-y—CXCL9/10 chemokine axis. The
observed lineage relationship between CD16* and CD16°CD103* TI-NK cells,
supported by transcriptional and functional similarities, suggests a model of
sequential differentiation within the TME. Notably, anti-HER2 antibody therapy
induced the phenotypic remodelling in TI-NK cells in the in vivo murine model,
marked by increased CD103, concomitant with a decrease in surface CD16.
Circulating and TI-NK cells also displayed distinct different gene expression profiles,
indicating phenotypic plasticity as an adaptation to local cues within the TME. Our
data support a model in which circulating CD16* NK cells infiltrate the tumor and
become activated upon ADCC. After activation, a subset of NK cells downregulates
CD16. TGF-B present in the TME promotes the upregulation of CD103, promoting
these cells to acquire features of tissue residency and enhanced cytokine production
(notably CCL5 and IFN-y). This transition may be critical for sustaining local immune
responses, facilitating the recruitment of additional effector cells, and orchestrating
tumor immunity by promoting the antigen presentation and the differentiation of

macrophages and T cells to M1 and Thl phenotypes (21) (Fig.43).

Furthermore, the abundance of CD16* and CD16°CD103* subsets correlated
positively with the presence of CD8* CD103* T cells within the TME. This finding
supports the hypothesis that tissue residency programs are co-regulated across
lymphocyte lineages, potentially through shared exposure to local cytokines such
as TGF-B and IL-15, or through common transcriptional regulators (213). The spatial

and functional proximity of both populations may facilitate coordinated antitumor
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responses. The interplay between ILC1-like cells, NK cells and CD8* T cells may be
central to effective antitumor immunity, particularly in the context of antibody-based

therapies.
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Figure 43. Modeling the influence of TI-NK cells in the clinical efficacy of anti-HER2 antibodies in breast
cancer. Three different subsets of TI-NK cells were identified depending on the expression of CD16 and CD103.
CD16+ NK cells arrive to the tumor and become activated through ADCC upon neoadjuvant treatment with
trastuzumab and pertuzumab (Tz/Pt). Some of these cells downregulate CD16 and acquire the residency
marker CD103. CD16* and CD103" cells produce CCL5 and IFN-y. These molecules have an effect in bystander
cells from the TME, which have the capacity of producing CXCL9 and CXCL10, then recruiting other effectors
of the immune system, such as CD8* T cells, and potentially macrophages and dendritic cells. Created in
https://BioRender.com.

In contrast, the CD16"CD103 subset was characterized by a transcriptional program
similar to regulatory ILC3 cells, including genes linked to angiogenesis, and
immunoregulatory and protumoral functions, such as CSF1 and CSF2, implicated
in the recruitment of suppressor myeloid cells (MDSC) and tumor-associated
macrophages (TAM) (214-216). Elevated IL1B, while typically associated with a
proinflammatory profile, may reflect a chronic inflammatory state that supports tumor
progression (217). The chemokine profile of this subset was also regulatory, with
high levels of CCL22 (associated with T-reg recruitment and immunosuppression)

(218), CXCL8 (which attracts neutrophils and promotes tumor growth and
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angiogenesis) (219), CCL2 (recruiting TAM) (220) and CXCL10, which can have

dual roles depending on its coordination with other chemokines (203).

Together, these data highlight the multifaceted roles of TI-NK cell subsets in
antitumor immunity. The overall impact of their chemokine expression depends on
the balance between pro-inflammatory and immunosuppressive signals, the
composition of the immune infiltrate, and the responsiveness of tumor and stromal
cells to cytokine cues. This complexity underscores the importance of considering

NK cell heterogeneity when designing immunotherapeutic strategies.

A notable observation from our analyses is the remarkable homogeneity in the
composition of immune infiltrates across different molecular subtypes of breast
cancer. Regardless of HER2 and hormone receptor status, the proportional
representation and functional characteristics of these immune populations were
conserved. This suggests that the mechanisms governing NK cell adaptation, tissue
residency, and functional specialization are broadly applicable across breast cancer
subtypes, and that patients without overexpression of HER2, but with high infiltration
of NK cells, may benefit from anti-HER2 therapy or other immune-stimulatory

strategies.

3. Clinical implications: biomarker discovery and predictive tools
for anti-HER2 therapy

The clinical relevance of our findings is accompanied by the identification of several
potential biomarkers of response to treatment, which may improve the therapeutic
decision-making and cure rates in HER2-positive breast cancer patients. Notably, a
coordinated increase in serum CCL5 and CXCL9 levels after anti-HER2 therapy
correlates with favourable outcomes. While individual chemokine levels may not
independently predict treatment response, their coordinated upregulation may
reflect a heightened antitumor response, potentially driven by TI-NK cells, and could
serve as a valuable biomarker for monitoring treatment efficacy in HER2-positive
breast cancer (Fig. 44). Further investigation in a larger cohort is warranted to
validate these findings and to explore the clinical utility of this chemokine signature
as a predictive biomarker.
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Predictive biomarkers are needed for the early identification of patients at high risk
of relapse. The CD16A-158V/F polymorphism significantly impacts therapeutic
outcomes. The CD16 receptor in individuals homozygous for phenylalanine
demonstrates diminished affinity for IgG1 antibodies (68). Our research showed
clear trends regarding how this genetic variant impacts the success of anti-HER2
antibodies. We found a positive correlation between carriage of at least one V allele
and pCR achievement. This V allele was also linked to long-term DFS. NK cells from
patients homozygous for V have a CD16 with high affinity for trastuzumab and
pertuzumab, leading to enhanced activation and potentially increased capacity of
recruitment of other cells. Yet CD16A is not only expressed in NK cells; other
immune cells in the TME also carry the CD16A receptor, such as macrophages,
DCs and some T cells (yd T or specific af T cell subsets) (221-223). The improved
response to anti-HER2 therapy could also involve the activation of these other
immune cells. This suggests that additional immune mechanisms may contribute to
the observed association, specifically FcyR-dependent antitumor immunity. A more
efficient recognition of anti-HER2 antibodies by the CD16A receptor could lead to
better uptake and processing of antibody-coated cancer cells by antigen-presenting
cells. This, in turn, would improve the presentation of tumor antigens to T cells,
promoting the development of T cell memory and creating a long-term anti-tumor

"vaccine" effect (224).

Despite the lower relapse rate observed in the validation cohort compared with the
discovery cohort, likely influenced by the clinical implementation of
trastuzumab-emtansine (T-DM1) as adjuvant therapy for non-pCR patients after
2019, our findings support CD16A-158V/F genotyping as a valuable tool according
to current standard-of-care. It can help predict whether a patient will achieve pCR
and, importantly, help guide clinical follow-up for those who do not achieve a
complete response to neoadjuvant anti-HER2 antibody treatment. Interestingly,
even among patients in our study who did not achieve a pCR, carrying the V allele
was still a good indicator of long-term prognosis. Individuals homozygous for
phenylalanine who fail to achieve pCR have a higher risk of relapse and may benefit
of frequent monitorization of their disease or a change in the therapeutic approach
(Fig. 44).
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Figure 44. Possible biomarkers of response to anti-HER2 neoadjuvant treatment in HER2-positive early
breast cancer patients. The CD16A-158 V/F polymorphism, the amount of circulating CD57+ NK cells, and
the serum levels of CCL5 and CXCL9 are potential biomarkers described in this work that may help in the
prediction of response to neoadjuvant anti-HER?2 treatment. Carrying of a V allele, having low percentages of
circulating CD57* NK cells, and a coordinated increase of CCL5 and CXCL9 serum levels after three cycles of
chemotherapy are associated with favorable outcomes. The determination and standardization of these
potential biomarkers can help to improve therapeutic decisions and cure rates. Created in
https://BioRender.com.

Another potential biomarker of response to anti-HER2 antibodies is the proportions
of circulating CD57* NK cells. These CD57* NK cells are highly cytotoxic but exhibit
low proliferating capacity. In our previous work, a significant negative correlation
between numbers of circulating CD57* NK cells and TI-NK cells was observed in
HER2-positive breast cancer patients (112). Also, CD57* cells showed reduced
expression of CXCR3, the receptor for CXCL9 and CXCL10, and higher expression
of CXCR1 and CX3CR1 (148). Ligands of CXCR1 and CX3CR1 (fraktaline and
CXCL8) have been previously associated with metastasis in breast cancer
(225,226), while CXCL9 and CXCL10 were identified in our work as some of the
cytokines that link TI-NK with lower risk of relapse. However, while our previous
study initially reported that higher numbers of CD57* NK cells were associated to a
lower likelihood of achieving pCR, this same connection has not been observed in
our follow-up study. The sample size of both cohorts was small, making it difficult to
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obtain robust conclusions. Further studies are needed to consider this a reliable
biomarker of response to anti-HER?2 antibodies in HER2-positive breast cancer (Fig.
44). Of note, only blood samples at baseline, before any treatment, were studied.
The analysis of longitudinal samples could provide valuable insights about the
dynamics of CD57* NK cells along treatment and their relation with patient

outcomes.

4. Translational opportunities: strategies to amplify NK cell-

mediated anti-tumor responses

Given the important role of TI-NK cells and the CCL5/IFN-y-CXCL9/10 axis in
mediating effective anti-tumor responses to anti-HER2 antibodies, our findings
underscore the need for strategies that can increase NK cell infiltration and
activation and/or induce the coordinated activation of this chemokine axis. One of
the most direct approaches to overcome the scarcity of TI-NK cells is to enhance
their recruitment to the tumor microenvironment. While the adoptive transfer of NK
cells has shown promise in preclinical models and early-phase clinical trials
(227,228), this strategy faces significant logistical and manufacturing challenges,
particularly for widespread clinical application in solid tumors. Moreover, the
persistence and homing of transferred NK cells to tumor sites remain limited.
Genetic engineering of NK cells to express chemokine receptors is a possible
strategy to improve NK cell homing. For example, NK cells genetically engineered
to coexpress a CAR targeting folate receptor alpha and the chemokine receptor
CXCR3 showed enhanced migration toward CXCL10 and improved antitumor
activity against ovarian cancer cells, both in preclinical models in vitro and in vivo
(229). Such approaches could be explored and combined with anti-HER2 antibody
therapies to maximize therapeutic efficacy, although further optimization and safety

evaluation are needed before clinical implementation.

Beyond cell-based therapies, pharmacological strategies to induce or amplify the
CCL5/IFN-y-CXCL9/10 axis also exist. Several clinically approved drugs, with a
well-characterized safety profile, have been shown to modulate chemokine
expression and may be repurposed to enhance NK cell recruitment and effector
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function in tumors. Some examples include inhibitors of COX-2, STAT3, or DDP4.
Cycloooxygenase-2 (COX-2) inhibitors, such as celecoxib, have been reported to
increase CXCL9 and CXCL10 expression in the TME, thereby enhancing T and NK
cell infiltration (230,231). Inhibition of STAT3 signaling, frequently activated in breast
cancer and associated with immune exclusion, can upregulate CXCL9/10 and
promote immune infiltration (232,233). Finally, dipeptidyl peptidase-4 (DDP4)
inhibitors, commonly used in diabetes management, have been shown to enhance
CXCL10-mediated immune cell recruitment in preclinical tumor models (234). The
combination of anti-HER2 antibodies with these drugs in breast cancer patients
could be a strategy to increase NK cell numbers in HER2-positive breast tumors and
improve the clinical efficacy of anti-HER2 antibodies in patients with NK cell-desert

tumors.

Another strategy may imply local or systemic administration of IFN-y or agents that
stimulate endogenous IFN-y production, such as IL-12 (235,236), that could
enhance the production of CXCL9 and CXCL10 by tumor and stromal cells, thereby
facilitating the recruitment of NK cells and other effectors. However, the pleiotropic
effects on IFN-y on both immune and tumor cells necessitate careful evaluation of
dosing, delivery, and potential adverse effects, including immune-related toxicities
and the risk of inducing immune suppression or exhaustion in certain contexts, as
well as the combination with current therapies (237-239). Alternatively, the
intratumoral administration of recombinant chemokines (CCL5, CXCL9, CXCL10)
might directly recruit effector cells without relying solely on upstream cytokine
signalling. Such approaches are being explored in preclinical models and could offer
a more targeted means of modulating the immune tumor landscape (240,241). Of
note, intratumoral treatment has been tested in melanoma and in squamous cells
carcinoma. However, future investigations are needed to translate this approach
into clinical reality, especially refining the delivery technique, evaluate the potential

adverse effects and the efficacy within the complex TME (242-245).

In summary, our findings highlight the critical role of TI-NK cells and the
CCL5/IFN-y-CXCL9/10 axis in orchestrating effective anti-tumor immunity. We have
shown that the interplay of specific chemokine and cytokine pathways, alongside

the dynamic phenotypic changes of TI-NK cell subsets, are crucial for successful
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anti-HER2 therapy, paving the way for future immunotherapeutic interventions
aimed at improving outcomes for HER2-positive breast cancer patients. In addition,
the identification of novel biomarkers, including the coordinated increase in CCL5
and CXCL9 serum levels and the CD16A-158V/F polymorphism, offers valuable

predictive and prognostic tools to guide personalized treatment.
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1. Tumor-infiltrating NK cell activation contributes to the therapeutic efficacy of
anti-HER2 antibodies, in part by inducing the CCL5/IFN-y-CXCL9/10
chemokine axis that supports the recruitment of additional immune effectors.

2. TI-NK cells display marked heterogeneity, comprising CD16" cytotoxic,
CD16°CD103* pro-inflammatory, and CD16°CD103~ regulatory subsets,
each modulating distinct immune microenvironments within human breast
tumors.

3. Anti-HER2 therapy promotes a phenotypic shift from CD16* toward tissue-
resident CD16"CD103" NK cells, a subset associated with tumor growth
control in preclinical models

4. Early, coordinated increases in serum CCL5 and CXCL9 levels provide
dynamic biomarkers of intratumoral NK cell activation and favorable clinical
responses to anti-HER?2 antibodies.

5. The CD16A-158V/F polymorphism represents a robust predictive and
prognostic biomarker, with the V allele conferring higher pCR rates and
improved long-term survival.

6. Baseline frequencies of circulating CD57* NK cells may identify patients at
risk of poor responses, although further validation in larger cohorts is
required.

7. Patients with the CD16A-158F/F genotype who fail to achieve pCR face an
increased risk of relapse, supporting its use in personalized monitoring

strategies

These findings collectively establish TI-NK cells and their effector pathways as
central mediators of anti-HER2 antibody activity and provide a rationale for
developing NK cell-based therapeutic strategies and biomarkers in

HER2-positive breast cancer.
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AHR — Aryl hydrocarbon receptor

ADAM-17 — A disintegrin and metalloproteinase-17
ADC — Antibody—drug conjugate

ADCC — Antibody-dependent cellular cytotoxicity
APC - Antigen Presenting Cell

ASCO — American Society of Clinical Oncology
B2M — Beta-2-microglobulin

BC — Breast cancer

Bcl11b — B-cell lymphoma/leukemia 11B

BiKEs — Bispecific killer cell engagers

CAP — College of American Pathologists

CAR — Chimeric antigen receptor

cDC1 - Conventional dendritic cell type 1

CD — Cluster of differentiation

CDI - Invasive ductal carcinoma

CLI- Invasive lobular carcinoma

CILP — Common innate lymphoid progenitor
CLP — Common lymphoid progenitor

COX-2 — Cyclooxygenase-2

CPM — Counts per million

CRAN - Comprehensive R Archive Network
CRTH2 — Chemoattractant receptor-homologous molecule expressed on Th2 cells
Cx (CXCL9/10) — C-X-C motif chemokines

DAPI — 4',6-diamidino-2-phenylindole
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DCs — Dendritic cells

DEG - Differentially expressed genes

DF — Disease-free

DFS — Disease-free survival

DIC — Ductal carcinoma in situ

DMSO - Dimethyl sulfoxide

DN — Double negative

DNAM1 — DNAX accessory molecule-1

ELISA — Enzyme-linked immunosorbent assay
EOMES — Eomesodermin

ER — Estrogen receptor

ETS1 - ETS proto-oncogene 1

FACS - Fluorescence-Activated Cell Sorting

FasL — Fas ligand

FBS — Fetal bovine serum

FcyR — Fc gamma receptor

FFPE — Formalin-fixed paraffin-embedded

FSC — Forward scatter

GATAS3 — GATA-binding protein 3

GEOZ2R - Gene Expression Omnibus analysis tool
GFI1 — Growth factor independent 1 transcription repressor
GM-CSF - Granulocyte-macrophage colony-stimulating factor
GP6 — Glycoprotein VI

GSEA — Gene Set Enrichment Analysis

HCMV — Human cytomegalovirus
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HER - Human epidermal growth factor receptor
HLA — Human leukocyte antigen

HNSCC — Head and neck squamous cell carcinoma
HPF — High-power field

HR — Hormone receptor

HR — Hazard ratio

HSC - Hematopoietic stem cell

ID2 — Inhibitor of DNA binding 2

IHC — Immunohistochemistry

IFN — Interferon

IFNAR — Interferon-alpha/beta receptor

Ig — Immunoglobulin

IL — Interleukin

ILC — Innate lymphoid cells

IPA — Ingenuity Pathway Analysis

ITAM — Immunoreceptor Tyrosine-based Activation Motif
ITIM — Immunoreceptor tyrosine-based inhibitory motif
KIR — Killer-cell immunoglobulin-like receptor

LTi — Lymphoid tissue inducer cell

Lum — Luminal subtype

MDSC - Myeloid-derived suppressor cells

MHC — Major histocompatibility complex

MICA — MHC class | chain-related protein A

MICB — MHC class | chain-related protein B

NCAM — Neural cell adhesion molecule
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NCR — Natural cytotoxicity receptor

NFIL3 — Nuclear factor, interleukin 3

NFKB — Nuclear factor kappa-light-chain-enhancer of activated B cells
NGS — Next-generation sequencing

NK — Natural killer (cell)

NKP — Natural killer precursor

NSG — NOD scid gamma (mouse strain)

OR — Odds ratio

OS - Overall survival

PBMC - Peripheral blood mononuclear cell
PCNA — Proliferating cell nuclear antigen

PCR - Polymerase chain reaction

pCR — Pathological complete response

PD-1 — Programmed cell death protein 1

PD-L1 — Programmed death-ligand 1

PLZF — Promyelocytic leukemia zinc finger protein
PR — Progesterone receptor

Pt — Pertuzumab

PVR — Poliovirus receptor

rh — Recombinant human (prefix, e.g., rhiL-2)
Ritux — Rituximab

ROR — RAR-related orphan receptor

RUNX3 — Runt-related transcription factor 3

Src — Proto-oncogene tyrosine-protein kinase Src

SSC - Side scatter
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STAT — Signal transducer and activator of transcription
Syk — Spleen tyrosine kinase

TAM — Tumor-associated macrophages

T-bet — T-box expressed in T cells

T-DM1 — Trastuzumab emtansine (Kadcyla)

T-Dxd — Trastuzumab deruxtecan (Enhertu)

t-SNE — t-distributed stochastic neighbor embedding
TGFB — Transforming growth factor beta

TIGIT — T-cell immunoreceptor with Ig and ITIM domains
TIL — Tumor-infiltrating lymphocytes

TI-NK — Tumor-infiltrating NK cells

TKI — Tyrosine kinase inhibitor

TLR — Toll-like receptor

TME — Tumor microenvironment

TNBC - Triple-negative breast cancer

TNF — Tumor necrosis factor

TNFRSF — Tumor necrosis factor receptor superfamily
TOX — Thymocyte selection-associated high mobility group box protein
T-reg — Regulatory T cells

TriKEs — Trispecific killer cell engagers

Tz — Trastuzumab

ULBP / ULRB1 — UL16 binding protein 1

VISNE — Visual Stochastic Neighbor Embedding
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