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a b s t r a c t

The clinical outcome of patients with human epidermal growth factor receptor 2 (HER2) amplified breast
carcinoma (BC) has improved with the development of anti-HER2 targeted therapies. However, patients
can experience disease recurrence after curative intent and disease progression in the metastatic setting.
In the current era of evolving immunotherapy agents, the understanding of the immune response against
HER2 tumor cells developed by anti-HER2 antibodies (Abs) is rapidly evolving. Trastuzumab therapy
promotes Natural Killer (NK) cell activation in patients with BC overexpressing HER2, indicating that the
efficacy of short-term trastuzumab monotherapy, albeit direct inhibition of HER, could also be related
with antibody-dependent cell-mediated cytotoxicity (ADCC). Currently, dual HER2 blockade using tras-
tuzumab and pertuzumab is the standard of care in early and advanced disease as this combination could
confer an additive effect in ADCC. In patients with disease relapse or progression, ADCC may be
hampered by several factors such as FcgRIIIa polymorphism and an immunosuppressive environment,
among others. Hence, new drug development strategies are being investigated aiming to boost the ADCC
response triggered by anti-HER2 therapy. In this review, we summarize these strategies and the ratio-
nale, through mAbs engineering and combinatorial strategies, focusing on clinical results and ongoing
trials.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations

BC breast carcinoma
HER2 human epidermal growth factor receptor 2
NK Natural Killer
Abs antibodies
mAb monoclonal antibody
bsAb bispecific antibodies
ADCC antibody-dependent cell-mediated cytotoxicity
FcRs Fc receptors
Ig immunoglobulin
ADCR antibody-dependent cytokine release
PBMC peripheral blood mononuclear cells
Ko knockout
pCR pathological complete response
ORR objective response rate
PFS progression-free survival
DFS disease-free survival
OS overall survival

APC Antigen-presenting cells
DCs dendritic cells
TAA tumor antigens
MHC major histocompatibility complex
KIRs (Ig)-like receptors
TILs tumor-infiltrating lymphocytes
DLTs dose limiting toxicities
IL: Interleukin
IL.2Rb IL-2 receptor beta
Treg regulatory T cells
PEG pegylated
TNBC triple negative breast cancer
FAP fibroblast activation protein-alpha
IFN-g: Interferon gamma
TKI Tirosin kinase inhibitors
CB Clinical benefit
Pts patients
GM-CSF Granulocyte Macrophage Colony-Stimulating Factor
1. Introduction

HER2 amplification is found in 15e20% of tumors from patients
with breast cancer (BC) and is related to more aggressive disease
and worse prognosis. However, since the application of therapy
directed against this receptor, the clinical panorama of patients has
changed impressively, notably improving survival outcomes. Tras-
tuzumab, the first approved monoclonal antibody (mAb) against
the HER2 receptor in this tumor subtype, induces cell death
through direct inhibition of HER2 signaling andmay also invigorate
the immune system to induce anti-tumor immune responses.
Pertuzumab is a mAb that binds a different epitope of the HER2
extracellular domain and in combination with trastuzumab, en-
hances tumor cell death, conferring a significant improvement in
the clinical outcomes of patients and preventing the emergence of
resistance to anti-HER2 blockade.

In recent years, novel therapeutic agents have been and are
currently in development, which, in addition to inhibiting prolif-
erative pathways, contribute to increasing immunological activa-
tion and potentially long-term disease control. Given the evolving
landscape of immunotherapy agents for cancer treatment, under-
standing the role of mAbs directed against tumor oncogenic drivers
and how this can modulate different immune-cell is crucial. This
review focuses on the immunological mechanisms of Ab mediated
cellular cytotoxicity in HER2þ BC induced by anti-HER2 therapies,
and the ongoing strategies in drug development and combinatorial
therapies in this setting.
1.1. The ADCC mechanism

1.1.1. -Fc receptors (FcRs) in NK cells and other immune populations
Antibody-dependent cellular cytotoxicity (ADCC) is a cell-

mediated immune response by which immune cells provoke cell
16
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death when specific antibodies (Abs) are attached to the cell
membrane [1]. It is one of several mechanisms by which Abs, a
major aspect of the humoral immune reaction, can confine and
contain an infection [2]. Typically, ADCC involves the activation of
Natural Killer (NK) cells by Abs that bind to FcRs. FcR receptors bind
to the Fc part of an Ab. The most characterized FcR on the NK cell
membrane is CD16 or FcƴRIII. Once the FcR binds to the Fc fragment
of an IgG, NK cells release different cytotoxic molecules that pro-
voke the death of the target cell [3]. ADCC can be induced by the
infusion of therapeutic monoclonal Abs (mAbs) directed against
specific antigens. Using this strategy, mAbs bind to cancer cells and
are eventually linked to effector cells (leukocytes) through their
FcƴRs [4]. The FcƴRs are composed of three distinct classes: FcgRI
(CD64), FcgRII (CD32) FcRIIa and FcRIIb, and FcgRIII (CD16) FcRIIIa
and FcRIIIb [5].

FcgRI is a high-affinity receptor that can bind to monomeric IgG.
FcgRII and FcgRIII exhibit lower affinity with monomeric molecules
and interact adequately with multimeric immune complexes.
FcRIIbs induce inhibitory signals on monocytes/macrophages and
polymorphonucleates. Conversely, FcgRIIa and FcgRIIIa are acti-
vating FcRs expressed on monocytes, macrophages, and NK cells.
Albeit that most immune cells coexpress activating and inhibitory
FcgRs, NK cells are unique as they solely constitutively express the
activating low-affinity FcgRIIIa.

In another hand, multiple studies implicate the monocyte
network as effector cells for Ab therapeutics. Specific FcgR or
common g-chain knockout mice support NK cells and the mono-
cyte network in Ab-mediated effector function against tumors.
Vermi et al. (2018) found in diffuse large B-cell lymphoma patients
that peripheral blood slanþ monocytes, but not CD14þ monocytes,
displayed highly efficient Rituximab-ADCC, almost equivalent to
that exerted by NK cells [6]. Experiments performed in knockout
mice support NK cells and the monocyte network in ab-mediated
y of Biomedical Sciences de ClinicalKey.es por Elsevier en octubre 23, 
ación. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.
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effector function against tumors, in particular in trastuzumab-
mediated ADCC [7].
1.1.2. -Trastuzumab-mediated ADCC
The role of ADCC as a therapeutic effect of various mAbs has

been tested in preclinical models and validated in patients, and is
currently known to be one of the main mechanisms that contribute
to the effect of rituximab (anti-CD20), cetuximab (anti-EGFR), and
trastuzumab, amongst others [8]. Along with the release of cyto-
toxic granules such as granzymes and perforins, NK cells liberate
proinflammatory cytokines such as IFN-g and TNF-a during ADCC, a
mechanism known as Ab-dependent cytokine release (ADCR) [9].
Trastuzumab therapy promotes NK cell activation in patients with
BC overexpressing HER2, indicating that the efficacy of
Fig. 1. Schematic diagram of different therapeutic approaches targeting HER2þ tumor cells
Antibodies. Strategies to potentiate anti-HER2 ADCC: C) By blocking NK inhibitory receptors.
affinity alteration. Created with BioRender.com. NK cell: Natural Killer cell; ADDC: Antibod
Bispecific Antibodies.
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trastuzumab alone is connected to ADCC mechanisms. The inter-
action between NK cells and tumor cells mediated by anti-HER2
abs, and the proinflammatory environment induced by ADCC can
modulate other immune-cell populations, resulting in a “vaccina-
tion effect” by the therapeutic Abs [10,11] (Fig. 1).

Given that activation of HER2 signaling requires receptor
homodimerization or heterodimerization with other members of
the HER family of receptors, a second anti-HER2 Ab pertuzumab
was developed to prevented ligand-induced dimerization of HER2
[12]. The combination of pertuzumab and trastuzumab conveyed a
synergistic induction of tumor regression in HER2 amplified BC
xenograft models. In vitro evaluation of ADCC showed that both
trastuzumab and pertuzumab, applied as single agents, effectively
activated ADCC with the same potency. However, this study did not
. A) Trastuzumab/Pertuzumab therapy promotes ADCC. B) Vaccine effect of Anti-HER2
D) By enhancing NK activation. E) By combination with Checkpoints inhibitors F) By FcR
y-dependent cellular cytotoxicity; TAAs: Tumor-associated antigens; HER2bsAb: HER2

 of Biomedical Sciences de ClinicalKey.es por Elsevier en octubre 23, 
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observe an increase in ADCC when both agents were used in
combination [13]. More recently, in vivo studies showed that a
combination of trastuzumab and pertuzumab increased migration
of NK cells to tumors delaying trastuzumab resistance in BC
xenograft models. Compared to monotherapy, the combination of
both agents conferred an additive effect in ADCC at sub-saturation
doses. In vitro experiments using trastuzumab-sensitive cells also
supported the additive effect of this combination which could
translate into enhanced ADCC in patients, with the expected clinical
benefit [14]. Ab drug conjugates based on trastuzumab structure
(trastuzumab-emtansine or trastuzumab-deruxtecan) retain the
mechanisms of action of unconjugated trastuzumab, including
ADCC activity [15,16].

1.2. FcƴR polymorphism in early-stage and metastatic HER2
positive breast cancer

FcƴRIIIa gene encodes two variants that differ at position 158,
either a Val (V158) or a Phe (F158) [17]. This genetic polymorphism
greatly influences the affinity of IgG1 to the Fcƴ receptor [18,19].
The V/V and V/F haplotypes are associated with a higher affinity of
IgG1 with FcgR and consequently enhanced capacity to perform
ADCC. The association between FcgRIIIa polymorphism and the
therapeutic efficacy of monoclonal Abs has been tested in various
models. Patients with the F/V and V/F genotypes have a better
clinical response when treated with rituximab and cetuximab,
respectively. However, there are controversial data regarding as-
sociation with FcgRIIIa polymorphism and trastuzumab activity
[20e25].

2. Strategies to potentiate anti-HER ADCC

The activity of NK cells is known to be handled by a balance of
signals generated from the cell surface inhibitor and activator re-
ceptors. Different strategies to augment NK cell activation may be
combined to enhance their ADCC properties. Since NK cells can also
trigger other immune processes through the release of cytokines,
they provide a link to initiate additional immune responses. Several
observations support the rationale for combinatorial approaches
with cytokines, immunotherapy and Abs targeting NK cell re-
ceptors or co-receptors with activating and inhibitory functions
(Fig. 1).

2.1. Enhancing ADCC

2.1.1. Blocking inhibitory signals of NK cells
Unlike T cells, NK cell recognition is not regulated by high-

resolution antigen specificity but is mediated by signals conveyed
through numerous activating and inhibitory receptors. This balance
determines the NK cell activation or inhibition. NK cells have an
intricate arrangement of inhibitory receptors. Killer immunoglob-
ulin (Ig)-like receptors (KIRs), recognize different allelic groups of
HLA-A/B/C molecules [26,27], whereas CD94-NKG2A recognizes
HLA-E [28], a non-polymorphic molecule belonging to HLA-Ib
(thoroughly reviewed in Ref. [29]). NK cells sense major histo-
compatibility complex (MHC) class I molecules by superficial re-
ceptors that promote NK inactivation. Hence, loss of MHC-I
molecules and antigen presentation, which often occurs in cancer
cells, induce NK cell-mediated lysis of target cells [26].

i) Anti NKG2A antibodies

Monalizumab (IPH2201) is a first-in-class immune checkpoint
inhibitor targeting NKG2A receptors expressed on NK cells and
tumor infiltrating cytotoxic CD8þ T cells. Monalizumab may
18
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reinstate a broad anti-tumor response mediated by these cells,
blocking the interaction between NKG2A and HLA-E [30],
frequently overexpressed in several malignant tumors [31e33].
Consequently, it enhances the cytotoxic potential of other thera-
peutic Abs. Monalizumab can act simultaneously on T and NK cells,
also acting on tumor-infiltrating immune cells. Given the encour-
aging results of the combination of this Abwith cetuximab [34], the
MIMOSA phase II clinical trial is assessing the efficacy of combining
monalizumab and trastuzumab in patients with metastatic or
locally incurable HER2 positive BC.

ii) Anti HLA-G/KIR2DL4 blockade

The HLA-G expression in tumor cells has been identified as a
pivotal mediator of BC resistance to trastuzumab. Unless engaged
by HLA-G, KIR2DL4 promotes ADCC and forms a regulatory circuit
with the IFN-g production pathway, in which IFN-g upregulates
KIR2DL4 via JAK2/STAT1 signaling, and then KIR2DL4 synergizes
with the Fcg receptor to increase IFN-g secretion by NK cells. The
effect of blocking the HLA-G/KIR2DL4 interaction improves the
vulnerability of HER2-positive BC to trastuzumab treatment in vivo
[35].

2.1.2. Targeting NK cell activation

i) CD137/4-1BB

4-1BB, also known as CD137, is a costimulatory immune receptor, a
member of the TNF receptor superfamily, predominantly expressed
on activated CD4þ and CD8þ T cells, activated B cells, and NK cells
[36,37]. 4-1BB plays an important role in immune response mod-
ulation and is considered a promising target for cancer immuno-
therapy given that it is expressed on TILs. Subsequent to pathway
activation, it promotes enhanced proliferation, cytokine production
and cytolytic activity of T and NK cells [36,38].

Utomilumab is a fully humanized IgG2 mAb that binds 4-1BB,
impeding attachment to endogenous 4-1BBL [39]. A trial assessing
the dosing and safety of utomilumab with trastuzumab emtansine
or trastuzumab in patients with HER2 positive BC (NCT03364348)
is ongoing. Its combinationwith other drugs is also being evaluated
in the AVIATOR study (NCT03414658) studying the combination of
trastuzumab and vinorelbine with avelumab or avelumab and
utomilumab in Advanced HER2þ BC.

ii) Recombinant cytokines

NK cells have a repertoire of cytokine receptors that contribute
to their development, homeostasis and function [40]. ADCC may
also be intensified by modulating NK cells through recombinant
cytokines.
y of Biom
ción. Co
IL-2
Interleukin-2 is an immune-stimulatory cytokine shown to
enhance NK cell responses [41,42]. Administration of subcutaneous
IL-2 increases the absolute number of circulating NK cells by
approximately 10-fold and heightens their activation against
several BC targets [43]. However, the nonspecific nature of this
immune activation has not proven a clinical benefit so far. Another
study showed that NK cells can be safely augmented in vivo with
outpatient IL-2 therapy and that trastuzumab increases NK-cell
killing of BC targets in a HER2-specific manner. Nevertheless, no
correlation between biological endpoints, including NK cell
expansion or degree of ADCC activity and clinical response or
edical Sciences de ClinicalKey.es por Elsevier en octubre 23, 
pyright ©2023. Elsevier Inc. Todos los derechos reservados.
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toxicity was observed [44,45].
Bempegaldesleukin (NKTR-214) is a CD122-preferential IL-2

pathway agonist designed to trigger T cells and NK cell pop-
ulations by targeting CD122 specific receptors. CD122, also known
as the IL-2 receptor beta (IL.2Rb) subunit, is a crucial signaling re-
ceptor known to increase the expansion of these effector cells. A
first-in-human multicenter phase I study including 2 patients with
BC provided insights of clinical activity including tumor reduction
and sustained disease stabilization in heavily pretreated patients
[46]. A study combining NKTR-214 with the anti PD-1 Ab nivolu-
mab in patients with metastatic triple negative BC (TNBC) showed
encouraging results [47], but data on patients with HER2 positive
BC is still lacking.

RO6874281 is a recombinant fusion protein composed of a hu-
man mAb directed against fibroblast activation protein-alpha (FAP)
coupled to an engineered variant form of IL-2 (IL-2v) with potential
immunostimulating and antineoplastic activities. FAP is a cell sur-
face protein expressed on a wide variety of cancer cells. Upon
administration of RO6874281, the mAb moiety recognizes and at-
taches to FAP, thereby focalizing IL-2 in FAP-expressing tumor tis-
sue. Subsequently, the IL-2 moiety of this fusion protein may
activate a local immune response and stimulate NK cells. IL-2v
cannot bind to IL-2 Ra and does not activate regulatory Tregs. The
BP29842 study is evaluating the safety, tolerability and early signs
of activity of RO6874281 in combination with trastuzumab in pa-
tients with HER2 positive metastatic or recurrent BC following
pretreatment with obinutuzumab. RO6874281 is currently being
investigated as a single agent in patients with advanced and/or
metastatic solid tumors in part A of the study. Preliminary results
from part A show, as expected when avoiding IL-2Ra binding, rapid
expansion of effector T and NK cells but not Tregs, in both blood and
tumor samples [48].
IL-12
Interleukin-12 (IL-12) was first named NK cell stimulating factor
and is essentially produced by APC cells, such as DCs, monocytes
andmacrophages [49]. It acts by increasing the production of IFN-g,
the most potent mediator of IL-12 actions in NK and T cells; stim-
ulating maturation and cytotoxicity of activated NK cells, CD8þ and
CD4þ T cells; and enhancing ADCC against tumor cells [50e52].
Low-dose IL-12 can decrease the fluorescence intensity of CD56 and
prompt the expansion of more mature CD56dimCD16þ and
CD56dimKIRþ NK cells [53]. Previous studies showed that human
NK cells, costimulated with trastuzumab-coated tumor cells and IL-
12, secreted 10-fold higher amounts of IFN-g compared to NK cells
stimulated with either agent alone [50]. In a phase I trial, trastu-
zumabwas administeredwith IL-12 in patients with HER2þ tumors
and positive clinical outcomes were associated with NK cell pro-
duction of IFN-g [54]. A follow-up phase I trial of trastuzumab, IL-12
and paclitaxel confirmed those results [55]. In contrast, clinical
outcomes did not correlate with ADCC in patients enrolled in these
studies. This finding might reveal the inability of in vitro assays to
seize the true extent of NK cell cytotoxic activity taking place in the
tumor microenvironment in human subjects. Despite high expec-
tations, initial IL-12 clinical studies did not grant sufficient results.
IL-12 injections after initial stimulation with IFN-g led to an
adaptive response and gradual decline of IL-12 IFN-g induction
[56,57].
IL-15
Interleukin-15 (IL-15) presents a stimulatory function similar to
19
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IL-2 and is critical for NK cell development and role [58]. The b and
g chain receptor subunits are shared by IL-15 and IL-2, differing
only in the a chain. However, IL-15Ra alone binds to IL-15 with
affinity akin to that of the binding of IL-2Rabg to IL-2 [59]. This
strong affinity allows NK cell activation at relatively low concen-
trations. After this interaction, NK cells are sensitized to secondary
stimuli, known as “priming”, resulting in magnified responses [60].
IL-15 boosts NK cells to be fully prepared to respond through fast
production of granzymes and perforin [61] and NK cell cytolytic
capabilities are retained after cytokine withdrawal [62]. Concurrent
IL-15 administration with trastuzumab elicited immune response
in mice models that derived in tumor eradication and prevention of
the development of metastasis, stressing the significance of
immunosurveillance as a decisive mechanism for efficient tumor
cell eradication, especially during therapeutic trastuzumab treat-
ment [63]. NKTR-255 is a polymer-conjugated human IL-15
designed to activate the IL-15 pathway, expand NK cells and pro-
mote the survival and development of memory CD8þ T cells
without Treg induction. Through engagement of the IL-15Ra/IL-
2Rbg receptor complex, it intensifies the formation of long-term
immunological memory leading to sustained anti-tumor immune
response. NKTR-255 overcomes the challenges faced with recom-
binant IL-15, rapid clearance and frequent high dosing adminis-
tration, which limits its utility due to toxicity and logistics. NKTR-
255 enhances trastuzumab tumor growth inhibition activity in
human tumor xenograft models in mice, showing that it may
potentially be applied in certain cancer therapies to enhance the
ADCC-dependent therapeutic activity of tumor-targeting mAbs in
solid tumors [64]. Although there are no clinical trials with this
compound including patients with BC, the preclinical evidencemay
prompt a future development for HER2þ BC.

ALT-803 (N803) is an IL-15 superagonist comprising an IL-15Ra
fused to IgG1Fc bound to IL-15 mutein (N72D). It was designed to
simulate the typical trans-presentation of IL-15 with a prolonged
half-life (25 h vs. < 40 min), with the intention to activate ADCC
[65]. In a phase 1 trial, total lymphocyte and CD8þ T cell expansion
were discreet with this drug; however, NK cell counts were
increased substantially [66]. This data, together with compelling
evidence of synergy in preclinical and clinical studies provide the
rationale for combining it with agents already available in clinical
practice, such as anti-HER2 Abs ± Avelumab.

iii) Combination with Checkpoint inhibitors
y of Biomedi
ación. Copyri
Avelumab
Avelumab is a fully human IgG1 anti PD-L1 mAb able to trigger
ADCC. The JAVELIN Solid Tumor phase I trial tested avelumab as
monotherapy in patients with heavily pretreated metastatic BC
showing a low ORR of 3.0% [67]. This response was higher in pa-
tients whose tumors had infiltrating immune cells expressing PD-
L1þ with a 10% staining cutoff (ORR 16.7% versus 1.6%) and were
surprisingly long lasting in a subset of TNBC patients. Nevertheless,
no responses were observed among patients with HER2 positive
metastatic BC treated with avelumab (n: 26). Unlike other anti-PD-
L1 Abs, avelumab retains its Fc fraction and capacity to induce ADCC
through binding CD16. This mechanism has been demonstrated in
several human tumor cell lines in vitro [68], specifically in BC cell
lines. Juli�a and col. Showed that this effect was associated with PD-
L1 expression using 5 TNBC cell lines [69]. The mechanism under-
lying this intrinsic resistance of immune cells to avelumab medi-
ated ADCC is unknown but may be related to IFN-g induced MHC-I
on the lymphocyte surface, a known negative regulator of NK cell
function [68]. As described previously, the AVIATOR study
(NCT03414658) evaluating trastuzumab and Vinorelbine with
cal Sciences de ClinicalKey.es por Elsevier en octubre 23, 
ght ©2023. Elsevier Inc. Todos los derechos reservados.
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avelumab or avelumab plus utomilumab will provide more infor-
mation on the role of avelumab in advanced HER2 positive BC.
Magrolimab
Magrolimab is a humanized mAb that blocks CD47 interaction
with signal regulatory protein-a (SIRPa), thereby diminishing the
inhibition of macrophages by cancer cells [70]. When Hu5F9-G4
(magrolimab) blocks the CD47 “don't eat me” signal, it facilitates
macrophage-mediated phagocytosis. A very recent preclinical
study demonstrates that the combination of magrolimab and
trastuzumab eliminated HER2þ BC cells with increased efficacy due
to the enhancement of Ab-dependent cellular phagocytosis by
macrophages [71].

iv) Enhancing ADCC by FcgR affinity alteration

Worldwide, FcgRIII 158 V homozygotes are found in 10e20% and
FcgRIIa 131H homozygotes in 25% of Caucasians and Africans and
50e60% of Asian populations [72,73]. Most responsive FcgR geno-
types occur in a minor fraction of the population. Therefore,
research efforts should be focused on ADCC enhancement through
drug development of new anti-HER2 compounds or future com-
binations of anti-HER2 mAbs and Tyrosine kinase inhibitors (TKI).
This could improve the interaction of trastuzumab with low-
binding alleles of activating FcgRs and increased affinity for both
isoforms of FcgRIIIa. One of the proposed strategies is by modifying
the Fc domain to expand anti-HER2 response, potentially benefiting
patients’ outcomes regardless of FcgR genotype [74].
Fc Mutagenesis

Margetuximab development
Margetuximab is a mAb derived from 4D5, the precursor in
which trastuzumab was developed. Margetuximab (MGAH22)
binds to the same HER2 epitope as trastuzumab with equal affinity
and exhibits a similar anti-proliferative activity as trastuzumab
in vitro [75]. Using engineering technology platforms, five amino
acids were modified into the margetuximab IgG1 Fc domain. These
changes increased the binding of this new compound with acti-
vating isoforms of FcgRIIIa and reduced its interaction with inhib-
itory FcgRIIb.

In xenograft studies, Margetuximab demonstrated increased
activity against HER2 expressing tumors in transgenic mice with
the human FcgRIIIa 158F, the low-binding allele. These studies
were conducted in wild type murine FcgR, in mice lacking murine
FcgRIII or in mice lacking murine FcgRIII but transgenic for human
FcgRIIIa 158F [75]. Therefore, MGAH22 may also be active in low
HER2 expressing tumors. Furthermore, in transgenic mice
expressing the lower affinity human FcgRIIIa 158F, margetuximab
exerted activity in JIMT-1 cells, a cell line resistant to growth in-
hibition by anti-HER2 Abs like trastuzumab [76].

Recently, the results of the open-label phase III trial of marge-
tuximabwere presented [77]. SOPHIA trial (NCT02492711) enrolled
538 patients with advanced HER2 positive metastatic BC and
randomly assigned in a 1:1 fashion to margetuximab (15 mg/kg
intravenously every 3 weeks) plus chemotherapy or trastuzumab
(6 mg/kg [8-mg/kg loading dose]) plus chemotherapy (capecita-
bine, eribulin, gemcitabine, or vinorelbine) given every 3 weeks. All
patients had received trastuzumab and pertuzumab, and over 90%
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had also received T-DM1.Most patients had received a taxane, more
than 40% had received an anthracycline, and almost half had
received an endocrine agent. Margetuximab improved primary PFS
over trastuzumabwith 24% relative risk reduction (p ¼ 0.03) with a
median PFS of 5.8 vs 4.9 months. ORR was higher with margetux-
imab: 25.2% vs 13.7%, improving the clinical benefit rate from 35.6%
with trastuzumab to 48.1% with margetuximab (p ¼ 0.0025). The
median duration of response was similar in the two arms. In the
planned exploratory analysis by FcRIII genotype, the benefit was
enhanced in patients with low-affinity FcgIIIa genotypes containing
a 158F allele, in which disease progression was reduced by 32%. In
addition, in this population, the ORR was higher with margetux-
imab/chemotherapy compared to trastuzumab/chemotherapy,
22.1% vs 16.0% (p ¼ 0.060), as was the clinical benefit rate, 36.6% vs
24.8% (p ¼ 0.003). The median PFS with margetuximab/chemo-
therapy versus trastuzumab/chemotherapy in the various allele
subsets was: 6.9 vs 5.1 months (HR ¼ 0.68; p ¼ 0.005) for the F/F or
F/V genotype, 4.8 vs 5.6 months (HR ¼ 1.78; P ¼ 0.110) for patients
with the V/V genotype, 8.2 vs 5.6 months (HR ¼ 0.69; p ¼ 0.080) in
the F/F genotype (n ¼ 192) and 6.3 vs 4.3 months (HR ¼ 0.71;
p ¼ 0.055) in the F/V genotype. In patients who were homozygous
for the high-affinity VV allele, the effects of margetuximab and
trastuzumab were relatively similar, but in the 85% who carried at
least one F allele, the progression-free benefit was enhanced, and
further enhanced in patients whowere homozygous for the F allele.
Median OS at the second interim analysis was prolonged by 4.3
months in the margetuximab arm for those who carried the FcIIIa
158F allele (85% of participants): 23.7 months vs 19.4 months with
trastuzumab (P ¼ 0.087). Patients who were homozygous for the
FcIIIa 158 V/V allele (15% of participants) had no benefit with
margetuximab. The results may have been affected by confounding
factors like a higher proportion of visceral metastasis, brain
metastasis and older age in patients randomly assigned to marge-
tuximab. Safety profiles and treatment discontinuation rates were
comparable in the margetuximab and trastuzumab arms [78].
lty of Bi
ización. C
Altered glycosylation
For several different abs, it has also been reported that alter-
ations of the glycosylation patterns can be used to increase affinity
for activating FcgR to boost ADCC activity. Of the oligosaccharides
attached to the Fc domain, fucose sugar units appear to play the
largest role in determining binding to FcgRIIIA. These results led to
the development of methods for producing mAbs that lacked
fucose in their Fc region. In Ref. [79] authors deeply describe
different strategies to produce afucosylated Abs.

Junttila et al. demonstrated that removing fucose from trastu-
zumab increased its binding to FcgRIIIa, enhanced ADCC, and more
than doubled the median PFS when compared with conventional
trastuzumab in treating preclinical models of HER2-amplified BC
[80].
TrasGEX
TrasGEX is a second-generation mAb of trastuzumab, glyco-
optimized to enhance ADCC while fully retaining trastuzumab's
antigen-binding properties to HER2. A phase I dose-escalation
study was conducted to establish the optimal TrasGEX dose and
regimen for phase II studies and to define the safety, pharmacoki-
netics (PK) and preliminary antitumor activity of TrasGEX. TrasGEX
omedical Sciences de ClinicalKey.es por Elsevier en octubre 23, 
opyright ©2023. Elsevier Inc. Todos los derechos reservados.
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was safe, well-tolerated and showed antitumor activity in 50% of
evaluable patients, all with progressive disease at study entry
(NCT01409343) [79].

v) Redirecting NK cells by engineering antibodies
Table 1
Bispecifi

Thera
agent

MCLA

ZW25

GBR1

p95H
BsA

Tribo
[(H
2xC

HER2

Ertum
Mab

HER2
BsA

MM-1

BsPD-
L1x

HER2

MDX-

Adapte
Oncolog
Abbrev
mediate
ble dise
pecific
fragmen
release
anti-HE
Bispecific antibodies
Bispecific Abs (bsAbs) are engineering mAbs with two Fab arms
contained within a single molecule that targets two different an-
tigens [47,81]. BsAbs are also subclassified into twomain groups: 1)
IgG-like with traditional mAb structure with one Fc region and two
Fabs (called trifunctional Ab) [82] or 2) non-IgG-like with lack of Fc
fragment and chemically linked Fabs consisting of only the Fab
regions and various types of bivalent and trivalent single-chain
variable fragments or fusion proteins mimicking the variable do-
mains of two Abs [82,83]. These Abs have the ability to selectively
trigger a distinct activating FcgR with high affinity and allow
recruitment of FcgR expressing effector cells redirecting to the
tumor-site. These new drugs have raised great interest as powerful
cancer immunotherapy strategies.

The development of bsAbs like blinatumomab and
c antibodies.

peutic
s

Molecular/Immune cell targets Immune response Notes

-128 NK cells, monocytes,
macrophages, DCs HER2, HER3
FcgR
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enhanced HER2
uptake by DCs
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HER2-ECD2
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p95HER2
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bsFab HER2-ECD4, FcgRIIIa
NK cells, monocytes,
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ADCC enhanced HER2
uptake by DCs, TCMC

BsAb linking th
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NK cells, monocytes,
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ADCC enhanced HER2
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CD3
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HER2

TCMC Fc domain sile

11 HER2/HER3 heterodimer,
HER3 ligand

AntiHER bsAb fusion pr
Well tolerated

rErbB2
HER2, FcgRs, PD-L1/NK cells,
monocytes, macrophages, DCs, T
cells

ADCC enhanced HER2
uptake by DCs, TCMC

Mouse IgG2a b

Bi-aATCs HER2
CD3
T cells/macrophages

TCMC Mouse IgG2a F
mOS 36,2

210 HER2,
FcgRI/monocytes,

ADCC Phase I trial. W

d from Musolino et al. Role of Innate and Adaptive Immunity in the Efficacy of an
y/Hematology (2020), doi: https://doi.org/10.1016/j.critrevonc.2020.102927 [11
iations: FcgR, Fc gamma receptor; NK, natural killer, MØ, macrophages; DCs, d
d cytotoxicity; BC, breast cancer; Fc, fragment crystallizable; MBC, metastatic b
ase rate; w/, with; w/o, without; PFS, progression-free survival; T-DM1, Trastuzu
antibody; DCR: disease control rate (percentage of patients who achieved comple
t antigen-binding; CD16; FcgRIIIa; scFv, single-chain variable fragment; AE, adver
syndrome; p95HER2, truncated form of HER2; SoC, standard of care; CBR, clinica
R2 bispecific antibody.
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catumaxomab has been tested clinically, recruiting T cells to treat
relapsed or refractory B-cell precursor acute lymphoblastic leuke-
mia and malignant ascites, respectively [84e86]. Several bsAbs are
being evaluated in clinical trials in the setting of HER2þ BC (Table 1)
[87,88].

MCLA-128 (Merus) is a bispecific humanized full-length IgG1Ab
with enhanced ADCC activity developed to inhibit HER2:HER3-
driven cell growth and to overcome HER3-mediated resistance
(primary or acquired) and/or relapse in HER2-or EGFR-targeted
therapies. This bsAb employs a ‘dock and block’ mechanism.
Based on X-ray crystal structure, MCLA-128 docks to the HER2
domain I which orients the HER3 binding arm to block the HER3
domain III (putative histidine rich glycoprotein domain), thereby
blocking oncogenic signaling via the HER2:HER3 heterodimer [89].
In vitro, MCLA-128 demonstrated superior preclinical activity over
trastuzumab with or without pertuzumab and anti-HER3 Abs [90].
Additionally, MCLA-128 presented better ADCC enhancement in
cell lines with low HER2 expression and in effector cells with low-
affinity FcgRIII [91].

Preliminary results of a phase I/II study in solid tumors (NCT
02912949) were reported including eight patients with heavily
pretreated metastatic BC, with three or more previous lines of anti-
Ref.

Phase I/II study CBR 70%, good safety profile. Ongoing phase II trial:
28þ trastuzumab/CT in HER2þ; cohort 2 MCL-128þ ET in ERþ/low
03321981]

[89e92]

Phase I trial in pretreated HER2þ tumors. CBR: 50% [93,111]

TE. Ongoing phase I trial in pretreated HER2þ tumors. Most common [95]

ce.
normal cells

[96]

odification of the HER2 single-chain variable fragment domain
ntiHER2 scFv and IFNg fusion protein. In vitro evidence.

[97e100]

e pertuzumab Fab to an FcRIIIA single domain Ab In vitro evidence [101]

sAb. Phase I trials ORR 30%. Well tolerated, grade 1 flu syndrome [82,102,103]

nced to avoid CRS. In vitro evidence [104]

otein. Phase I trial of MM- 111 þ trastuzumab or lapatinib.
. CBR: 55%. Phase 2 ongoing

[105,106]

sAb. In vitro evidence. [107]

c backbone targeting PD-L1 and rat Her2. Phase I trial CBR: 59.1%, [108]

ell tolerated. 10 pts, 1 PR [109]

ti-HER2 Monoclonal Antibodies for HER2-positive Breast Cancer. Critical Reviews in
2].
endritic cell; ADCC, antibody dependent cell-mediated cytotoxicity; TCMC, T cell-
reast cancer; ORR, overall response rate; ADC, antibody-drug conjugate; SDR: sta-
mab emtansine; SAE, serious adverse event; ECD, extracellular domain; BsAb, bis-
te response, partial response, and stable disease to a therapeutic intervention); Fab,
se event; BiTE, bispecific T cell engager; IRR, infusion-related reaction; CRS, cytokine
l benefit rate (same definition as DCR); HER2Bi-aATCs, activated T cells armed with
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HER2-directed therapies [92]. With a median of 4.5 cycles of MCLA-
128, 1 patient had a partial response, and five patients had stable
disease. Overall, the clinical benefit rate was 70%. MCLA-128 was
well tolerated and the most common adverse effects were grade
1e2, mainly infusion related reactions, diarrhea, rash, and fatigue
and no cardiac toxicity was observed. A phase II study
(NCT03321981) is ongoing: Cohort 1 assesses a combination of
MCLA-128 with trastuzumab plus chemotherapy in HER2 positive
patients; cohort 2 evaluates MCLA-128 with endocrine therapy in
ER positive/low-HER2 expression.

Zanidatamab - ZW25 (Zymeworks Inc.) is an IgG-like HER2-
targeted bsAb that binds to two different epitopes on the extra-
cellular domain of HER2. By using the Azymetric bispecific plat-
form, this IgG is transformed from monospecific Abs to bispecific
Abs. ZW25 is biparatopic since it is capable of binding two HER2
epitopes: the trastuzumab binding domain ECD4 and the pertu-
zumab binding domain ECD2. As a result of these modifications,
ZW25 shows increased tumor cell binding, blockade of ligand-
dependent and independent growth and improved receptor inter-
nalization and downregulation compared to trastuzumab. It also
conveys antitumor activity in HER2-low expression cell lines
models [93]. In vitro studies show that ZW25 elicits concentration-
dependent ADCC with maximal lysis up to 52% on TNBC cell lines
expressing HER2 at a 0/1þ level. ZW25 also exhibits synergy and
additivity with multiple chemotherapeutic agents including plati-
nums, taxanes, microtubule inhibitors, and DNA synthesis in-
hibitors in various HER2 expressing tumor cell lines [94].

In a phase I basket trial (NCT02892123) 42 patients were
enrolled. 71% had received prior antiHER2 therapy median of five
HER2-targeted regimens for metastatic disease, and 20 patients
had BC. Single-agent ZW25 had antitumoral activity and a good
safety profile, without dose-limiting toxicity. Overall, the partial
response rate was 33% (6 pts of 18) and disease control rate was
50%. The most common toxicity was grade 1e2 diarrhea and
infusion reaction [93]. A study of zanidatamabwith palbociclib plus
fulvestrant in patients with HER2þ/HRþ advanced BC is ongoing
(NCT 04224272). FDA has granted breakthrough designation for
this molecule for HER2 amplified biliary tract carcinoma.

GBR1302 (Glenmark Pharmaceuticals) is a HER2xCD3 bsAb
developed to direct T-cells to HER2-expressing tumor cells; it binds
sites to the invariant CD3 chain of the T-cell receptor and tumor
associated antigens. This yields crosslinking of T-cell receptor and
lymphocyte activation with antitumor activity, although on-target
off-tumor effects caused by redirected lymphocytes can result in
severe adverse events. GBR1302 antitumor activity was demon-
strated in preclinical studies also suppressing the growth of JIMT-
1 cells, a cell line insensitive to inhibition by trastuzumab. The
GBR1302 dose required to induce cardiomyocytes death with
normal HER2 levels was up to 1000 times greater than the dose
required to lyse HER2 positive tumor cell lines. A phase 1 trial (first-
in-human study) of GBR1302 monotherapy in advanced HER2
positive solid tumors with antiHer2 therapy progression is ongoing
(NCT02829372). Interim study analysis provided biomarker data
suggesting modulation of peripheral T-cell populations and cyto-
kines with this agent [95].

P95HER. p95HER2 is a truncated form of HER2, a tumor antigen
expressed by 40% of HER2 positive tumors; this protein is not
expressed in normal tissues. P95HER2 is a T cell bsAb against
p95HER2 that has demonstrated in vitro and in vivo evidence of
antitumoral effect in HER2 positive BC [96].

Tribody [(HER2)2xFcRIII]. This tribody mAb enhances anti-
tumor activity by modification of the HER2 single-chain variable
fragment domain, producing an antiHER2 scFv and IFN-g fusion
protein [97]. The increased efficacy of [(HER2)2xCD16] is in part
produced by an increase in immune cell degranulation. Preliminary
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data informed an antitumoral effect in BC xenograft models,
demonstrating higher antitumor activity than the 4D5 HER2-
directed Ab [98].

Tribody encompasses two HER2-specific single chain fragment
variables fused to a fragment antigen binding directed to the FcgRIII
antigen expressed on gd T cells and NK cells [99]. It also demon-
strated superiority in triggering gd T cell and NK cell-mediated lysis
of HER2-expressing tumor cells, such as pancreatic ductal adeno-
carcinoma, BC, and primary ovarian tumors [100].

BsAb, HER2(Per)-S-Fab. Her2(Per)-S-Fab bsAb activity is
developed by linking the pertuzumab Fab to a FcgRIIIA single
domain Ab. Preclinical evidence demonstrated potent cytotoxicity
against HER2 positive tumor cells [101]; in vitro and in vivo studies
also reported that this Ab may offer clinical activity in tumors with
low or mild HER2 expression and could overcome tumor resistance
to trastuzumab.

Ertumaxomab. This trifunctional bsAb binds HER2, CD3, FcgRI,
FcgRIIA and FcgRIII. Consequently, ertumaxomab activity induced a
ternary complex between lymphoid T cells, tumor cells and stromal
cells [82]. This bsAb joins another epitope on the extracellular
surface of HER2 (unlike trastuzumab and pertuzumab), which
could be an important issue for antitumor effects against low HER2
expression cells. A phase I clinical trial with ertumaxomab in HER2
positive tumors showed a 30% antitumor response rate and safety
profile [102]. Haense and col. Studied the activity of ertumaxomab
in fourteen heavily pretreated patients with different tumor types.
In this small study, one partial response and two stable diseases
were achieved in patients. All patients had AE; however, they were
transient and reversible, most frequently fatigue, headache, chills,
nausea, fever, emesis and diarrhea [103].

HER2/CD3 bispecific Ab. This bsAb represents an IgG single-
chain variable fragment with monovalent binding to CD3 and
bivalent binding to HER2. HER2/CD3 bsAb preserved the trastuzu-
mab antitumor effect and enhanced ADCC activity by recruiting
nonspecific circulating T-cells and promoting T cell tumor infiltra-
tion. To reduce adverse events and cytokine release syndrome the
Fc domain is silenced. In vitro and in vivo studies demonstrated
superior antitumor activity of this compound compared to trastu-
zumab. Moreover, in vitro experiments demonstrated that HER2-
bsAb-mediated T cell cytotoxicity was relatively insensitive to PD-
L1 expression on the tumor targets or PD-1 expression on T cells
[104].

MM-111.MM-111 is a bsAb fusion protein that specifically binds
the HER2/HER3 heterodimer and avoids the HER-3 ligand link. In
HER2 cell lines, MM-111 showed efficacy in cells with resistance to
currently existing anti-HER2 therapies. In a multi-arm phase I trial
including 86 patients with different tumors, the combination of
MM-111 with trastuzumab or lapatinib was well tolerated. Overall,
the clinical benefit rate was 55% [105]. This evidence supported the
design of a phase II trial, now ongoing [106].

sPD-L1xrErbB2. This bsAb is engineered with a mouse IgG2a Fc
backbone targeting PD-L1 and Her2 which lead the antitumor
immune response in HER2-overexpressing tumor cells. BsPD-
L1xrErbB2 also presents IFN-g activity, enhancing ADCC effect
and avoiding the PD-1/PD-L1 link, augmenting intratumor CD8þ T
lymphocyte infiltration [107].

HER2Bi-aATCs. This bsAb is developed from activated T cells
generated from PBMC expanded with anti-CD3 mAb and IL-2 and
sheltered with a CD3xHER2 bsAb. This target T cell therapy was
assessed in a phase I trial. HER2Bi-aATCs with IL-2 and granulocyte
macrophage colony-stimulating factor (GM-CSF) was evaluated in
23 patients with advanced BC. The combination was well tolerated
(no dose limiting adverse event) and the clinical benefit rate was
59.1%. Overall, the median OS was 36.2 months [108].

MDX-210. MDX-210 is a bsAb that concurrently links FcgRI and
lty of Biomedical Sciences de ClinicalKey.es por Elsevier en octubre 23, 
ización. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.



P. Mand�o, S.G. Rivero, M.M. Rizzo et al. The Breast 60 (2021) 15e25
HER2; in this way, it activates effector cells such as monocytes and
macrophages and promotes antitumor activity against over-
expressing HER2 cells. MDX-210 was evaluated in a Phase Ia/lb trial
in patients with advanced BC or ovarian carcinoma overexpressing
HER2. This bsAb had a good safety profile; the main toxicities were
fever, asthenia and low blood pressure (mostly grade 1 or 2).
Among patients with evaluable disease (10 pts), one partial
response and one mixed tumor response were observed [109].

3. Concluding remarks

Immunotherapy has clearly been established as a pillar of cancer
treatment in recent years. Understanding the paramount role of
ADCC in native and adaptive cancer immune response to mAbs will
allow us to rationally combine these types of treatments in the
setting of HER2 amplified BC. This can be further enhanced by
cancer therapies such as chemotherapy, radiotherapy or surgery.
Several other promising combination strategies aimed at boosting
NK cell ADCC responses to tumors are now being developed pre-
clinically and clinically, as mAb þ matrix metalloproteases inhibi-
tor, Bruton's tyrosine kinase inhibitor, etc [110]. However, none of
these have been tested yet in combination with anti-HER abs, and
for that reason, they are not part of this review. In this sense,
engineered mAbs are themost promising tools to treat cancer. They
will likely allow us to move a new step forward in the near future.
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