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AB STR AC T
Despite therapeutic gains in the treatment of HER2-positive
(HER2: human epidermal growth factor receptor 2) advanced/metastatic breast cancer, there remains an urgent
need for more effective treatment options. At present, there
is no definitive approved standard therapy beyond secondline treatment. One of the major challenges is overcoming
treatment resistance. Depending on the underlying resistance
mechanism, different strategies are being pursued for new innovative treatment concepts in HER2-positive breast cancer.
Specifically designed antibodies for targeted therapy are one
important focus to successfully meet these challenges. Trastuzumab deruxtecan (T‑DXd, DS-8201a), an optimised antibody drug conjugate (ADC) is in clinical trials, showing promising outcomes in patients with advanced, nonoperable or
metastatic HER2-positive breast cancer who had already
undergone intensive prior treatment. Based on this data,
T‑DXd has already been approved in the US and Japan for
HER2-positive advanced nonoperable and metastatic breast
cancer – in the US after at least two prior anti-HER2 targeted
treatment lines and in Japan after prior chemotherapy. T‑DXd
represents successful “antibody engineering”. Since the beginning of the year, T-DXd has also been approved in Europe
as monotherapy for inoperable or metastatic HER2-positive
breast cancer in patients who are pretreated with at least
two anti-HER2 directed therapies. This paper presents strategies for improving treatment options in advanced nonoperable and metastatic HER2-positive breast cancer, with the development of T‑DXd as an example.
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ZU SAM ME N FA SS UN G
Trotz therapeutischer Fortschritte bei der Behandlung des
HER2-positiven (HER2: humaner epidermaler Wachstumsfaktor-Rezeptor 2) fortgeschrittenen/metastasierten Mammakarzinoms besteht weiterhin ein dringender Bedarf an wirksameren Therapieoptionen. Jenseits der zweiten Therapielinie
gibt es derzeit keinen definierten, zugelassenen Therapiestandard. Eine der großen Herausforderungen ist die Überwindung von Therapieresistenzen. In Abhängigkeit vom zugrunde
liegenden Resistenzmechanismus werden verschiedene Strategien für neue innovative Therapiekonzepte beim HER2-positiven Mammakarzinom verfolgt. Ein wichtiger Fokus liegt dabei auf spezifisch designten Antikörpern für eine gezielte Therapie, um diesen Herausforderungen erfolgreich zu begegnen. Mit Trastuzumab-Deruxtecan (T‑DXd, DS-8201a) befindet sich ein optimiertes Antikörper-Wirkstoff-Konjugat (ADC:
Antibody Drug Conjugate) in der klinischen Prüfung, das vielversprechende Studienergebnisse bei bereits intensiv vor-

Introduction
About one in five breast cancer patients is HER2-(human epidermal growth factor receptor 2-)positive (HER2+). HER2 positivity
is assessed by immunohistochemistry (IHC) and/or in situ hybridisation (ISH) [1]. It is defined as IHC3+ or IHC2+/ISH+ and is usually
associated with aggressive tumour biology. Most HER2+ breast
cancers therefore exhibit an increased rate of proliferation and
metastasis [2]. The development and introduction of targeted
substances that specifically bind to the HER2 receptor on the tumour cells and thus block the HER2 signalling pathway, which is
important for the proliferation of tumour cells, has succeeded in
significantly improving the prognosis in this group of patients. In
early breast cancer not yet metastasised, this translates into a
higher cure rate, including a high rate of long-term survival, and
in advanced nonoperable and metastasised HER2+ breast cancer,
the risk of progression is significantly reduced and the median
overall survival has improved to more than five years.
In addition to the monoclonal antibody trastuzumab, dual antibody blockade with trastuzumab plus pertuzumab – in each case
combined with preferably taxane-based chemotherapy – as well
as the antibody drug conjugate (ADC) trastuzumab emtansine
(T‑DM1) have established themselves as effective treatment options in HER2+ breast cancer. The HER1/HER2 tyrosine kinase inhibitor lapatinib is one option for later lines of treatment in the
metastatic setting [3 – 6].
Despite the therapeutic gains made in HER2+ metastatic breast
cancer (MBC), there is still a need for effective treatment options.
At present, there is no definitive approved therapeutic standard
for the continued treatment of patients with HER2+ MBC beyond
second-line treatment. In addition, pertuzumab and T‑DM1 are also administered in the (neo)adjuvant and post-neoadjuvant settings. This raises the question of the continued treatment of these
patients in case of a short recurrence-free interval in metastasised
disease. Clinical experience suggests that patients with HER2+
breast cancer who relapse on treatment with the now established
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behandelten Patienten mit fortgeschrittenem, inoperablem
oder metastasiertem, HER2-positivem Mammakarzinom
zeigt. Aufgrund dieser Datenlage ist T‑DXd in den USA und Japan bereits für das HER2-positive fortgeschrittene, inoperable
bzw. metastasierte Mammakarzinom zugelassen – in den USA
nach mindestens 2 vorangegangenen anti-HER2 zielgerichteten Therapielinien und in Japan nach vorangegangener Chemotherapie. T‑DXd steht stellvertretend für ein erfolgreiches
„Antikörper-Engineering“. Seit Anfang des Jahres ist T-DXd
auch in Europa als Monotherapie beim inoperablen oder metastasierten HER2-positiven Mammakarzinom zugelassen bei
Patienten, die mindestens 2 gegen HER2 gerichtete Vorbehandlungen erhalten haben. In der vorliegenden Publikation werden Strategien zur Verbesserung von Therapieoptionen beim HER2-positiven fortgeschrittenen, inoperablen bzw.
metastasierten Mammakarzinom vorgestellt – unter anderem
am Beispiel der Entwicklung von T‑DXd.

HER2-targeted agents and regimens often experience an unfavourable course: Up to one third of patients relapsing and developing metastases after (neo)adjuvant trastuzumab/pertuzumab
treatment already have CNS metastases as part of the initial metastasis [7]. After failure of post-neoadjuvant T‑DM1 therapy, this
figure climbed to over 50 % of patients initially metastasised [8].

Challenge: Treatment resistance
and inadequate response
The big challenge in oncology is drug resistance mechanisms. The
aim is to better understand these mechanisms and overcome
them with specific agents and strategies. The HER2 signalling
pathway, for example, is an integral part of a complex biological
network with other signalling pathways and corresponding
“crosstalks”. The development of resistance to HER2-targeted
substances therefore is due to various causes, e.g., somatic mutations at the HER2 receptor, a permanently activated truncated
HER2 receptor without extracellular domain or simply low HER2
expression. Alternative signal transduction pathways (e.g. PI3K,
Akt, mTOR) may be upregulated and serve as so-called “escape”
mechanisms for the tumour. Due to the numerous interactions
between signalling pathways, deregulation of adjacent signalling
pathways (e.g. PI3K, Akt, mTOR) may also induce resistance to
HER2-targeted agents [9, 10].
Since immunological mechanisms such as the activation of immune effector cells play an important role in the therapeutic efficacy of anti-HER2 monoclonal antibodies, genetic polymorphisms
in these cells may also affect and, for example, reduce treatment
efficacy. This applies, for example, to polymorphisms in the Fc
(fragment-crystallisable) receptors. The latter are membrane receptors for different immunoglobulin (Ig) isotypes binding to the
Fc domain of an antibody. Depending on the cell type, binding
triggers different mechanisms of immune response, for example
antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis (ADCP). Certain Fc
polymorphisms, for instance, result in reduced ADCC [11, 12].
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Clinical Approaches to Optimising Treatment
Depending on the underlying mechanism of resistance, different
strategies are being pursued to overcome resistance mechanisms
in HER2+ MBC.

New treatment options with tyrosine kinase inhibitors
Tyrosine kinase inhibitors (TKIs) selectively inhibit specific deregulated tyrosine kinases that play a role in tumour development.
This then can interrupt unwanted intracellular signal transmissions which play a role in the subsequent pathogenesis of the tumour. TKIs therefore have a much more specific effect than cytostatic agents. The different TKI groups are classified according to
the point of attack and protein targeted. Tucatinib and neratinib
are two new promising TKIs in the treatment of HER2+ MBC.

Tucatinib
Tucatinib is a new low molecular TKI targeting HER2 that, when
combined with trastuzumab plus capecitabine, is showing promising trial data in the randomised trial HER2CLIMB on HER2+ metastatic breast cancer (MBC) patients who had undergone intensive
prior treatment. In contrast to patients in the control arm treated
with trastuzumab/capecitabine alone, tucatinib prolonged median progression-free survival to 7.8 months (vs. 5.6 months; HR
0.54; p < 0.001) and overall survival to 21.9 months (vs. 17.4
months; HR 0.66; p = 0.005) [13]. Patients with brain metastases
benefited to the same extent as those without [13, 14]. In the US,
the triple combination with tucatinib has been approved for patients with advanced HER2+ breast cancer since April 2020 and
in Europe since the beginning of 2021 [15, 16].

Neratinib
Like lapatinib, neratinib is a small molecule. As a pan-HER tyrosine
kinase inhibitor, neratinib binds to more than just the one target
molecule HER2, but also to the epidermal growth factor receptor
(EGFR and HER1) and HER4. Compared to lapatinib, neratinib irreversibly blocks the HER2 signalling pathway [17]. Neratinib has
been approved for the extended adjuvant treatment of hormone
receptor-positive (HR+) and HER2+ breast cancer and is currently
in clinical trials in HER2+ MBC. The phase III NALA trial [18] in patients with HER2+ MBC who had already received multiple prior
treatments found that neratinib plus capecitabine reduced the
risk of progression by 24 % compared to lapatinib plus capecitabine. The onset of symptomatic brain metastases was delayed in
the neratinib arm. Data from a US study group indicate that neratinib increases the probability of response compared to standard
HER2-targeted therapies (trastuzumab, lapatinib or T‑DM1), especially in HER2+ MBC with a specific gene amplification and coexistent HER2 mutation [19]. SUMMIT [20], a phase II trial
studying patients with HER2-mutated and HR+ MBC who had
undergone intensive pre-treatment, combined neratinib with fulvestrant. This combination resulted in objective tumour regression in a good one third (33 %) of patients with a median response
time of 9.2 months. Patients who had already undergone prior
treatment with a CDK4/6 inhibitor also benefited.
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Triple-positive breast cancer: Combined
chemotherapy with CDK4/6 inhibition
In metastatic triple-positive breast cancer (TPBC) – positive oestrogen and progesterone receptor status (ER+/PR+) plus HER2
positivity (HER23+ or HER22+/ISH+) – the additional administration
of a CDK (cyclin-dependent kinase) 4/6 inhibitor to endocrine
therapy with trastuzumab is being discussed as an effective alternative to chemotherapy plus HER2-targeting agent. CDK4/6-inhibitors inhibit the activity of cyclin-dependent kinases, which
play a role in cell cycle control and cell proliferation. In HR+ breast
cancer, cyclin D activates CDK4/6 kinases, which phosphorylate
and subsequently deactivate the retinoblastoma protein (tumour
suppressor protein). Since CDK4/6 inhibition prevents this from
happening, the tumour cells can no longer divide and proliferate,
but enter apoptosis [21, 22]. Indeed, there appears to be a complex interplay not only between the cell cycle and ER expression,
but also with the HER2 signalling pathway. Evidently the CDK4/6
inhibitors are able to reverse HER2 resistance [23, 24]. We refer
to the monarcHER trial – where the triple combination of fulvestrant/trastuzumab/abemaciclib was superior to combined chemotherapy plus trastuzumab and significantly reduced the risk of
progression by 37 % (HR 0.63; p = 0.05) [25].

New option: Continued optimisation
of antibody treatment
One promising option is antibody engineering. The aim is to use
intelligent “engineering” strategies to increase the therapeutic efficacy or specificity of antibody-based treatment. Some particularly promising strategies to optimise antibodies for clinical practice are modified (Fc-optimised) antibodies, bispecific antibodies
and technically optimised antibody-drug conjugates (ADC)
(▶ Fig. 1) [26 – 28].

Spotlight on “Antibody Engineering”
Fc engineering
In Fc engineering, the Fc part of the antibody is optimised such
that, for example, binding to the Fc receptors on the immune cells
is stronger and the immune system is more strongly directed
against the tumour or tumour cells. The resulting improved ADCC
is said to enhance the immune effect. The reason for this is that it
has been shown for trastuzumab that patients with a certain genotype in the Fc receptor respond worse to trastuzumab [29, 30],
because the Fc part of the antibody only has a low affinity to the
Fc receptors on the NK (natural-killer) cells and macrophages. One
example of an Fc-optimised HER2 antibody in HER2+ breast cancer is margetuximab. In the randomised phase III study SOPHIA
[31], combined margetuximab/chemotherapy prolonged the median PFS in direct comparison with trastuzumab/chemotherapy,
but so far does not demonstrate a convincing survival benefit.
However, exploratory analysis of patients with a specific Fc
polymorphism (Fcγ receptor III a [FCG3A] or CD16A genotype)
revealed a survival benefit compared to treatment with trastuzumab which, however, was not statistically significant. Patients with
CD16A-158F allele (85 % of patients in the trial) survived a median
23.7 months in the margetuximab arm versus 19.4 months in the
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Various antibody engineering strategies

Unmodified
antibodies

Antibody-drug conjugate (ADC)

Fc
engineering

Antibody
drug conjugate

Bispecific antibody

▶ Fig. 1 The cytotoxic activity of therapeutic antibodies can be
boosted by engineering strategies. Different approaches are being
pursued: (1) Fc engineering: Optimisation of the Fc domain through
the exchange of amino acids in the protein backbone (e.g. tafasitamab) or modification of the glycosylation pattern (e.g. obinutuzumab). Yellow = amino acid exchange, light grey = sugar structures.
(2) Bispecific antibodies for effector cell recruitment, e.g. T-cells
(e.g., blinatumomab). (3) Antibody-drug conjugates that, in addition to their natural mechanism of action, transport and deliver
a cytotoxic agent to the tumour cell. Pink = linker, purple = toxic
agent (so-called payload). PDB structure file provided by M. Clark
[28].

trastuzumab arm (p = 0.087). In contrast, homozygous patients
with the CD16A-158VV allele (15 % of patients in the trial) did not
benefit from margetuximab versus trastuzumab [31].

Bispecific antibodies
Bispecific antibodies comprise two (or more) antigen-recognising
components and can thereby bind to two (or more) target structures. The rationale for the development of bispecific antibodies is
that several signalling pathways play a role in the pathogenesis of
malignancies. Moreover, bispecific antibodies can be used to establish cross-linking between the tumour and certain components of the immune system, especially the T-cells. T cells usually
do not have Fc receptors, which is why they cannot be recruited
with a monoclonal antibody. With bispecific molecules, it is possible to bind tumour cells to immune cells quasi physically and to
activate the patientʼs own immune system [27].
Bi-specific monoclonal antibodies, so-called BiTE (Bi-specific Tcell engagers), have already demonstrated their benefit in the
treatment of some tumour entities. They comprise two scFv fragments, each consisting of the two variable domains of a conventional monoclonal antibody linked by peptide bridges. One scFv
fragment binds to a T cell surface protein, usually the CD3 recep-
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tor. The second scFv fragment is directed against a surface protein
that is expressed as selectively as possible on the target cell. The
binding connects one target cell to one T-cell at a time. This activates the T cell and it begins to release cytotoxic proteins inducing
programmed cell death and destroying the target cell. The first
BiTE antibody employed therapeutically is blinatumomab. It targets the CD3 receptor of T cells and the surface protein CD19 on
B cells and is approved as a second-line treatment in acute lymphoblastic leukaemia (ALL) [32].

ADCs are already being used successfully in clinical practice. The
ADC T‑DM1 has become the standard of care for second-line
treatment of HER2+ MBC after trastuzumab/pertuzumab failure
[5]. By now, trastuzumab deruxtecan (T‑DXd, DS-8201), a new–
optimised–ADC generation, is in clinical trials in HER2+ MBC. The
drug has already been approved in the US, Japan and Europe
based on convincing phase II clinical trial data [33 – 35].

The Need for Optimising Antibody-Drug
Conjugates
ADC development is based on tumour-associated antigens (TAA)
such as the HER2 receptor, which is expressed on the tumour cell
and plays a crucial role in the oncogenesis and pathogenesis of
the disease. With specific antibodies that bind to these TAAs, on
the one hand the TAAs are blocked, which interrupts the signalling pathways essential for tumour growth, and on the other hand
cytotoxic substances can be introduced into the tumour cell, resulting in its death. ADCs are rather complex molecules that take
advantage of this. They consist of a tumour-specific, human or
humanised monoclonal antibody, a cytotoxic drug (so-called payload) and a linker. The linker binds the cytotoxic drug to the antibody, which transports the drug to the target cell (e.g., HER2+ tumour cell). There, the antibody plus payload binds to the TAAs on
the cell surface. This complex is internalised by endocytosis. Then
the cytotoxic drug is released within the cell by enzymatic cleavage (▶ Fig. 2) [34, 36]. In order not to induce systemic (“off-target”) toxicity, the linker technology must ensure a stable bond between the antibody and the drug on its way to the tumour cell
[36 – 41].
Despite the successful introduction of the first ADCs into clinical practice, there is a need for optimisation to increase specificity
and efficacy, to further minimise the risk of systemic side effects,
and to overcome ADC resistance. All three components of the ADC
molecule – antibody, linker and toxic payload – provide starting
points for further optimisation along the lines of so-called “antibody engineering”. The aim is to develop a highly specific ADC
complex that is as homogeneous, stable and potent as possible.

Starting Points for ADC Optimisation
Monoclonal antibody (mab)
Not every antibody is suitable for transporting the cytotoxic drug.
A human or humanised antibody is needed to reduce immunoge-
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ADC mechanism of action
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4
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8
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▶ Fig. 2 The free ADC binds specifically to the antigen receptor on the surface of the target cell (tumour cell). Binding to the antigen results in
receptor-mediated endocytosis (internalisation). The ADC enters the endosome. The cytotoxic drug (payload) is released intracellularly. In linkers
that cannot be cleaved, the payload is released via lysosomal “trafficking” – the ADC complex is degraded by lysosomal enzymes. Since the linker
cannot be cleaved, in this case the linker plus one amino acid of the antibody will still be attached to the payload. Linkers that can be cleaved, on the
other hand, are cleaved off thereby releasing the pure active ingredient. By detaching the linker, the payload does not have a linker component.
As soon as the payload is released, it binds to the intracellular target and induces cell death (apoptosis) [38].

nicity. Moreover, it should be possible to bind a sufficient number
of cytotoxic molecules and the antibody must have a high antigen
(Ag) specificity and Ag affinity. To ensure intracellular release of
the payload, the antibody must have a propensity for internalisation and induce receptor-mediated endocytosis [36 – 38, 41].
IgG1 antibodies, for which intrinsic anti-tumour activity has
also been demonstrated, have proven successful. Preclinical trials
with different HER2-targeted antibodies have also revealed significant differences depending on the binding domain on the HER2
receptor. Trastuzumab, an IgG1 antibody with biological effector
functions, has proven to be very effective in clinical practice and
is able to induce immunological mechanisms such as ADCC [38,
42].

Linker technology
The linker must ensure high stability of the ADC in plasma to prevent the payload from detaching from the antibody and thereby
possibly inducing systemic toxicity. However, it also affects how
the cytotoxic active substance is released within the cell. In this
respect, the linker has a significant effect on the mechanism of ac-
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tion of the ADC. Linkers are classified as cleavable (e.g., hydrazone, valine-citrulline, disulphide and peptide linkers) and noncleavable linkers (e.g., thioether moieties) (▶ Fig. 3). Cleavable
linkers are sensitive to lysosomal proteases of the tumour cells
and acidic pH values or they contain disulphide bridges cleavable
by glutathione. The linker remains with the antibody and only the
payload is released. In ADCs with non-cleavable linkers, the ADC/
AG complex is degraded by proteolysis to release the cytotoxic active substance. This is therefore still linked to the (non-cleavable)
linker, the latter still having a lysine or cysteine residue of the degraded antibody attached to it. Since the linker with the amino acid residue is still attached to the released active substance, this reduces the membrane permeability of the active substance – in
contrast to an ADC with a cleavable linker [37 – 41, 43, 44].

Cytotoxic active substance (payload)
Since each antibody delivers only a small amount of cytotoxic substance to the target cell (tumour cell), highly potent, possibly optimised cytostatic drugs must be used as a payload. As a rule,
these substances are so potent that systemic application – with-
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Linker technologies and release

T-DXd, brentuximab vedotin [37,40]
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▶ Fig. 3 The linker technology of an ADC affects its payload release and efficacy. A distinction is made between ADCs with a cleavable (e.g., T‑DXd)
or non-cleavable linker (e.g., T‑DM1). With a non-cleavable linker, an amino acid residue of the degraded antibody is still attached to the payload,
which is why the membrane permeability is lower than with an ADC with cleavable linker [37, 40, 43, 44].

out binding to the antibody – would not be tolerated by the patients. However, due to the stable binding to the antibody and
the intracellular release, which only takes place inside the tumour
cell, the high efficacy can be used more safely and in a targeted
manner. The substanceʼs potency and pharmacokinetics must
not be altered by linkage to the antibody. The substance should
be sufficiently soluble, as the permeability of the active substance
released inside the cell affects the clinical efficacy of the ADC [32,
33, 36].
The choice of cytotoxic agent also plays an important role in
circumventing potential ADC resistance mechanisms. MDR1(multidrug resistance protein 1-)induced resistance, for example,
is a common resistance mechanism resulting from upregulated
MDR1 expression. The MDR1 protein is an active transporter
pumping cytotoxic substances out of the cell. MDR1 is therefore
also referred to as the PGP (permeability-glycoprotein) pump. Hydrophobic substances in particular are increasingly channelled out
of the cell again, which is why hydrophilic substances should be
preferred. Therefore, both the linker and the cytotoxic active substance should be highly hydrophilic [39].
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ADC resistance may also be due to down-regulation of antigen
expression or antigen-ADC internalisation, resulting in reduced intracellular degradation of the ADC-antigen complex or release of
the payload. In addition, it has been observed that the surface of
the tumour cell can effectively renew itself by antigen re-expression [39]. Good permeability of the active substance and good internalisation capacity as well as high potency are therefore crucially important.

Trastuzumab Deruxtecan (T‑DXd, DS-8201)
The T‑DXd molecule (DS-8201) was specifically developed against
the backdrop of this knowledge and optimisation strategy. This
may explain why T‑DXd demonstrated good efficacy in clinical trials on HER2+ MBC patients who had already undergone intensive
prior treatment, with a high response rate and rather long response time. Apparently, T‑DXd can overcome HER2 resistance
mechanisms that have developed under standard anti-HER2
agents, including T‑DM1.
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High potency payload

High drug-to-antibody ratio

As with T‑DM1, T‑DXd is a HER2-targeted ADC. The HER2 antibody used – a therapeutic IgG1 antibody – has the same amino
acid sequence as trastuzumab. The differences are in the linker
technology and the cytotoxic active substance. The toxic agent
used for T‑DXd is not a microtubule inhibitor, as in many other
ADCs, but a new topoisomerase I inhibitor, a derivative of exatecan (DXd). Since DXd is up to 10 times more potent than conventional topoisomerase I inhibitors (active irinotecan metabolite SN
38), it is highly effective. By binding to the antibody and only releasing it within the tumour cell, the high efficacy of DXd can be
used in a targeted manner and with good overall tolerance. Moreover, since DXd does not belong to the microtubule inhibitors like
the taxanes, resistance to T‑DXd is less likely. In addition, since
DXd is highly permeable, the payload has good membrane permeability [37, 45, 46].

The high potency of the cytotoxic active substance DXd is complemented by a high drug-to-antibody ratio (DAR). The DAR represents the capacity of how much cytotoxic active substance is
bound to each individual antibody molecule and can be transported to the target cell. Most ADCs developed so far, including
T‑DM1, for example, have a DAR of 3–4 [49]. In other words, one
antibody transports 3–4 payload molecules. T‑DXd, on the other
hand, has a DAR of 7–8, which is why more cytotoxic active substance can be introduced into the HER2+ tumour cell per antibody
(▶ Fig. 5) [37].
This is possible due to innovative conjugation technology
(▶ Fig. 5). The reduction of cysteine disulphide bridges exposes
specific binding sites for the “linker payload”, thus resulting in a
homogeneous and stable conjugation (“site-specific conjugation”) [28, 36]. The innovative conjugation technology reduces
ADC hydrophobicity, allowing for higher DAR without compromising stability in plasma. Traditional conjugation technology carries
an increased risk of systemic instability and reduced half-life as the
DAR increases, which is why previous ADCs had a lower DAR. The
preclinical studies on T‑DXd show that this innovative conjugation
does not affect either antibody function or the effect of the cytotoxic drug (DXd) as a component of the T‑DXd molecule [28, 36].

Tetrapeptide linker with enzymatic cleavage
One important benefit of T‑DXd is its innovative linker technology: In the T‑DXd molecule, trastuzumab is linked to the toxic active substance via a novel tetrapeptide linker that can be enzymatically cleaved within the cell, but ensures high stability in plasma [46]. After intravenous administration of T‑DXd, in vivo pharmacokinetic studies in cynomolgus monkeys reveal an ADC complex with systemic stability in plasma and rapid clearance. T‑DXd
is detectable almost solely in the blood and only in very small
amounts in the tissues. The active substance is excreted primarily
in the urine and faeces [47]. Other “in vivo” studies on the good
systemic tolerance of T‑DXd with doses of up to 197 mg/kg in rats
and 30 mg/kg in monkeys support this finding. The substance was
applied repeatedly in each case, corresponding to its use in the
clinical setting [36, 37].

Utilising the bystander antitumour effect
Intracellularly (after the ADC complex has been internalised), the
enzymatically cleavable linker allows the cytotoxic active substance to be released as a so-called “naked” or “pure” substance.
This yields a molecule with high membrane permeability that can
also penetrate and destroy neighbouring tumour cells. The cytotoxic active substance penetrates the neighbouring tumour cells
regardless of their HER2 status, leading to the so-called bystander
antitumour effect (▶ Fig. 4) [40]. Neighbouring tumour cells with
low HER2 expression (HER22+/ISH−) and those that do not express
HER2 can also be attacked and destroyed in this way. Moreover, it
cannot be ruled out that T‑DXd also has an inhibitory effect on immunosuppressive cells in the microenvironment of the tumour or
the vessels supplying the tumour.
The bystander antitumour effect described is an important differentiating feature of T‑DXd over other ADCs. It requires that the
active substance is membrane-permeable, which has been demonstrated in the preclinical model [37, 44, 48]. For T‑DXd, there is
a clear correlation between the bystander antitumour effect and
the membrane permeability of the payload. In ADCs with a noncleavable linker, such as T‑DM1, the linker plus an amino acid residue remain attached to the cleaved active substance, so permeability may be lower or non-existent [36].
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Breast Cancer with HER2-low Expression
About 20 % of breast cancers are HER2+ (HER23+ or HER22+/ISH+)
[2], which by implication means that the majority of breast cancers
have little or no HER2 overexpression. About 40–50 % of breast
cancers have HER2-low expression (HER2-low: HER22+/ISH− and
HER21+) [50 – 52]. In patients with HER2-low expression, the standard HER2-targeted drugs and regimens, including T‑DM1, do not
have sufficient impact, which is why they are not approved for
these cancers. In clinical practice, HER2-moderate and HER2-low
expression are an important mechanism of resistance to T‑DM1.
With T‑DXd it is different: Due to the bystander antitumour effect – high DAR and high membrane permeability of the potent
cytotoxic payload – T‑DXd can also destroy tumour cells with
HER2-low expression. Adequate amounts of toxic payload have also been detected in these tumour cells (HER21+ and HER22+/ISH−)
to exert an HER2-specific cytotoxic effect [36, 37, 53]. Preclinical
studies also revealed that DAR plays a minor role in HER2-high expression (HER3+ and HER2+/ISH+), but is important in HER2-intermediate and HER2-low expression (HER2+/ISH− and HER21+) [36,
37].
This is also important in clinical practice for HER2+ cancer with
HER2 heterogeneity, where tumour cells with HER2-high expression and those with HER2-low expression are present. Studies
have shown that the clinical effect of the established HER2-targeted substances is limited if the tumour does not express the target structure homogeneously [54]. HER2-positive gastric cancer is
known for a highly heterogeneous HER2 expression. In a phase II/
III trial in patients with advanced HER2+ gastric cancer, T‑DM1 did
not meet the trial endpoint – with HER2 heterogeneity in gastric
cancer suggested as a possible reason. Intelligently designed molecules such as T‑DXd (bystander antitumour effect) may be able
to circumvent the clinical problem of HER2 heterogeneity [37,
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▶ Fig. 4 The bystander antitumour effect is based on the high permeability of the active substance (payload), which is not affected by the
innovative linker technology [40].

Linkage technologies

Natural lysine residues
> 70 Conjugation sites
DAR 3–4 (T-DM1)

Natural cysteine residues
8 Conjugation sites
DAR 3–8 (brentuximabvedotin, T-DXd)

Engineered cysteine residues
2 Conjugation sites
DAR 1–2

▶ Fig. 5 Different technologies can be used to link drugs to monoclonal antibodies. Here are three examples: (1) Natural cysteine residues as
linkage sites. IgG1 antibodies contain more than 70 lysines that are potentially accessible in a linking reaction. This stochastic process results in a
final mixture of hundreds/thousands of different end products (e.g. T‑DM1). (2) Linkage via “interchain” cysteine residues. The linkage to cysteine
residues involved in the intermolecular disulphide bridges in the natural protein can be used for specific linkage. This results in a more homogeneous end product (e.g. T‑DXd, brentuximab vedotin). (3) Additional cysteine residues can also be specifically inserted into the antibody molecule
by amino acid exchange, allowing rather targeted linkage. PDB structure file provided by M. Clark [28].
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55]. Current data from a phase II trial with T‑DXd presented at the
ASCO Annual Meeting 2020 confirmed this assumption [56].

Clinical Data on Trastuzumab Deruxtecan
Trastuzumab deruxtecan (T‑DXd) was approved in the US in late
December 2019, in Japan in March 2020 and in Europe since
2021 for the treatment of patients with HER2+ metastatic breast
cancer who had already undergone chemotherapy. According to
FDA (Food and Drug Administration) approval, metastasised patients must have undergone at least two HER2-targeted therapy
regimens in the metastatic setting [57]. The European approval
requires that patients with locally advanced and inoperable or
metastatic HER2-positive breast cancer are pretreated with at
least two anti-HER2-directed therapies [35]. The approvals are
based on the positive results of the pivotal phase II trial DESTINYBreast01 [58]. Several confirmatory, randomised phase III trials
are currently underway worldwide.

Phase I trial data
The phase II pivotal trial was preceded by promising results from a
phase Ia/b trial in patients with advanced breast or gastric cancer
(incl. tumours of the gastro-oesophageal junction), who had
undergone intense prior treatment [46, 59]. The trial included patients with HER2-low and HER2-high expression. No dose-limiting
toxicity was observed during the dose-finding phase (phase Ia).
The recommended effective dose of T‑DXd was 5.4 and 6.4 mg/
kg respectively. During the expansion phase (phase Ib), T‑DXd
was studied in additional patients at the two recommended dosing regimens (T‑DXd 5.4 and 6.4 mg/kg respectively, i. v., every
3 weeks). The published data included a cohort of 115 patients
with HER2+ advanced breast cancer who had undergone intensive
prior treatment, including T‑DM1 [59]. This already indicated
promising efficacy – also for patients with HER2-low expression.
Objective tumour reduction was achieved in almost 60 % of all
patients (ORR: 59.5 %) with a disease control rate of 93.7 %. Patients benefited regardless of HR status, the T‑DXd dose administered and whether or not they had already undergone prior
treatment with pertuzumab. The median response time was
20.7 months and the median PFS was 22.1 months; the median
overall survival time had not yet been reached at the time of analysis [59]. The patients with HER2-low expression (HER22+/ISH−;
HER21+; n = 54) had an objective response rate of 37 % and a tumour control rate of 87 % – this despite the fact that over half of
the HER2-low patients had only been tested HER21+. The median
time without progression in HER2-low patients was 11.1 months,
with a median overall survival of 29.4 months [60].

Pivotal phase II trial: DESTINY-Breast01
The first part of the single-arm, open-label, multicentre pivotal
phase II study DESTINY-Breast01 [58, 61] tested the pharmacokinetics and T‑DXd dosing determined in the phase I trial. T‑Dxd
monotherapy as 5.4 mg/kg infusion, every three weeks, was
confirmed to be effective and well tolerated. A total of 184 patients were treated with this dosage regimen. All patients had
nonoperable and/or metastatic HER2+ breast cancer (HER23+;
HER22+/ISH+) and had received a median of six prior treatments.
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▶ Table 1 Data on efficacy of T‑DXd in the DESTINY-Breast01 trial in
patients with HER2+ metastatic breast cancer and intense prior
treatment, including T‑DM1 (mod. from: [58, 61, 62]).
Intent-to-treat
analysis

August 2019 Mean

June 2020 Mean

T‑DXd 5.4 mg/kg

T‑DXd 5.4 mg/kg

(n = 184)

(n = 184)

Duration of
follow-up (range)

11.1 months
(0.7–19.9 months)

20.5 months
(0.7–31.4 months)

Patients still
on treatment

42.9 % (n = 79)

20.1 % (n = 37)

ORR confirmed
by ICR

60.9 % (n = 112)
(95 % CI
53.4–68.0 %)

61.4 % (n = 113)
(95 % CI
54.0–68.5 %)

▪ CR

6.0 % (n = 11)

6.5 % (n = 12)

▪ PR

54.9 % (n = 101)

54.9 % (n = 101)

▪ SD

36.4 % (n = 67)

35.9 % (n = 66)

▪ PD

1.6 % (n = 3)

1.6 % (n = 3)

▪ Analysis
not possible

1.1 % (n = 2)

1.1 % (n = 2)

Response time,
median

14.8 months
(95 % CI
13.8–16.9 months)

20.8 months
(95 % CI
15.0 months – NR)

Time to response,
median

1.6 months
(95 % CI 1.4–2.6 months)

Progression-free
survival, median

16.4 months
(95 % CI
12.7 months – NR)

19.4 months
(95 % CI
14.1 months – NR)

Overall survival,
median

NR

24.6 months
(95 % CI
23.1 months – NR)

ORR = objective response rate; ICR = independent central review
committee; CR = complete remission; PR = partial remission; SD =
stable disease; PD = progressive disease; NR = not reached
Median overall survival was estimated at 35 % maturity, with 119 censored patients and only 17 patients at risk at 24-months; additional
follow-up is needed for more mature data.

All patients had undergone prior treatment with trastuzumab and
T‑DM1. More than 60 % had also received pertuzumab and just
over half had received other HER2-based therapies. Patients with
stable brain metastases and prior treatment were also enrolled.
The primary endpoint of the trial was the objective response rate
(ORR) according to the RECIST criteria (version 1.1), which was
confirmed by an independent central review [58].
Although these were patients with intense prior treatment, the
first intent-to-treat (ITT) analysis indicated an ORR of 60.9 % (112/
184 patients) after a median of 11.1 months, including eleven
complete remissions (CR: 6.0 %). Only three patients (1.6 %) displayed primary progression with a disease control rate (DCR):
CR + PR + SD (complete and partial remission plus stabilisation) of
97.3 % (▶ Table 1) [61]. The ORR was confirmed in the planned
subgroup analysis regardless of whether the patients had already
been treated previously with pertuzumab or had brain metastases, and regardless of HR status or HER2 expression level [58,
61]. The median PFS at that time was 16.4 months for the overall
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DESTINY-Breast01: Treatment response under trastuzumab deruxtecan
40
n = 169

Best change in measurable tumour (%)
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−100
Confirmed by independent central review committee.
Red line at 20 %: progressive disease; green line at −30%: partial response.

▶ Fig. 6 In the DESTINY-Breast01 trial, almost all patients with HER2+ metastatic breast cancer benefited from treatment with T‑DXd despite
intense prior treatment, including T-DM1 [58, 62].

population and 18.1 months for the patients with brain metastases. T‑DXd thus also achieves efficacy in the CNS, which is an important observation given the increased incidence of brain metastases after failure following established anti-HER2 therapies.
The second, updated ITT analysis confirmed consistent and
sustained efficacy after a median follow-up of 20.5 months [62],
with an ORR of 61.4 % and a median response duration of 20.8
months. A good 20 % of patients were still being treated with
T‑DXd, including 80 patients (43.4 %) for more than 12 months
and 11 patients (6.0 %) for more than 24 months. Median PFS
had increased to 19.4 months. Initial survival data revealed a median overall survival under T‑DXd of over two years (24.6 months)
with a survival rate at 18 months of 74 % (▶ Table 1 and Fig. 6)
[62].
The updated analysis [62] also confirmed the data on tolerance
from the first interim analysis. Most adverse treatment-related
events were mild/moderate (grade 1–2) in severity. The main
symptoms were gastrointestinal complaints, for example, nausea/vomiting, constipation, diarrhoea and/or reduced appetite as
well as fatigue and alopecia. The most common adverse event
grade ≥ 3 was neutropenia. Cardiac tolerance was good [58, 61,
62]. No cumulative adverse events were observed. This also applied to interstitial lung disease (ILD), which – if it occurred – was
primarily seen during the first twelve months. During the initial
analysis, 25 patients (13.6 %) had interstitial lung disease, the majority of which was mild/moderate (grade 1–2; NCI CTCAE criteria), but which resulted in death in four patients (grade 5: 2.2 %).
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During the second analysis, three more ILDs were confirmed [62].
Since interstitial lung disease can be treated well with early corticosteroid intervention, patients on T‑DXd treatment should be assessed regularly for relevant symptoms. If ILD is suspected, T‑DXd
treatment must be stopped and treatment with corticosteroids
initiated.

Extensive Trial Programme with Trastuzumab
Deruxtecan
An extensive trial programme with T‑DXd in various solid organ
tumours with different HER2 expression levels has been ongoing
worldwide. Several randomised phase III trials are currently ongoing in HER2-expressing advanced breast cancer, including trials
in patients with HER2-low expression. Other trials are ongoing in
HER2+ advanced gastric cancer, HER2+ advanced colorectal cancer (CRC) and HER2+ and HER2-mutated metastatic non-squamous non-small cell lung cancer (NSCLC). As part of these trials,
T‑DXd is also being tested in combination with other oncological
therapies, including immune checkpoint inhibitors [63].

Trial programme in breast cancer
An extensive trial is validating T‑DXd in metastatic breast cancer
(DESTINY Breast Trial Programme). This not only includes phase
IB/II trials, but also several randomised phase III trials:
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DESTINY-Breast02 [NCT03523585]
DESTINY-Breast02 is considered a confirmatory phase III trial of
DESTINY-Breast01. Enrolled are patients with nonoperable and/
or metastatic HER2+ (HER23+ or HER22+/ISH+) breast cancer who
had already undergone prior treatment with standard anti-HER2
therapies, including T‑DM1. T‑DXd will be compared with a
HER2-based treatment as chosen by the treating physician (control arm). The primary endpoint of the trial is PFS.

DESTINY-Breast03 [NCT03529110]
The phase III DESTINY-Breast03 trial compares T‑DXd directly with
T‑DM1. Enrolled are patients with nonoperable and/or metastatic
HER2+ (HER23+ or HER22+/ISH+) breast cancer who had undergone prior trastuzumab/taxan-based treatment. The primary endpoint of the trial is PFS.

DESTINY-Breast04 [NCT03734029]
DESTINY-Breast04, a phase III trial, focuses on patients with HER2low expression (“HER2-low”: IHC2+/ISH− or IHC1+). T‑DXd is compared with treatment as chosen by the treating physician (TPC.
treatment physicianʼs choice: Capecitabin, eribulin, gemcitabin,
paclitaxel, nab-paclitaxel). Stratification factors are HER2/IHC status, number of prior chemotherapies and hormone receptor (HR)
status. The primary endpoint of the trial is PFS.

tucatinib is also a substance with promising trial outcomes [14,
64].
One future strategy is to integrate immuno-oncology into
HER2-targeted treatment and to combine checkpoint inhibitors
and HER2-targeted agents and, if necessary, chemotherapy. Cancer immunotherapy involving the bodyʼs own immune system is a
promising concept to circumvent resistance and increase the efficacy of oncological treatment. The first checkpoint inhibitors have
been approved for metastatic TNBC. The first trials with immunotherapy are also underway in HER2+ breast cancer – including in
combination with HER2-targeted ADCs [38].
The rationale to combine ADC and checkpoint inhibition is
based on preclinical data. According to “in vivo” studies in an immunocompetent mouse model, for example, T‑DXd is able to support antitumour immunity and activate the (mouse) immune system. It is suggested that the conjugate increases the number of
CD8 T-cells in the tumour and PD‑L1 expression on the tumour
cells, thereby facilitating PD‑L1 blockade [48, 65]. Clinical trials of
combined ADC plus cancer immunotherapy are ongoing in several
solid organ tumours with HER2 expression.
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is comparing T‑DXd with T‑DM1 in high-risk patients with early
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DESTINY-Breast06 [NCT04494425]
This phase III trial is validating T‑DXd in patients with metastatic or
advanced HR-positive (HR+) breast cancer and HER2-low status.
All patients have already undergone prior endocrine treatment
for advanced/metastatic disease and are in progression. The patients in the control arm receive chemotherapy as chosen by the
treating physician – either paclitaxel, nab-paclitaxel or capecitabine. The primary endpoint of the trial is PFS.
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