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Abstract

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer-related deaths worldwide.
Despite treatment advancements in the last decades, CRC remains heterogeneous with significant clinical and genetic
diversity. Human epidermal growth factor receptor 2 (HER?2) proto-oncogene plays a critical role, as its amplification or
overexpression leading to abnormal cell proliferation and tumorigenesis. HER2 overexpression or amplification is identified
in 2-4% of metastatic CRCs (mCRC) patients, representing a potential therapeutic target. It is also associated with resistance
against epidermal growth factor receptor (EGFR)-targeted therapies like cetuximab and panitumumab, for treatment of RAS
wild-type mCRC. Although HER2-positive mCRC is rare, assessing HER2 levels is important. Furthermore, anti-HER2
therapies exhibited non-toxic profile and high efficacy in chemorefractory cases. This review delves into modern management
of anti-HER?2 therapies in CRC with a particular focus on recent advances and current knowledge about the prognostic and

predictive value of HER2.
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Introduction

Colorectal cancer (CRC) ranks as the third most commonly
diagnosed cancer and the second most common cause of
cancer malignancy-related mortality worldwide [1]. CRC
stands as a global health problem with 1.9 million cases
per year. In the USA, an estimated 152,810 people will be
diagnosed with CRC in 2024, and 53,010 will die from it
[1]. It is a heterogeneous disease, exhibiting clinical and
genetic diversity, and is influenced by multiple signaling
pathways. It typically originates from several gene related
events including epigenetic alterations or mutations which
may transform a normal glandular epithelium of colon or
rectum into a benign neoplasm [2]. Especially, a family his-
tory of CRC may account for up to 25% of cases, indicating a
potential genetic component as first-degree relatives (FDRs)
with a family history of CRC have a 2- to fourfold increased
risk of getting the disease [3].
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Despite significant advances on efficacious therapeu-
tics and useful diagnostic approaches for early detection of
CRC, approximately 33% of colorectal malignancies develop
metastases at peritoneum or more distant organs such as
lung, bone, brain, and liver [4-6]. Unfortunately, the 5-year
overall survival (OS) rate for patients with distant metastatic
CRC (mCRC) is approximately 15% (SEER 22, NCI). Still,
it remains a highly lethal disease with approximately 30% of
patients experiencing a recurrence or metastases even after
undergoing initial curative surgical treatment or receiving
adjuvant chemotherapy [7].

Due to heterogeneity of the patient population and dif-
ferent molecular subtypes, assessing a suitable treatment
option is difficult. Surgery followed by radiotherapy, radiof-
requency ablation, cryosurgery, chemotherapy, and targeted
therapy are the therapeutic options for the treatment of CRC.
Among these, chemotherapy is considered a crucial thera-
peutic approach, especially for patients in advanced stages
who are unable to undergo surgery, which may be followed
by a specific targeted therapy [8]. For example, chemother-
apy and anti—epidermal growth factor receptor (EGFR) (i.e.,
panitumumab and cetuximab) therapy is recommended for
RAS wild-type mCRC patients with microsatellite stable
(MSS) or proficient mismatch repair mechanism. Moreover,
pembrolizumab, an immune checkpoint inhibitor as targeted
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therapy, is recommended for mCRC patients with microsat-
ellite instability-high (MSI-H) or deficient mismatch repair
tumors [9, 10].

Additionally, amplification or overexpression of the
human epidermal growth factor receptor 2 (HER2) gene has
garnered significant attention in the field of cancer research
as a novel oncotarget in mCRC [9, 10]. In this review, we
point out the modern management of anti-HER?2 therapies in
CRC with a particular focus on recent advances and current
knowledge about the prognostic and predictive value of
HER?2.

HER2 as an oncogenic driver in colorectal
cancer

HER? is a proto-oncogene located on chromosome 17g21
and is a member of ERBB family of receptor tyrosine
kinases [11]. HER2 does not bind any ligands but can form
homo- or hetero-dimers with other EGFR family members
(HER1/EGFR, HER3, HER4). This triggers transphospho-
rylation of tyrosine kinase domain, activating key signal-
ing pathways such as phosphoinositide 3 kinase (PI3K)/
Akt/mammalian target of rapamycin (mTOR), transducer
and activator of transcription (JAK/STAT) pathway, RAS-
RAF-mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathway, and phospholipase
C (PLC)/protein kinase C (PKC) pathway. These pathways
regulate cell survival, proliferation, and migration [12—14].

Fig. 1 The schematic represen-
tation of physiological roles and
mechanism of action of HER2
in CRC through several signal-
ing pathways. Upon HER2
dimerization with other family
members or itself leads to acti-
vation of downstream signaling
events including pathways like
MAPK, PI3K/AKT, JAK/STAT,
and PLC/PKC. The signaling
culminates in transcriptional
changes affecting cellular differ-
entiation, survival, proliferation,
and migration
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HER?2 oncogene amplification or overexpression of its pro-
tein causes self-dimerization and hyperactivation of mitotic
signals. This initiates a series of parallel signaling cascades
that ultimately cause phenotypic changes in cell behavior
and tumorigenesis [15]. Figure 1 summarizes the receptor-
ligand binding (except for HER?2 receptor) and the signaling
pathways enrolled in CRC cells.

HER?2 gene overexpression or amplification identifies
a specific subset of colorectal malignancies, which is
observed in approximately 2-4% of patients with mCRC,
and represents a rapidly emerging therapeutic target in
these patients [12]. According to a meta-analysis of clinical
outcomes, patients diagnosed with HER2-positive mCRC
exhibited a substantially elevated risk of mortality or disease
advancement, approximately 2.84 times greater than that
observed in patients with HER2-negative mCRC [16].
Even, advanced-stage cancers with a high burden of genetic
mutations are more likely to demonstrate overexpression of
HER?2 [17].

Previous research demonstrated a high occurrence of
HER? amplification in left-sided CRC patients, and that
HER2-positive CRCs are mutually exclusive with mutations
in KRAS, NRAS, and BRAF oncogenic drivers [18, 19].
For instance, KRAS alterations (27.3%) were found to be
significantly less common in HER2-amplified CRC samples
compared to wild-type versions (51.8%) [20]. Moreover,
Raghav et al., showed that 37 of 99 mCRC patients carrying
BRAF and KRAS wild-type genes had HERZ2 amplification
[21]. However, it should be noted that a small subset of
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tumors may harbor co-occurring mutations on these genes
[20]. This is also correlated with a higher frequency of
metastases to distant organs such as lung, peritoneal, and
brain [19, 22, 23].

In addition to being amplified, HER2 somatic mutations
can also be detected in CRC at a frequency of 4%. These
mutations may sometimes occur together with HER?2
amplification or alterations in other oncogenes such RAS,
BRAF, and EGFR [18]. Similar to HER2 gene amplification,
HER? activating mutations (more frequently, V8411,
S310F, L7558, V777L, and 1655V) affect the extracellular,
transmembrane, or cytoplasmic domain which in turn cause
hyperactivation of proliferative signals [24, 25]. Moreover,
in a recent study, another HER2 mutation (G776S) functions
as an oncogenic driver and triggers HER2 downstream
signaling when accompanied by a tumor suppressor gene,
APC, loss-of-function mutations [26]. CRC cell xenografts
with the HER2 G776S mutation were treated with a
pan-HER tyrosine kinase inhibitor, afatinib, leading to
significantly reduced tumor growth compared to control-
treated mice [26]. Remarkably, a 78-year-old woman with
mCRC with a HER2 L726L mutation, who does not have
HER?2 amplification or overexpression, showed an excellent
clinical response to fam-trastuzumab deruxtecan (T-DXd)
[27]. This notable case also highlights the significance of
comprehensive genomic testing in the context of metastatic
cancers. These preclinical and clinical findings support the
need for conducting more clinical trials targeting HER2
activating mutations in mCRC patients, even without HER2
amplification.

HER2 as a predictive biomarker
for resistance to anti-EGFR therapies
in mCRC

Considering HER?2 heterogeneity as a prognostic marker,
HER?2 amplification has also been identified as a key
mechanism driving resistance to anti-EGFR therapies in
CRC by sustaining downstream signaling [28]. EGFR-
targeted therapies like cetuximab and panitumumab are
being used for the treatment of mCRC patients who are
wild-type for RAS gene [29]. Unfortunately, the effectiveness
and clinical practicality of targeted therapy are hindered
by the development of resistance. Especially, in RAS/
RAF wild-type mCRC patients, HER2 amplification or
overexpression can cause resistance to these anti-EGFR
therapies, making it a predictive of treatment failure [16,
30]. Therefore, conducting an HER2 amplification screen
ahead of anti-EGFR therapies can guide therapy decisions to
benefit most. Bertotti et al., conducted a multi-arm study in
HER2-amplified patient-derived xenografts (PDXs) derived
from mCRC patient samples and showed that simultaneous

inhibition of HER2 and EGFR resulted in significant and
sustained tumor regression [31]. Particularly, a HER2-
amplified cetuximab-resistant CRC xenograft model
was tested against the dual EGFR/HER?2 tyrosine kinase
inhibitor, lapatinib, and anti-HER2 medication pertuzumab,
with or without cetuximab. Lapatinib and cetuximab
combinations resulted in a significant and long-lasting tumor
shrinkage, while pertuzumab alone or in combination with
cetuximab only caused a negligible delay in tumor growth
[31]. Subsequently, a small-sample clinical study confirmed
the presence of the similar response among mCRC patients
[32].

As a significant molecular marker in cancer, BRAF
mutations can activate the RAF/MAPK pathway without
the need of EGFR activation, causing a limited response
to cetuximab [33]. Resistance to BRAF inhibitors can arise
due to the compensatory activation of the MAPK pathway,
occurring as a result of the acquisition or preexistence
HER?2 receptor tyrosine kinase amplification [34, 35]. This
molecular event undermines the efficacy of BRAF inhibitors
in the treatment of CRC.

Not only HER?2 amplification but also HER?2 activating
mutations (S310F, L755S, V777L, V8421, and L866M)
cause oncogenic transformations of colon epithelial cells and
induce drug resistance to anti-EGFR therapies, cetuximab
and panitumumab in CRC cell lines [25]. Likewise, PDXs
with HER2 mutations retained their tumor regression after
dual treatment of anti-HER?2 therapies (trastuzumab plus
neratinib or trastuzumab plus lapatinib) compared to single
agents [25, 36].

Emerging anti-HER2 therapies
for HER2-positive CRC

Extensive research has firmly established the oncogenic
role of HER2 in various human malignancies, including
CRC [37-39]. This compelling evidence underscores the
potential of therapies targeting HER2 for the treatment of
CRC. Antibodies (i.e., trastuzumab, pertuzumab), tyrosine
kinase inhibitors (TKIs; i.e., lapatinib, neratinib, tucatinib),
antibody drug conjugates (ADCs) like ado-trastuzumab
emtansine (T-DM1) and T-DXd, and HER2-targeting immu-
notherapy are among the current therapeutic agents target-
ing HER2 in HER2-positive colorectal tumors (Fig. 2) [20,
47-49]. Most of them are still under detailed investigation
about the exact mechanisms, safety, and efficacy.

To date, numerous preclinical research and clinical trials
including HERACLES-A/B, MYPATHWAY, DESTINY-
CRCO01, TRIUMPH, and MOUNTAINEER have been
conducted to elucidate the efficacy of anti-HER2 regimens.
They have provided evidence supporting their clinical
benefits in HER2-positive mCRC cases. These trials utilizing
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Fig.2 Current HER2-targeting

therapies tested for CRC. The HER2-targeting TKls
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therapies such as trastuzumab, lapatinib, pertuzumab,
T-DXd, or tucatinib have shown positive outcomes and
improved treatment responses in these patients. Anti-HER?2
regimens tested for HER2-positive mCRC patients with
efficacy outcomes are summarized in Table 1.

Currently, there are three different regimens which are
recommended in National Comprehensive Cancer Network
(NCCN) Clinical Practice Guidelines in Oncology for
mCRC patients with HER2 amplifications [52]. These
include T-DXd monotherapy or trastuzumab in combination
with either lapatinib or pertuzumab [53-55]. These drugs
are originally approved for the treatment of human breast
cancers characterized by overexpression of HER2 which
occupies around 20-30% of the cases [53, 56]. Now, they
are also suggested for CRC patients as well. Individual or
combinatorial use with conventional chemotherapeutics or
other targeting therapies of these agents have remarkably
improved the survival outcome of patients with HER2-
positive CRC malignancies [18].

HER2-targeting antibodies

Trastuzumab (Herceptin®) is the first therapeutic humanized
monoclonal antibody (mAb) that binds to HER2’s
extracellular domain (IV), preventing dimerization and
inactivating its intracellular tyrosine kinase domain [57]. It
was approved by the Food and Drug Administration (FDA)
in 1998 for the treatment of HER2-positive metastatic breast
cancer (mBC) [58]. In the MYPATHWAY phase II trial,
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combined treatment of trastuzumab and pertuzumab showed
a good objective response rate (ORR; 31.9%) in KRAS wild-
type patients [59]. Similar response rates have been also
observed in other phase Il clinical trials such as TAPUR [41]
and TRIUMPH [42] examining the same drug combinations.
Although, in TAPUR trial, pertuzumab plus trastuzumab
cotreatment does not show an effective antitumor activity
in CRC with HER2/3 mutations, CRC patients with
HER?2 amplification exhibited promising response rates
to these drugs [41]. Trastuzumab was also tested with a
chemotherapy agent, irinotecan, in an open-label phase
II study where the patients had RAS and BRAF wild-type
HER2-positive unresectable mCRC (NCT03185988) [44].
Irinotecan, a topoisomerase I inhibitor, was originally made
available for purchase in Japan in 1994 for the treatment
of a number of malignancies, including ovarian, cervical,
and lung tumors [60]. In this clinical trial, the ORR was
determined as 33.3% (7/21). Moreover, trastuzumab is being
tested in combination with a programmed cell death 1 (PD-1)
inhibitor, camrelizumab, in a phase II study (NCT05193292)
in patients with HER2-positive CRC. Besides these trials,
numerous other active trials are currently investigating the
potential of several different combinations or other novel
anti-HER?2 therapies in treating HER2-positive or HER2-
mutated CRC (Table 2).

Targeting HER2 with another humanized monoclonal
antibody, pertuzumab, initiates antibody-dependent cel-
lular cytotoxicity (ADCC), cell-cycle arrest, and impaired
DNA repair leading to apoptosis. Pertuzumab binds to
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[50]

Unknown

16.8 (8.72 to 24.87)

HERACLES diagnostic 7.53 (5.19 to 9.87)

criteria for HER2-
positive mCRC with

at least two prior
lines of treatment

16 50.0%

11

Pyrotinib plus

HER2-FUSCC-G
NCT04960943

months

months

trastuzumab

Not reached Unknown [51]

HER2 IHC 3+or2+/ 3.4 (1.8 to 4.3) months

18 22.2%

11

Pyrotinib plus

Fu et al., 2023

SISH or FISH, BRAF

wt

trastuzumab

NCT04380012

HER?2 human epidermal growth factor receptor 2, ORR objective response rate, PFS progression free survival, OS overall survival, wt wild-type, /HC immunohistochemistry, ISH in

situ hybridization, FISH fluorescent in situ hybridization, SISH silver in situ hybridization, CISH chromogenic in situ hybridization, ctDNA circulating tumor deoxyribonucleic acid, NR not

reported, 7-DXd trastuzumab deruxtecan; 7-DM] trastuzumab emtansine

4Status accurate as of 18 November 2024

PPatients with HER2 amplification/overexpression and wild-type KRAS

“Patients who received 5.4 mg/kg T-DXd dose

4Time to recurrence (TTR), median range

HER?2 extracellular domain II and prevents its dimeriza-
tion with other HER family receptors, particularly HER2/
HER3 heterodimer [61]. Synergistic work between pertu-
zumab and trastuzumab encouraged several clinical trials
which are conducted in patients with advanced HER2-pos-
itive CRCs and demonstrated promising clinical benefit
for dual HER2 blockade [41, 59, 62, 63]. Trastuzumab is
currently being tested in combination with pertuzumab
in different clinical trials such as DRUP (NCT02925234)
[64] and DETERMINE (NCT05786716) for the cancers
with HER2 amplification. However, this promising profile
of drug combinations can be impaired with several other
factors. For instance, according to a recent precision medi-
cine molecular case report, a patient from MYPATHWAY
trial diagnosed with mCRC harboring HER2 amplification
with concurrent HER2-dell6 splice and TP53 missense
mutations exhibited an aggressive tumor progression and
resistance to trastuzumab and pertuzumab combination
therapy [65].

Zanidatamab (ZW25) is a bispecific antibody
targeting HER2 with biparatopic binding to its ECD4
(juxtamembrane) and ECD2 (dimerization) extracellular
domains [43]. An interventional phase I clinical trial of
zanidatamab (NCT02892123) conducted in patients with
locally advanced (unresectable) and/or metastatic HER2-
expressing, KRAS wild-type CRC showed a promising
clinical response with 38% ORR [43]. PDX models
developed from pretreatment or post progression biopsies
on the this trial identified amplification of MET as a potential
mechanism of acquired resistance to zanidatamab which was
overcome by MET inhibitors [66]. Moreover, the safety and
efficacy of zanidatamab is also being tested in combination
with chemotherapy (capecitabine and cisplatin) in HER2-
positive CRC (NCT03929666) [67].

IAHO0968 is an afucosylated novel mAb targeting HER2
exhibiting similar binding characteristics to trastuzumab but
showing enhanced ADCC activity and superior antitumor
efficacy [68]. A safety and dose establishing phase I/II trial
(NCT04934514) in heavily pretreated patients with HER2-
amplified metastatic tumors, including colon cancer, showed
promising clinical activity and tolerable safety profile. Only
one patient out of 18 had a dose-limiting complication
(grade 4 arrhythmia) [68]. This led to the phase II/III study
of IAH0968 in combination with CAPEOX (oxaliplatin
and capecitabine chemotherapy) in HER2-positive mCRC
patients who are also KRAS, NRAS, and BRAF wild type
(NCT05673512) [69].

KNO26 is another novel bispecific anti-HER?2 antibody
consisting of the heavy chain variable domain of trastu-
zumab and pertuzumab. It showed a safety profile and
promising antitumor activity in patients with HER2-positive
advanced gastric or gastroesophageal junction cancer, which



3613

Clinical and Translational Oncology (2025) 27:3607-3624

snje)s
SSIW/IINING “D¥D + HSI

IOOUED [BJOAI0[0D
9[qe)0asaI PAJII[As
AJIe[noadou ur sjusueas)

pringer

w
0S¥S¥8SOLON 4l

Sunmiooy /+7 10+ ¢ DHI 2d9dH I oav UBd9IXNIdP qeuNZnisel], payesSre) aanerado-oid NJODINN
JI90UEBd
[£19910[00 pue ‘190UEd 1081}
AIe1[1q ‘eWOUIdIBO0UIPE
esSeydosaonsed urpnjour
‘SI00UED [BUN)SAIUIONSES
Surssardxa-gyqH ut
Kdeloyowayd uoneuUIqUIOd
W VG ‘SVY OYD+HSI une[dsto pue ourqeirdades snyd (qewrelepiuez) SgMZ
SunNINIoaI 10U “0ANOY /+TI0+¢ DHI TddH I Qv oyradsig snid qewreyepruez - jo Apmys Koedyye pue K1o5es v 9996C6£0.LON
jusuwEoI)
QUI[-1SIY S I0ULD J08T)
AIeI[Iq pUE JOOUED [B}03I0[0D
paoueape aAnIsod-zydH
ur 950N F Aderoyiowayo
W VY ‘SYY D90 +HSI XOTdX uoneurquiod 9ZON3I Jo
Sunmioar 124 J0N /+ T 10+ ¢ DHI T4dH I Qv oyroadsig pue 9pON snid 970N Kyoges pue Koeorgo oY, LOLS86SOLON
STY[W pue  I9OUED [B1O3I0[0D PIOUBADPE
BLIOLIO OTSOUTRIp [T TAXW TIIAT10d oANIsod-ZYdH PIM
SHTOVYUHH dy1oads ‘9X0d10qW syuoned ur Kdeseyiowayo
-I90UBD [)09I0[0D ) SB “XOTIX ‘qewnznsen snjd pue qewnznisern yirm
Sunioar JoK Jo0N pauyep Ayanisod 7dH it qvut qewnzIjoIuwe)) pauIqUIOd qewnZI[aIWe)) 767€61SOLON
JI9OUED [£)0310[0D
onesejowt oAnIsod-gyYdH ut
M JVYG ‘SVIN SV X0ddVvD Wim uoheurquiod
Sunmmay ‘HSId+T 10+ ¢ DHI TYdH  1II/IT qvu XOAdVD snid 8960HVI Ul 8960H V1 @1en[eAs O], CISELISOLON
JIOOUED [8)0310][0D
onejsejowt oAnIsod-ZyaH
QUI[-)SIY U JUSUIEaI) AIBD JO
pIepue)s SnsIoa 9XO41OJW
m 9X0d104W pue pue qewnznjsen yiim 1S9€STSOLON
Sunmooy VY ‘OO 2Ansod-gyaH I DIL pue qyut qewnzmsen snjd qruneong, quuneom Jo Apmis v 0-HANIV.INNOW
D¥Dw aanisod YETSTOETOLON
Sunmiooy  -gYHH Al0jorIjoI-jusuieal], I qvw qewnzmiad snid qewnznjser], [020301d A19A00sIpaI Inip Y], dania
Iooued o5e)s-pasueApe
yim o1doad ur ouas rowny
' uI A)ifewiouqe oyroads €
uo1ssaIdxaIono 3a31e) YR} S3nIp paroidde GESE69TOLON
Sunmiooy Jo uoneoyrdwe 2YAH I qvw qewnzmaiad snid qewnznjse1y, -V Jo asn oy Sunsay, MNdVL
uorssardxaraso/uoneoyrdure ZYgH
STIEIS [RLI], orgoid juemeg oseyq juade YH-IUV uowridoy anm Apms Apmgs

syuaned DY) paIdle-gYdH Ul S1uaSe gYgH-1ue JO s[eLn [edrul[d Suroguo pajoafas Jo IsIT g 3jqelL



Clinical and Translational Oncology (2025) 27:3607-3624

3614

siown} pIjos

sIown)

pros Surssardxo-zyaH
PIOUBADE UI EWUN]OAIU
)M UOTRUIQUIOD U pUe
juade o[3urs € se 1001-0dd

3unIIoaI jou ‘UA1Y  Sulssardxe-gyYHH PROUBAPY w1 Sunenwmns sunwwl AV [1001-DAd  Suisn Apms uewny-ut-1siy v +H18L7H0LON
siown) prjos Jurssardxa
CYHH podueApe jim
+¢ qewrrpdreo pue  s309[qns ur s10)IQIYUI [-(d
10+ 7 DHI 2YdH onelsejow qewnzijoiquiad snid 1M UOTBUIqUIOD Ul pUe
umowyury 10 paoueApe A[[ed0] I Sune[nwms sunww ‘HAV 0509L4dS auore (0509.1.9S Jo Aprus v 9$¥09170LON
IOOURD JSLAIq PUE [£J09I0[0D
‘syown) prjos aanisod
m gV Aderoyowrayd -29dH ur Aderayjowayo
‘SVy ‘onssn Aq uoneoyrydure -/+ qewnznjsen -/+ qewnznisen
Sunmiooy  SON ‘+HSI/+TOHI ‘ + €OHI I Qv pue 3L snid Z00-NATH PIM 200-NATH 8E€L8TE90LON
ApmgS [ € ‘sjuened pajoofes
AJre[nosjour ur 190uBd
[239910700 d1jEISEIOW 9ANISOd
pw TIHH JO Juauiean ay) Joj
pajeInW-,/ Vg 10/pue ‘Svy 01-SV.L pue C01-SV.L pue qewnzmsen
pa1o[dwod ‘umeIpyim APueddy  ‘VOEYI Pue payrdwe gyqH I qvuwi pue 3L, qewmzmisen snid qruneony, {im paulquios qlunesny, L689SESOLON
Iooued
s syuedronaed asaury)
ut (61 TL-MIAD qrunesm jo
3UNINIOAI JOU VAT DYD podueape aanisod-gdH I DIL quunieon],  soneunjooewreyd pue Kjojes +9€78E€SOLON
IFH sse1dxa jey) srown)
DD +HSI PI[OS JUSLINOAI/PIUBAPE
Sunmiay /+T10+¢ DHI C4dH I oav 9S0C-LINX ur 960Z-LINX Jo Aprus v LTLYTSSOLON
hEhliih)
[810910]00 pasueApe dAanIsod
+ €DHI 1o “CYHH Ul qeuunzIoeasq
Sunmay  eanisod HSTA/+¢ OHI CYHH 1I 0av qewmnzioeseq snid DAV-870Y Yiim paulquiod HAv-8vId STES8LSOLON
JI90UED [E}09I0[0D JTJE)SeIou
M VI ‘SVY ‘DD +HSI qewmnzijorquiad  Fulssardxo-ZHH UI UNOPaA
Sunmioar 14 10N /+ T 10+ ¢ DHI C4dH 1I oav sn[d UNOpoA qRWIEISI]  qBWEIISIP PUE qRUNZI[OIqUId] 608cEESOLON
I0JUBD [B)0310[0D
aanisod ZYHH pooueApe
qewnzIfo[sn ur QeWNZIA[SH YPIM
Sunmiooy +C 10+ ¢ DHI CddH 1I oav sn[d UNOpoA qRWEISI]  POUIGIOD UOPAA qeWeIISI] £89¢6¥SOLON
LSTIEIS [RLI], o[goid jueneg oseyq juade YH-IUV uowridoy apm Apms Apmgs

(ponunuoo) zsjqey

pringer

AQs



3615

Clinical and Translational Oncology (2025) 27:3607-3624

SunnIioay

Sunnioar JoK JoON

SunImIoay

SUnNINIOAI JOU ‘DAY

Sunmiooy

3UnNINIOAI JOU ‘QATIOY

Sunmiooy

suoneinw ureanoe
10 uoneoyrdwe YA

SON 4q pa10230p
uonejnu 1o + ¢HHJ 1o

sanisod HSL/+¢ DHI ¢IdH

HSIA pue+ ¢~ DHI TddH

SON 4q

P2102)2p uoneINW Io (+ ¢

1047 ‘+ 1 DHI) uorssaxdxa
CYHH WM DYD padsueApY

+Z<DHI 2¥4dH

uorssaidxarono 7YdH

+Z<DHI 24dH

TI/1x

II

Al

I

qyw

oav

oav

oav

Aderoypounuruat
Sunesre) YHH WM DAV

Aderoypounuruar
3unedre) 7YdH

Aderoyrounwuur
Sunodre) 7YdH

qewnzmuiad snjd qewnznjse1y,

deorewr
qunoiAd pue unopaa
qewesip snd qeunzipoysiy,

8¢,9azZV snid e0z8-sa

quunurnbniy
snid unopaa qewesiq

Quiqerepny pue
oprureydsoydo[oAo
snid Z0L1ADV

80S0-1D

DHAPYD snid
S[[90 L, YV dy10ads zYdH

suonenw
Suneanoe 10 uonesyrduwe
TIHH PIM SIO0URD PIM
sjuaned ornerpad pue
JInpe Junok/oTeuss)
9npe ur qewnznyiod ym
UoNRUIqUIOD UT qRWINZN)SEI],
Aderor
pIepuels pI[iej oym Jooued
[£3199I0[00 PadUBAPE PIjeINU
10 oAT)IsOd-Z¥YHH Ul djes[ewt
quunoiAd pue uropaa
qewR)ISIP YIIM PIUIqUIOD
qewnzI[o[sn jo Apms
Qua3 10
urajoxd ygH 2y Surssardxa
SJOWMN) PI[OS POOUBAPE 1M
syuoned Jo Juounean ay) Joj
‘8€L9AZV PUT B[OTS-SA
‘sSnip 100uEOTIUE OM) JO
UONRUIqUIOD A} FUNSI],
(€0D2-DSDODOH)
uorssardxo ZyHH ym
O¥Dw 10§ qrunumbny yrm
PaUIqUIOd UNOPAA qEWR)ISI

91L98LSOLON
ANINYHLAd

LT60SESOLON

199%0L¥0LON
HSvd

LSET99S0LON

ZYAH paenur 1o uorssardxaroao uoneoyrdwe 7yqH

s1own)
pros Surssaidxs-7yaH
S11)SEIOW JO PIOUBAPR

s s100(qns ut Z0L 19DV
stown) prjos Jurssardxarono
TIHH Jo 1usunean ay)

10§ sa3eydoroew Yy
sJown) prjos
aAanisod z1oy pasueApe ‘ISA
AVD snoJojoine oyroads
“CddH Yitm uoneurquios ut

SNIIAOUSPE JNAJOSUO Areurg

LSLO6TEYOLON

6C609970LON

9SCTOYLEOLON
VLSIA

LSTIEIS [RLI],

9[yoid juaneq

aseyq

Judde ZYIH-IuY

uowridoy

apn Apms

Apmgs

(ponunuoo) zsjqey

pringer

As



Clinical and Translational Oncology (2025) 27:3607-3624

$70C JoqUIDAON] 81 JO SE 9JeINdOE SNIEIS,

Surouanbas uoneIauas-)xou $HN 10JIQIYUI 9seULY AUIs0IA) 1y [ ‘Arednluod Snip—Apoqnue D@V ‘Apoqnue [euo[oouow qyul

SON

£q paurwuI)ep suoneInw suopenu

IAH peyoads-axd yiim Suneanoe 2YHH Surioqiey
sIown) PIjos oNe)seIow sjown) PIos JO JUSWIed) 6126£970LON
SunImIdoI 10U ‘9ANOY Jo/pue 9[qe)I9sAIU[) i oav UBOI)XNIAP qelnznises], ay} 10y pXd-L Jo Apmis 10Ldd
C4AH PR

smiels 7YdH Aq

I90UED [B103I0[0D d1je)seIoul

odK1-piim VOENId/AVII

smels CYHH pajeinu /SYIN/SV I3 i syuoned

10 ‘[1m] pagrdure-uou ur qeUWIIXN}od + qruIjerou

(Sunmuioax ‘pegridure yim DRYOW M qewrxnyeo snyd qrunerou IO qewnznjser) + qruijesou
10U “9ATIOR SBM) UMOUNUNY VO ENId/AVIL/SVIN/SVIY I qvuw snid [y, Jo qewnzmsen snid qruneroN Jo Apmg 968LSYE0LON

I90UBD 938)S-pASUBAPR

yim ordoad ur ouos rowny

' uI Ayifewiouqe oyroads €

1931e) 1)) SSnip poaoidde

suonenut I H qrunesn (va4d) vonensurupy
oyr1oads pue ‘uorssardxarono snjd qewnznjsen 1o 3ni(q pue pooy Jo asn GESE69T0LON
Sunmioay 1o uoneoyrdwe ZyaIH it qyw qewnzmiad snid qewnznysery, oy Sunsal, YNdV.L MNdvL
LSTIEIS [RLI], o[goid jueneg oseyq juade YH-IUV uowridoy apm Apms Apmgs

3616

(ponunuoo) zsjqey

pringer

AQs



Clinical and Translational Oncology (2025) 27:3607-3624

3617

led to a phase II clinical trial (NCT05985707) in HER2-
positive CRC patients [70].

Antibody drug conjugates

T-DM1 (Kadcy1a®) is an ADC of trastuzumab and the
microtubule-targeting agent, DM1 combined with a stable
linker, MCC [71]. T-DM1 stores all the cytostatic functions
of trastuzumab, therefore, targets HER2. The HERACLES-B
trial was the first clinical trial which evaluated the efficacy of
an ADC for the treatment of HER2-positive chemorefractory
mCRC patients [72]. 31 patients were treated with T-DM1
and pertuzumab where they exhibited median PFS of
4.1 months (95%CI 3.6 to 5.9) and ORR 0f 9.7% (95% CI 0
to 28). Although the study failed to achieve its primary end
point for ORR, the anti-HER2 regimen offered remarkable
rates of sustained disease control (67.7%, n=21) at the cost
of minimal toxicity [46].

In August 2023, the FDA granted breakthrough therapy
status to T-DXd (Enhertu®) for two groups: patients with
unresectable or metastatic HER2-positive (IHC 3+) solid
tumors with no other options and those with HER2-positive
(IHC 3+4) mCRC after at least two prior treatments [73].
T-DXd is a next-generation HER2-targeting ADC combining
trastuzumab and a cytotoxic payload (DX-8951f), a
topoisomerase I inhibitor with a maleimide peptide linker
[74]. The antitumor activity and safety of T-DXd was
investigated in DESTINY-CRCO1 open-label phase II
study in patients with mCRC progression after >2 prior
regimens [45]. 53 HER2-positive patients received 6.4 mg/
kg T-DXd for every 3 weeks and exhibited ORR of 45.3%
(95% CI 31.6-59.6) with 15.5 months overall survival (95%
CI 8.8-20.8). After two or more prior treatments, such as
irinotecan and other HER2-targeting drugs, patients with
HER2-positive mCRC responded strongly and durably to
T-DXd therapy [45, 75]. In another phase II T-DXd trial,
DESTINY-CRCO02, HER2-positive, RAS wild-type, or
mutant mCRC patients received two different doses of
T-DXd as 5.4 (n = 82) and 6.4 mg/kg (n = 40). This study
revealed that the numerical responses of patients receiving
the lower 5.4-mg/kg dosage of T-DXd were higher than those
receiving the higher 6.4-mg/kg dose. The confirmed ORR
for the 5.4 mg/kg dose-receiving group was 37.8% (95% CI
27.3-49.2%), whereas it was 27.5% (95% CI 14.6—43.9%) in
the other group receiving higher dose. Anti-tumor efficacy
was seen regardless of RAS mutation status of the patients in
the 5.4 mg/kg arm as 39.7% with RAS mutations and 28.6%
without RAS mutations. T-DXd is also currently being tested
in a phase Il window-of-opportunity umbrella platform
trial (UNICORN; NCT05845450) in patients with HER2-
positive non-metastatic resectable CRC. Moreover, a phase
I/Ib study (DASH; NCT04704661) is currently testing the
safety and tolerability of a combinatorial treatment of T-DXd

and AZD6738 (ceralasertib), an Ataxia telangiectasia and
Rad3 related (ATR) kinase inhibitor, in CRC patients with
a change in the HER2 gene or protein. Additionally, the
ongoing DPTO1 basket study (NCT04639219) is evaluating
the T-DXd efficacy and safety in CRC patients with HER2-
activating mutations.

A meta-analysis to assess the efficacy of HER2-targeted
treatment regimens in HER2-positive mCRC patients
revealed that T-DXd had the most effective disease control
rate (DCR) (>80%), followed by T-DM1 plus pertuzumab
(77.42%) and trastuzumab plus tucatinib (71.43%) [76].
Additionally, T-DXd has been intensively tested in HER2-
low solid tumors including breast [77], gastric [78], and
colorectal cancers [45, 78]. Although T-DXd exhibited a
promising clinical activity in HER2-low breast and gastric
tumors, the response in HER2-low mCRC tumors were quite
insignificant.

Trastuzumab rezetecan (SHR-A1811) is a novel HER2-
directed ADC composed of trastuzumab, a stable and
cleavable linker, and a novel topoisomerase I inhibitor
payload (SHR9265) [79]. An ongoing phase I clinical
trial (NCT04513223) is assessing the tolerability, safety,
pharmacokinetics, and immunogenicity of SHR-A1811 in
HER?2-expressing advanced/unresectable or mCRC. The
preliminary results demonstrated that 32 HER2-positive
mCRC patients had ORR of 46.9% (95% CI 29.1-65.3) and
TTR median of 2.9 months (95% CI 1.5-7.1), indicating an
acceptable safety profile and promising clinical activity in
these patients who also require further investigation [47].

Disitamab vedotin (RC48) is another newly developed
HER2-targeting ADC composed of hertuzumab coupling
monomethyl auristatin E (MMAE) via a cleavable linker
[80]. Patients with HER2-positive CRC had demonstrated
promising therapeutic responses to disitamab vedotin in
early phase trials. Combination therapies of disitamab
vedotin with immune checkpoint inhibitors, PD-1, such
as pembrolizumab (NCT05333809) or tislelizumab
(NCT05493683 and NCT05350917), or with an oral
inhibitor of vascular endothelial growth factor (VEGF)
receptor, fruquintinib (NCT05661357), are being studied in
terms of safety and efficacy in HER2-expressing (amplified/
overexpressed or mutated) mCRC patients [62, 81, 82].

XMT-2056 is another ADC targeting a novel HER2
epitope and locally activating the stimulator of interferon
gene (STING) pathway. Its safety and preliminary efficacy
is being tested in a phase I trial (NCT05514717) in HER2-
positive CRC patients [83].

Tyrosine kinase inhibitor-containing regimens
Tucatinib (Tukysa®) is an oral tyrosine kinase inhibitor

for kinase domain of HER2 with > 50-fold selectivity over
EGFR, which also crosses the blood—brain barrier [84].
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Safety and pharmacokinetics of tucatinib is being tested in
HER2-positive advanced CRC patients from China in a phase
I trial (NCT053882364). Moreover, combination therapy
with tucatinib and trastuzumab significantly enhanced the
anticancer efficacy in xenograft models of colorectal, gastric,
breast, and esophageal malignancies [84, 85], which led to
several clinical trials. The MOUNTAINEER trial evaluated
the safety and efficacy of trastuzumab plus tucatinib in
patients with chemotherapy-resistant, HER2-positive, RAS
wild-type, unresectable, or mCRC, which were randomized
to receive tucatinib alone or combination treatment. The final
results indicated that 86 patients treated with dual therapy
and 30 in the tucatinib cohort exhibited ORRs of 38.1%
and 3.3%, respectively [49]. With that, on January, 2023,
FDA approved this combinatorial therapy as the first anti-
HER?2 regimen for HER2-positive mCRC patients. These
results led to different ongoing studies such as a follow-up
study called MOUNTAINEER-03 (NCT05253651), testing
tucatinib and trastuzumab combination with standard
treatment regimens using chemotherapy like mFOLFOX6
and other targeted therapies for HER2-positive, RAS wild-
type mCRC patients [86]. Furthermore, another phase II
study (NCT05356897) testing whether tucatinib combined
with trastuzumab and TAS-102, oral chemotherapy approved
for the treatment of mCRC, exhibited results of shrinking
tumors of HER2-positive mCRC patients with one of the
following gene mutations: PIK3CA, KRAS, NRAS, or BRAF
V600.

Lapatinib is an oral dual tyrosine kinase inhibitor of
EGFR and HER?2 binding to the ATP-binding site of the
intracellular domain of the receptor [87]. HERACLES-A
clinical trial was the first proof-of-concept, phase II study
assessing the efficacy and safety of lapatinib and trastuzumab
combination therapy in patients with KRAS wild-type,
chemorefractory HER2-positive mCRC. 35 patients with
long-term follow-up (6.7 years) showed a median PFS of
4.7 months and an ORR of 28% [48].

Pyrotinib is an irreversible dual pan-ErbB receptor TKI
developed for the treatment of HER2-positive advanced solid
tumors receiving its first global approval for the treatment
of HER2-positive breast cancer [88]. A multicenter phase II
trial (NCT04380012) tested the efficacy and safety profile of
pyrotinib and trastuzumab combination for the treatment of
HER2-positive recurrent/metastatic CRC. Out of 18 BRAF
wild-type patients, 4 had a partial response with an ORR
of 22.2%. For both BRAF and RAS wild-type patients, the
ORR was 33.3%, indicating that combination treatment
exhibited promising antitumor effects and a tolerable safety
profile [51]. Another phase II trial called HER2-FUSCC-G
tested the efficacy and long-term safety of pyrotinib and
trastuzumab combination for patients with mCRC who had
undergone at least two prior lines of treatment. ORR was
measured as 50% in the overall population of 16 patients,

@ Springer

while it was 57.1% in RAS wild-type patients (n=14). 5
(31.3%) patients reported grade 3 treatment-emergent
adverse effects (TEAESs), and there was no death reported
as of yet [50].

Neratinib (NerlynxTM®) is irreversibly inhibiting
phosphorylation of EGFR family receptors except HER3
and downstream pathways including ERK/MAPK and
Akt [89]. Neratinib efficacy and safety was assessed in a
phase II (NCT03457896) study together with trastuzumab
or cetuximab in patients with quadruple wild-type (KRAS/
NRAS/BRAF/PIK3CA) mCRC based on HER?2 status [90].
Preliminary data exhibit an ORR of 33% in all patients who
received at least one dose of anti-EGFR therapy. Moreover,
neratinib and cetuximab combination was moderately
tolerated with some expected side effects such as diarrhea
and rash. The final situation of the study is unknown to date
as it does not release any specific data about the patients
receiving trastuzumab and neratinib combination.

Finally, ELVN-002 as a novel irreversible inhibitor of
HER?2 with a> 100-fold selectivity over EGFR has been
recently developed [91]. Its safety and tolerability profiles
are being tested in an ongoing study (NCT06328738) in
combination with trastuzumab and chemotherapy in patients
with advanced-stage HER2-positive CRC.

HER2-targeting immunotherapy

Complex nature of CRC with HER2 amplification/
overexpression or mutation has enabled therapeutic
expansion including the development and use of targeted
therapies and immunotherapy. Therefore, different strategies
inducing immune system together with HER2-targeting are
also emerging as novel treatment options for HER2-positive
CRC.

Pertuzumab zuvotolimod (SBT6050) and BDC-1001
are two novel immune-stimulating ADCs, which are
currently being tested in clinical trials. SBT6050 combines
pertuzumab as a HER2-directed monoclonal antibody
with a selective small molecule toll-like receptor 8 (TLRS)
agonist which aims to activate myeloid cells, including
macrophages and dendritic cells (DCs), and NK and T cells
in HER2-positive tumors including CRC. The safety and
tolerability of SBT6050 is currently being evaluated as a
single agent and in combination with checkpoint inhibitors
such as cemiplimab and pembrolizumab targeting PD-1
(NCT04460456) [92]. Similarly, BDC-1001 acts through
incorporation of trastuzumab and a TLR7/8 agonist with
a non-cleavable linker in HER2-expressing solid tumors
including CRC. A first-in-human study (NCT04278144)
assesses the safety and tolerability together with a
preliminary efficacy profile of BDC-1001 as a single agent
and in combination with nivolumab, another PD-1 inhibitor,
in HER?2 expressing advanced malignancies [93].
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Another promising approach is adoptive cell-transfer-
based immunotherapy using chimeric antigen receptor
(CAR) T cells, which are a novel type of cellular
immunotherapies [94]. Although CAR T therapies exhibited
promising success in targeting hematological malignancies,
they struggle in the context of solid tumors [95]. In this case,
oncolytic viruses (OVs) can help CAR T cells overcome
some of the immunosuppressive mechanisms caused by
tumor microenvironment. According to a recent study, a
binary oncolytic/helper-dependent adenovirus (CAdVEC)
lyses tumor cells and locally expresses the proinflammatory
cytokine IL-12 in humanized mouse models [96]. This led to
a first-in-human phase I clinical trial (NCT03740256). The
study aims to expand HER2 CAR T cells at primary tumor
sites and metastasized tumors with the help of intratumoral
injection of CAdVEC inducing a proinflammatory
tumor microenvironment [96]. Another phase I study
(NCT04660929) is currently investigating the safety and
tolerability of HER2-directed CAR macrophages (CarM)
therapy, CT-0508, combined with pembrolizumab in HER2-
positive tumors including CRC [97].

In addition to CAR technology, Antibody-Cell
Conjugation (ACC) technology has been also shown to
provide an effective platform for arming immune cells with
cancer-targeting antibodies [98]. ACE1702 is a novel off-
the-shelf trastuzumab-armed NK cell therapy containing
a novel endogenous CD16-expressing oNK cell line
(oNK) [99]. An ongoing phase I study (NCT04319757)
is evaluating the safety, tolerability, pharmacokinetics,
pharmacodynamics, and preliminary efficacy of ACE1702
in patients with advanced or metastatic HER2-expressing
tumors, including CRC.

Conclusion remarks and future perspectives

HER? is gaining recognition as a significant biomarker in
a specific subset of CRC patients, especially at advanced
stages. It can also function as an adverse indicator of
effectiveness of EGFR-targeted therapies in individuals with
mCRC and be used as a potential target for treatment in
HER2-positive mCRC patients who are wild type for KRAS
and BRAF'. Although there are limited therapeutic options
available for mCRC patients having HER2 amplification
or overexpression, there are a growing number of FDA-
approved drugs and many ongoing clinical trials using
TKIs, ADCs, antibodies, and immune therapy targeting
HER?2. However, further research is crucial to delve into
the intricate mechanisms underlying resistance development
to anti-EGFR therapies in HER2-positive metastatic
colorectal cancers. This exploration should encompass a
comprehensive investigation into the genetic alterations,
signaling pathways, and tumor microenvironment

interactions that drive resistance, aiming to elucidate the
specific molecular determinants and their interplay. Such
detailed understanding is pivotal for devising more effective
and personalized therapeutic strategies tailored to overcome
resistance challenges and enhance treatment outcomes in
this patient population.
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