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We generated a novel HER2 mAb104, which binds to an epitope in
domain II of HER2 that is conformationally exposed in tumors in
response to HER2 amplification or activation but is not accessible to
antibody binding in normal tissues. Consistent with other studies that
evaluated antibodies targeting conformationally exposed epitopes,
mADb104 lacked in vitro activity but showed potent antitumor activity
in vivo. The antitumor effect in vivo was similar in magnitude to
trastuzumab and pertuzumab, and combination with trastuzumab was
superior to trastuzumab alone. IHC screening of normal and tumor
tissues with mAb104 showed that mAb104 did not bind to normal

Introduction

Many improvements in cancer treatment in the last decade have
come from more selective agents that specifically target cancer-
associated proteins. One family of such agents targets the ErbB
family. The ErbB family of protein kinases comprises four cell
surface receptors: EGFR (also known as ErbBl or HERI1), ErbB2
(also known as HER2; Neu), ErbB3 (or HER3), and ErbB4 (or
HER4; ref. 1). Although lacking specific endogenous ligands, the
natural conformation of HER2 favors homo- or heterodimeric in-
teractions between monomeric ErbB family members, as well as
oligomerization of preexisting inactive dimers, leading to the
autophosphorylation of intracellular kinase domains and signal
transduction (2, 3). HER2 overexpression has been observed in
many epithelial tumors, usually correlating with malignant trans-
formation, tumor growth, the development of antiapoptotic prop-
erties, increased invasiveness, and drug resistance (4-7). A number
of therapies targeting HER2 have been tested in clinics, of which the
preeminent example is trastuzumab. Trastuzumab binds to the ex-
tracellular domain (ECD) IV of HER2 and is the cornerstone of
treatment for HER2-positive breast cancer and the only approved
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tissues, confirming the tumor specificity of mAb104. In vivo bio-
distribution and imaging data demonstrated specific tumor targeting
of mAb104 in HER2-expressing tumors. Confocal microscopy clearly
demonstrated the internalization of mAb104 into the tumor cells,
consistent with mAb104:HER? trafficking. mAb104 is tumor-specific,
exhibits potent antitumor activity in HER2-positive models, and in-
ternalizes into HER2-positive tumor cells. These results demonstrate
the potential of mAb104 as a novel HER2-targeting therapy, both as
a naked antibody for signaling abrogation therapy and for payload
delivery as an antibody-drug conjugate or for /o particle therapy.

biological therapeutic to show a survival benefit in advanced gastric
cancer. Another HER2 antibody, pertuzumab, is the first in a class of
agents known as HER dimerization inhibitors; pertuzumab binds to
the extracellular dimerization domain II of HER2 and inhibits di-
merization with other HER receptors (8). Although other anti-
HER2 antibodies targeting the ECD have been described (9-11),
none have been successful in advancing into routine clinical use yet.

We have previously developed a novel class of antibodies that
target conformationally exposed epitopes on the EGFR in tumor-
specific conditions, such as when the EGFR is overexpressed, mu-
tated, or in ligand-activated forms. The most advanced of these is
mADb806 (12, 13). ABT-806, the humanized form of mAb806, has
been shown to be tumor-specific, well tolerated, and devoid of
conventional anti-EGFR toxicities (14-16). In view of the tumor-
specific targeting of mAb806, an antibody-drug conjugate (ADC)
was developed, depatuxizumab mafodotin (ABT-414, AbbVie; ref.
17), comprising mAb806 linked to a cytotoxic payload of mono-
methyl auristatin F. After confirming its safety in phase I studies
(18, 19), depatuxizumab mafodotin was evaluated in a large phase
IIT trial in patients with newly diagnosed glioblastoma (GBM;
INTELLANCE I; NCT 02573324; ref. 20) as well as in the phase II
INTELLANCE 2/EORTC trial (NCT02343406) in patients with
recurrent GBM (21, 22). In addition, next-generation versions of
mAb806-based ADCs are being evaluated in early-phase clinical
trials (NCT02365662, NCT03234712, and NCT04721015; refs.
23-25).

We have now generated novel first-in-class anti-HER2 mAbs,
which target a conformationally exposed epitope in HER2. The
binding of these novel antibodies requires a conformational change
that occurs upon receptor activation, in which disulfide bonds of
domain II of the HER2 receptor can be formed and broken dy-
namically (12, 13). Exposure of this epitope occurs in tumor-specific
conditions; for example, overexpression of HER2 leads to the
nonphysiological exposure of the epitope. In this paper, we describe
the characteristics and therapeutic potential of our lead candidate,
mAb104. In addition, correlative pharmacodynamic studies were
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undertaken to explore treatment effects, and biodistribution studies
with zirconium-89 (¥Zr)-labeled mAb104 were performed to de-
termine the tumor specificity, normal tissue distribution, and im-
aging characteristics of mAb104.

Materials and Methods

Hybridoma clones were generated, producing novel mAbs against
a conformationally exposed region of the HER2 ECD that was
thought to be available for binding only under conditions found in
tumor cells. These mAbs were generated to target a conformational
epitope through the immunization of mice with the peptide immu-
nogen from the HER2 ECD: COOH-GCPLHNQEVTAEDGTQRC-
NH2 (SEQ ID NO: 1), folded as a loop through the cysteine residues
and linked to keyhole limpet hemocyanin (KLH) protein. This se-
quence was obtained from the NCBI database: https://www.ncbi.nlm.
nih.gov/protein/NP_004439.2. This region is within domain II but is
distant from the known epitope for pertuzumab (26).

Cell lines

Parental human cancer cell lines BT-474, HCC1954, MCF-7, SK-
BR-3, NCI-N87, NCI-H2170, NCI-H1650, NCI-H522, and NCI-
H838 were obtained from ATCC and Asterand Bioscience. The
gastric cell line OE-19 was obtained from CellBank Australia. The
breast cancer cell lines (BT-474, HCC1954, MCEF-7, and SK-BR-3)
were derived from female patients. The gastric cell lines (NCI-
N87 and OE-19) and the lung cancer cell lines (NCI-H2170, NCI-
H1650, NCI-H522, and NCI-H838) were all derived from male
patients. Cell stocks were prepared immediately after arrival and
stored by the Olivia Newton-John Cancer Research Institute central
cell bank. Further cell line authentication was performed on the
NCI-N87, BT-474, and HCC1954 cells in 2020 and MCEF-7 in
2023 by the Queensland Institute of Medical Research via short
tandem repeat profiling. Cells were used after three passages since
revival from liquid nitrogen storage and within 35 passages for all
experiments. Cells were routinely confirmed negative for Myco-
plasma using a MycoAlert Mycoplasma Detection Kit (Lonza Bio-
science). All cell lines were cultured at 37°C in 5% CO, in RPMI or
DMEM/F12 (Life Technologies) supplemented with 10% FBS
(Bovogen), 1% penicillin/streptomycin, and 2 mmol/L glutamine
(Life Technologies). Patient-derived tumor samples were sourced
from a local collaborator (Dr. Elgene Lim). These samples were
obtained intraoperatively and screened for hormone receptor status
and HER2 overexpression and amplification by IHC and FISH,
respectively. The donor samples were treatment-naive, and there-
fore, 100% tumor susceptibility to all anti-HER2 therapies was as-
sumed. The patient derived xenograft (PDX) model generated,
14.06A.G3, was used for in vivo studies approved by the Austin
Health Human Research Ethics Committee.

Antibodies and reagents

The recombinant HER2 ECD was provided by academic collab-
orator Professor A.W. Burgess (Walter and Eliza Hall Institute of
Medical Research). The IgGl idiotype antibody, LMH3 (provided
by the Ludwig Institute for Cancer Research), was used as an isotype
control antibody as previously described (27). Trastuzumab and
pertuzumab (Genentech) were purchased.

ELISA

ELISA was performed to confirm the binding specificity to
HER2-ECD of the four candidate clones designated mAb104,
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mAb105, mAb106, and mAb107. Briefly, polystyrene 96-well plates
were precoated with 3% FCS in PBS, followed by 3 pg/mL of the
linear or cyclic HER2 peptide immunogen coupled to KLH, negative
control-conjugated peptide-KLH, or recombinant HER2-ECD in
dilution buffer for 1 hour before 10 pg/mL antibodies were added.
After a 1-hour incubation with anti-mouse IgG-alkaline phospha-
tase (1:3,000 dilution, Sigma-Aldrich, A3688) antibody, phosphatase
activity was measured using para-nitrophenyl phosphate substrate.
All incubations were performed at room temperature.

To assess the specificity of mAb104 for the HER2-ECD, poly-
styrene 96-well plates were coated with 3 pg/mL recombinant
HER2-ECD, HER3-ECD, HER4-ECD, or EGFR-501 overnight at
4°C and blocked with 3% FCS in PBS, followed by 10 pg/mL serially
diluted purified antibody along with appropriate controls for
1 hour at room temperature before anti-mouse IgG-alkaline
phosphatase was added, and phosphatase activity was measured
using para-nitrophenylphosphate substrate. Absorbance was
measured at 405 nm using a SPECTROstar microplate reader
(BMG Labtech).

Fluorescence-activated cell sorting analysis

Cells plated in a 96-well plate were incubated for 1 hour at 4°C
with 10 ug/mL anti-HER2 antibodies or IgG1 isotype control anti-
body. Humanized antibodies, trastuzumab and pertuzumab, were
detected using an Alexa Fluor 488-conjugated anti-human IgG
antibody (Thermo Fisher Scientific). Bound murine antibodies were
detected using an Alexa Fluor 488-conjugated anti-mouse IgG
antibody.

Biosensor analysis

Surface plasmon resonance kinetic analyses were performed in a
Biacore T200 system using a carboxymethyl dextran—coated sensor
chip (CM5-S, GE Life Sciences). Samples of mAb104, pertuzumab,
or trastuzumab were diluted to concentrations of 320 to 0 pg/mL in
twofold dilution (2,133-0 nmol/L). The samples were injected at
45 pL/minute for 200 seconds (30 uL at 10 pL/minute) over the
immobilized HER2-ECD. After the injection phase, the dissociation
was monitored by flowing running buffer over the chip surface for
600 seconds. Bound antibody was eluted, and the chip surface was
regenerated between samples by injection of 30 pL of 50 mmol/L
NaOH at 30 pL/minute for 30 seconds.

Western blot analysis

Lysates of cancer cell lines were separated on 4% to 12% SDS-
PAGE and immunoblotted for mAb104 and HER2. GAPDH was
used as a loading control for protein normalization. Cells were
treated with 100 pg/mL of antibodies for 24 hours, after which half
of the wells were treated with 100 ng EGF for 10 minutes at room
temperature. Total protein and MAPK activation were assessed by
Western blotting using commercial antibodies against HER2 (#2242),
HER?2 pTyr1221/1222 (#2243), AKT (#4691), AKT pSer473 (#4060),
ERK (#4695), ERK pThr202/Tyr204 (#4370), p70-S6 kinase (#2211),
and pS6 (Ser 235/236; #2947), purchased from Cell Signaling Tech-
nology. The anti-GAPDH (AbC-1001) antibody was purchased from
AbClon. Bands were visualized using AbSignal (AbClon, AbC-3001).

IHC of normal tissue and tumor cells and tissue

To confirm the tumor selectivity of mAbl104, we evaluated a
range of normal and tumor tissues for mAb104 reactivity by IHC. The
staining patterns of mAbl04 were compared with HER2 staining
patterns using the anti-HER2 mAb, VENTANA 4B5, which is utilized
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for the clinical testing of HER2 and scored using established meth-
odologies (28-31).

Briefly, 5 pm paraffin sections were deparaffinized and rehy-
drated. Antigen retrieval was achieved; endogenous peroxidase and
nonspecific protein-binding sites were blocked [Peroxidase Blocking
Reagent (DakoCytomation); Background Sniper (Biocare)] and then
incubated in mAb104 primary antibody (2.5 ug/mL for 1 hour at room
temperature) and detected using streptavidin horseradish peroxidase—
labeled anti-murine secondary antibody (DakoCytomation).

Human tissues were obtained from the Department of Anatom-
ical Pathology, Austin Health, and their histologic diagnosis was
confirmed by a pathologist. The IHC study was approved by the
Austin Health Human Research Ethics Committee.

Biodistribution and molecular imaging studies with
89Zr-labeled mAb104

NOD-SCID-IL2R ™'~ mice (Animal Research Center, Perth,
Australia) with established HER2-positive NCI-N87 tumors re-
ceived a trace dose of 185 kBq **Zr-DFO-mAb104 (A, = 37 MBg/mg
at the end of synthesis), intravenously via the tail vein (0.1 mL). On
days 0 (2 hours), 1, 2, 3, 5, 7, and 9 after injection, mice (n = 5) were
euthanized by the overinhalation of isoflurane anesthesia, and the
biodistribution of radiolabeled mAb104 in normal organs and tumors
was assessed. At the designated time points, the mice were humanely
euthanized by isoflurane overinhalation and exsanguinated by cardiac
puncture, and tumors and organs were collected immediately. All
samples were counted in a dual-channel y-scintillation counter
(Wizard; PerkinElmer). Triplicate standards prepared from the in-
jected material were counted at each time point along with tissue and
tumor samples, enabling calculations to be corrected for the physical
decay of the radioisotope. The tissue distribution data were calculated
as the mean + SD percentage of injected dose per gram of tissue (%
ID/g) for the radiolabeled construct per time point.

In vivo PET imaging of **Zr-labeled mAb104 was performed on
NOD/SCID gamma mice bearing NCI-N87 xenografts. Mice re-
ceived a dose of 4.653 MBq **Zr-Df-mAb104 (126.8 uCi) and were
imaged using PET and MRI on days 0 (4 hours), 2, and 7 after
injection with a small-animal camera (nanoScan PET/MRI camera,
Mediso).

Cell proliferation assay

Cells (1 x 10% in serum-depleted media were seeded in a 96-well
microtiter plate and allowed to adhere overnight. Antibodies with
appropriate controls were added with serial dilutions the following
day, and one plate was harvested for a time 0 (T = 0) measurement.
The remaining cell plates were incubated for 3 to 5 days. Cell via-
bility was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
colorimetric viability assay with 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium as a
substrate (Promega).

In vivo studies

NOD-SCID-IL2R /~ mice (Animal Resources Centre, Perth,
Australia) were injected subcutaneously with 5 x 10° cells in
Matrigel (BD Biosciences). Mice injected with BT-474 cells were
implanted with estrogen pellets (Belma Technologies) 24 hours
prior. Patient-derived tumor samples (14.06A.G3) were surgically
implanted into the mammary breast pad of the mice. Tumors were
allowed to grow to approximately 100 mm? in size, and the mice
were then randomized into various treatment groups. Treatments
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were given three times a week at 0.5 mg of antibody per injection via
intraperitoneal injections for 3 weeks. Tumor volumes were calcu-
lated using the formula (L x W?)/2, where “L” represents the larger
tumor diameter and “W” the smallest tumor diameter. Tumor xe-
nograft tissues were resected and processed as formalin-fixed,
paraffin-embedded specimen sections.

All animal study protocols were approved by the Austin Health
Animal Ethics Committee (protocol # A2015/05297, A2019/05605,
and A2022/05790) and conducted in accordance with the Australian
Code of Practice for the Care and Use of Animals for Scientific
Purposes (8th Edition, 2013).

Reverse-phase protein array analysis

Protein was extracted from HER2-overexpressing NCI-N87 gas-
tric tumors, and reverse-phase protein array analysis was performed
as described previously (32, 33). In brief, tumor samples obtained at
week 1 after treatment and at the end of treatment (week 3) were
lysed by homogenization using RIPA lysis buffer (#9803, Cell Sig-
naling Technology), supplemented with protease and phosphatase
inhibitors (Roche Applied Science, Cat. # 05056489001). Protein
concentration was normalized to 1 mg/mL as assessed using the
Pierce BCA Protein Assay Kit and boiled with 2-mercaptoethanol
and SDS. The protein lysates were sent to the MD Anderson Cancer
Center, Houston, TX, USA, for analysis.

Internalization analysis

NCI-N87 cells were incubated with antibodies at 10 ug/mL and
allowed to bind at 4°C for 1 hour prior to incubation at 37°C for the
indicated times. Cells were fixed and permeabilized, and antibodies
were stained with Alexa Fluor 488, LAMP1 (#9091; clone D2D11;
Cell Signaling Technology), and Hoechst. Images were acquired on
a Zeiss 980 inverted confocal microscope in Airyscan mode. A
405 nm diode laser was used to image Hoechst (excitation: 345 nm
and emission: 478 nm), an argon laser was used to image Alexa
Fluor 488 (excitation: 494 nm and emission 518 nm), and a diode
laser was used for the detection of Alexa Fluor 568 (excitation:
578 nm and emission: 603 nm). Image acquisition settings (laser
power, 0.2%) remained identical across all conditions and cell types.
Saturation was adjusted by altering the detector gain settings. All
images were subjected to Z-sectioning of 1 pm. Each image channel
and slice were individually recolored, reconstructed, and processed,
and isosurface rendering was performed using ZEISS ZEN Blue
software (on Z slices) and Image]. Insets were created by zooming in
on desired regions of interest (dashed lines) and performing high-
resolution z-sectioning (1 um slices) on each channel. Each image
channel and slice were individually recolored, reconstructed, pro-
cessed, and merged using Image]J software. Scale bar, 20 um. Three-
dimensional surface-rendered images were created using the above
z-sections of inset images and processed using the 3D isosurface
rendering function on the ZEISS ZEN Blue software (Zeiss). Scale
bar, 20 pm.

Statistical analysis
Analyses were performed using Prism version 9. All P values are
two-sided, and values < 0.05 were considered significant.

Data availability
The data generated in this study are available upon request from
the corresponding author.
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Binding and specificity of mAb104. A, Specificity of mAb104 for the ECD of EGFR, HER2, HER3, and HER4 was evaluated using an ELISA-based assay. B, Western
blot of mMAb104 in a range of breast, gastric, and lung cancer cell lines. mAb104 binding was found only in HER2-overexpressing cell lines. GAPDH was used as a
loading control. The apparent binding affinity of (C) trastuzumab, (D) pertuzumab, and (E) mAb104 for HER2 ECD by surface plasmon resonance (Biacore) at
indicated antibody concentrations in pg/mL is shown in C. IB, immunoblot; OD, optical density; RU, resonance units.

Results

Binding and Specificity of mAb104

Novel HER2-targeting mAbs were generated to a conformational
epitope from the HER2 ECD: H-GCPLHNQEVTAEDGTQRC-NH,
folded as a loop through the cysteine residues and linked to KLH
protein (Supplementary). The immunoglobulin isotype of the se-
lected antibodies was detected by the Monoclonal Antibody Iso-
typing Kit (Thermo Fisher Scientific), and all were found to be
IgG1 with K-light chains. A series of binding assays was performed,
and based on the results of initial binding and affinity (Kp) measure-
ments using Biacore analysis against the immunogen, we selected our
lead candidate mAb104 for further development. Using an ELISA-
based assay, mAbl104 showed the strongest binding affinity to the
HER2 ECD (Fig. 1A), as well as to the circularized and linear peptide
immunogens against which the antibodies were generated (Supple-
mentary Fig. S1). In addition, mAb104 showed the highest binding for
cellular HER2 by Western blot analysis in HER2-overexpressing [de-
fined as having an IHC score of 2+ or 3+ (34)] cancer cell lines: breast
(BT-474, SK-BR-3), gastric (NCI-N87), and lung (NCI-H2170), and not
in low HER2-expressing cancer cell lines: breast (MCF-7) and lung
(NCI-H838, NCI-H522, and NCI-H1650; Fig. 1B). Subsequent analysis

AACRJournals.org

of binding to the HER2 ECD by surface plasmon resonance (Biacore)
demonstrated high-affinity binding of mAb104 (14 nmol/L Kp) with
comparable binding affinities to trastuzumab (0.1 nmol/L Kp) and
pertuzumab (1.9 nmol/L Kp; Fig. 1C-E). As such, mAbl04 was se-
lected for further evaluation as our lead candidate.

Cell surface binding of mAb104 by FACS was compared with
trastuzumab and pertuzumab in a panel of cancer cell lines with dif-
ferent HER2 expression levels (Fig. 2A-D). Of the cell lines evaluated,
mADb104 showed binding to all cell lines with high HER2 expression,
with the strongest binding to the HER2 population in the gastric cell
line, NCI-N87, and negligible HER2 binding seen in low HER2-
expressing cell lines. In all cases, mAb104 binding was consistently
lower than that of pertuzumab and trastuzumab, indicating that at least
in vitro, the mAb104 epitope is exposed in a subset of HER2 receptors
(Fig. 2; Supplementary Fig. S2).

mAb104 binding to fixed tissue was also investigated by THC
using tissue arrays of normal and tumor tissues. In total, 11 normal
human tissues and 10 common tumor types (breast intraductal
carcinoma, mesothelioma, colorectal and gastric adenocarcinoma,
renal cell carcinoma, lung adenocarcinoma, lung squamous cell
carcinoma, hepatocellular carcinoma, prostate adenocarcinoma, and
GBM) from 9 to 27 different human donors were examined
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FACS analysis and IHC of mAb104 binding. A, NCI-N87, (B) BT-474, (C) SK-BR-3,

mAb104 (green) or secondary antibody alone (blue) or unstained (orange), and

and (D) MCF-7 cells were incubated with 10 ug/mL trastuzumab, pertuzumab, or
the extent of binding was determined by FACS analysis. Data are representative

of two independent experiments. IHC staining with mAb104 and anti-HER2 antibody (x400): (E) normal breast tissue, (F) cardiac tissue, (G) stomach, (H)

invasive ductal breast carcinoma, and (I) gastric cancer. Scale bar, 180 mm.

(representative data are shown in Fig. 2E-I; Supplementary Fig. S3).
Tumor and normal tissues were not derived from the same patient
(i.e., unmatched). In all cases, mAb104 showed no reactivity to nor-
mal mucosa when compared with the VENTANA FDA-approved
HER2 control antibody, even in tissues in which the HER2 control
antibody showed substantial binding (e.g., gastric mucosa, Fig. 2G).
These findings suggest that despite HER2 expression, the epitope
bound by mAbl04 is not exposed in these tissues. In contrast,
mAb104-bound HER2 in tumors with a high concordance demon-
strated a relationship between mAb104 and HER2 binding in a variety
of tumor types (Fig. 2H and I). The details of staining patterns and
IHC scores can be found in Supplementary Tables S1 and S2.

Epitope analysis and competition assays

The 104 antibody variable domains binding the antigen epitope
located on domain IT of HER2 were computationally predicted from
homology-modeled 3D structures of the antibody Fv domains and
the known X-ray structure of human HER?2 using the methods pre-
viously described (35). The predicted HER2 binding of mAb104 was
compared with the known crystal structures of pertuzumab and
trastuzumab binding to HER2 (Fig. 3A; ref. 36). The binding of
mADb104 was predicted to require a conformational change that oc-
curs upon receptor activation as previously described for EGFR (12),
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in which disulfide bonds of domain II of HER2 could be formed and
broken dynamically based on data from the antibody mAb806.

Competition between mAb104 and pertuzumab and trastuzumab
for endogenous HER2 was investigated by flow cytometry in HER2-
overexpressing breast (BT-474 and SK-BR-3) and gastric (NCI-N87)
cancer cell lines. These sets of experiments utilized high doses (100
pg/mL) of mAb104 preincubation to maximize the chances of seeing
an impact on the binding of trastuzumab and pertuzumab. Prior
incubation with a much higher dose of mAb104 did not affect tras-
tuzumab or pertuzumab binding to cell surface HER2 (Fig. 3B-G). In
subsequent ELISA experiments, trastuzumab and mAb104 did not
affect each other’s binding to HER2-ECD. Similarly, prior incubation
with pertuzumab did not affect mAb104 binding; however, interest-
ingly, prior mAbl104 incubation reduced pertuzumab binding to
HER2-ECD, indicating that mAb104 binding to its epitope results in
steric hindrance of pertuzumab binding to its own epitope rather than
actual competition for the same epitope (Fig. 3H-J). Discordance in
the results for mAb104 competing with pertuzumab using flow
cytometry and ELISA is attributed to technical differences between
the antigenic preparations in the assays, that is, the presence of
HER2 is in its physiologic conformation when analyzed by flow
cytometry, versus partially denatured in ELISA, and consequent
epitope presentation and availability.
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Figure 3.

Epitope analysis and competition assays. A, mAb104 binding to domain Il of the HER2 ECD. FACS-based competition assay in which preincubation with a 10-fold
excess of mAb104 (100 pg/mL) did not affect 10 ug/mL trastuzumab or pertuzumab binding, respectively, in (B and E) NCI-N87, (C and F) BT-474 cells, and (D
and G) SK-BR-3 cells. ELISA-based HER2-ECD binding competition assay. H, Trastuzumab and pertuzumab do not affect mAb104 binding. I, mAb104 does not
affect trastuzumab binding. J, mAb104 partially affects pertuzumab binding. Data are representative of two independent experiments. OD, optical density.

Effect of mAb104 on proliferation, ErbB receptors, and
downstream signaling pathways in vitro

mADb104 as monotherapy did not demonstrate any in vitro activity in
HER2-overexpressing breast cancer cell lines (BT-474 and SK-BR-3) and
gastric cell lines [NCI-N87 and OE-19; Supplementary Fig. S4 (left)].
Furthermore, in the cell lines evaluated, the addition of mAbl04 to
trastuzumab did not enhance the antiproliferative effect compared with
trastuzumab monotherapy [Supplementary Fig. $4 (right)]. Treatment
with mAb104 in breast (SK-BR-3 and BT-474) and gastric (NCI-N87 and
OE-19) cancer cell lines under ligand-independent (Supplementary Figs.

AACRJournals.org

S5A and S5C, S6A and S6C) and ligand-dependent (Supplementary Figs.
S5B and S5D, S6A and S6D) conditions did not result in a change in the
amount of total or phosphorylated HER2, nor were there any associated
changes in downstream signaling.

Biodistribution studies and imaging with #°Zr-labeled
mAb104

Figure 4 summarizes the biodistribution results of *°Zr-Df-
mAb104 in HER2-positive NCI-N87 tumors in NOD/SCID gamma
mice. ¥Zr-labeled mAb104 demonstrated high tumor uptake with
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Biodistribution studies and imaging with 8°Zr-labeled mAb104. A, PET (maximum intensity projection, left), surface-rendered MRI (middle), and fused PET/MRI
(right) images of each NCI-N87 xenograft mouse taken on days O, 2, and 7 after injection of 8°Zr-mAb104. B, Ex vivo biodistribution results showing high,
specific tumor uptake of 8°Zr-labeled mAb104, with normal tissues demonstrating clearance patterns typical of a radiolabeled intact antibody.

some splenic and bone uptake of catabolized free ®Zr but no tissue
uptake in other normal organs. On day 0 (2 hours after injection),
the mean + SD levels of radioconjugate in the tumor were
7.147 + 0.528 %ID/g, increasing to 43.310 + 5.449 %ID/g by day 9.
The tumor-to-blood ratio increased from 0.168 (day 0) to 4.036 (day
9). Whole-body PET/MR images confirmed excellent localization of
897r-Df-mAb104 to tumors at early time points after injection (from
2 hours after injection). It was also clearly discernible that **Zr-Df-
mAb104 uptake increased in tumors over time, up to 7 days after
injection.

Antitumor effect of mAb104 in vivo

The therapeutic efficacy of mAb104 was evaluated in vivo in a
variety of tumor xenograft models as well as one breast PDX model
cell line, both as monotherapy and in combination with trastuzu-
mab (Fig. 5). In view of the potential steric hindrance of pertuzu-
mab binding due to mAb104, the combination of mAb104 and
pertuzumab in vivo was not tested. Treatment with mAbl104 as
monotherapy resulted in significant tumor growth inhibition in
BT-474 (Fig. 5B) xenografts as well as in a HER2-positive breast
14.06A.G3 PDX model (Fig. 5C) compared with the control iso-
type antibody and demonstrated equivalent efficacy to trastuzu-
mab and pertuzumab monotherapy, with no significant differences
between the treatment arms. Similarly, in the gastric NCI-N87
(Fig. 5A) and OE-19 (Supplementary Fig. S7B and S7C) xenograft
models, mAb104 also showed significant antitumor activity as
monotherapy. No statistical difference in growth inhibition was
seen between mAb104 and trastuzumab or pertuzumab. However,
in OE-19 tumors, trastuzumab was significantly more efficacious
than both pertuzumab (P = 0.024) and mAb104 (P = 0.004;
Supplementary Fig. S7B and S7C).

In all in vivo models, treatment with mAb104 in combination
with trastuzumab resulted in significantly greater tumor reduction
compared with trastuzumab alone and similar tumor inhibition to
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trastuzumab and pertuzumab (Fig. 5D-F; Supplementary Fig. S7B
and S7C).

Effect of mAb104 on downstream signaling pathways in vivo

Tumors taken at weeks 1 and 3 of treatment were analyzed by
Western blot for effects on HER2 and known HER2-activated sig-
naling pathways. Treatment with mAb104 resulted in the reduction
of total HER2 and phosphorylated HER2 expression, similar to
trastuzumab. There was also marked inhibition of the mTOR sig-
naling pathway, with decreases in both phosphorylated and total
mTOR levels, and also downstream mTOR targets such as phos-
phorylated ribosomal protein S6 and p21 (Supplementary Fig. S8).
This signaling does not seem to be mediated through the canonical
AKT/mTOR signaling pathway because the levels of phosphorylated
and total AKT do not seem to be inhibited.

Internalization

ErbB receptors are internalized into cells following homo-/het-
erodimerization, with kinase activation and signaling typically oc-
curring during the ErbB receptor (or antibody:ErbB receptor)
trafficking into endosomes (1). We examined the internalization of
mADb104 following binding to NCI-N87 cells by confocal micros-
copy. mAb104 showed relatively rapid internalization by 6 hours
(Fig. 6).

Discussion

HER?2 remains a critical oncogene, biomarker, and target in
many tumor types. However, despite the success of current
HER?2 antibodies, resistance invariably develops. In this con-
text, new strategies to target HER2 are clearly needed and re-
main a priority. mAb104 binds to domain II of the HER2-ECD
with high affinity and exhibits potent antitumor activity in
HER2-overexpressing xenografts and PDX models. Competi-
tion assays demonstrate that the mAbl04 epitope is clearly
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different from trastuzumab and also from pertuzumab despite
both mAb104 and pertuzumab targeting domain II of HER2.
The mAb104 epitope was not evident in low HER2-expressing
cell lines, which we hypothesize is due to the lack of altered
conformational states of HER2 in conditions in which the basal
activation is minimal.

mAb104 showed no significant binding to normal tissue, and
importantly, no binding was observed in tissues in which the control
HER2 antibody had positive staining, that is, gastric mucosa and
renal tissue. Of note was that the control HER2 antibody binds to
the same epitope as trastuzumab, and the results indicate that
mAb104 will have less normal tissue binding than trastuzumab. This
is consistent with conclusions that the epitope bound by mAb104 is
not constitutively exposed in normal tissues. Trastuzumab has been
shown to cause cardiotoxicity, a severe and dose-limiting toxicity,
requiring routine cardiac monitoring (37). Notably, mAb104 had no
staining in cardiac tissue. Despite this, we found binding of
mADb104 to tumor cells with high HER2 expression/amplification with
an intensity of staining comparable with that of the HER2 control
antibody. In addition, the biodistribution data demonstrated that the
uptake of *Zr-Df-mAb104 was compared with *Zr-radiolabeled
trastuzumab and pertuzumab (38-41). These tissue screening data,
combined with the biodistribution and imaging patterns and the
epitope and modeling studies, indicate that mAbl04 binds to a
tumor-specific form of HER2 and, therefore, leads to reduced toxicity
compared with current HER2 antibodies.
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mAb104 had no detectable effect in vitro, which is consistent with
other studies that evaluated antibodies targeting conformationally
exposed epitopes on the EGFR (42-44) and suggests that the dy-
namic turnover of HER2 or other factors in vivo are required for the
functional effects of mAb104 on HER2 function. Despite the lack of
in vitro activity, mAb104 demonstrated a potent antitumor effect in
vivo in a range of HER2-overexpressing xenograft and PDX models.
The antitumor effects of mAb104 as a single agent in vivo are
comparable with those of trastuzumab and pertuzumab in most
models. mAb104 in combination with trastuzumab is significantly
more potent than trastuzumab monotherapy and has similar anti-
tumor effects to combined trastuzumab and pertuzumab. These
findings are supported by reports that show combining antibodies
that target distinct nonoverlapping epitopes of HER2 increases
antitumor activity (45) and our own demonstration of similar re-
sults with antibodies against EGFR (46). We hypothesize that the
discrepancy between the lack of in vitro effects and the potent in
vivo activity of mAb104 is likely due to the altered activation of the
HER?2 receptor and the turnover rate and internalization kinetics of
HER?2 in vivo compared with in vitro. It can, therefore, be postulated
that in vitro studies do not optimally examine the mechanisms,
which underlie the activity of this class of antibodies.

HER2 overexpression is associated with an increase in the ex-
pression of variants of HER2, and the increase in each of these may
be functionally relevant to cell proliferation and transformation
(47). Differential responses of HER2-amplified cells to anti-HER2
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therapies have been shown to be highly dependent on the tumor
microenvironment, which can influence the activation of down-
stream pathways, such as the PI3K-AKT and RAS-MAPK pathways
(48). We have shown that mAb104 specifically binds to HER2 and
postulate that mAb104 potentially exerts its antitumor effects by
inhibiting HER2-mediated signaling directly and AKT/mTOR sig-
naling through noncanonical pathways. The effect of trastuzumab
on HER2 dimerization and on the MAPK and other signaling
pathways is not fully understood (49). Various studies have shown
that trastuzumab can inhibit or activate the MAPK pathway
depending on the conditions and cell lines used as well as the du-
ration of drug exposure (50-54).

Despite resistance to anti-HER2 therapies occurring almost univer-
sally, tumors continue to remain “addicted” to HER2 signaling, and
therefore, the development of novel therapies remains critical in this
area of unmet need. In contrast to other reported tumor-specific
HER?2 antibodies (55), mAb104 has shown potent antitumor effects in a
variety of xenograft and PDX models, tumor specificity, and lack of
normal tissue binding, as well as the ability to internalize in tumor cells.
These characteristics strongly support the development of mAb104 as a
naked antibody but also for payload delivery as an ADC for B/aparticle
therapy, in which the lack of normal tissue binding has great potential
for minimizing toxicity while enhancing tumor therapeutic efficacy.

Mol Cancer Ther; 24(9) September 2025

Figure 6.

Internalization assay. mAb104-HER2 receptor com-
plexes are internalized in NCI-N87 cells and engage
with lysosomes. mAb104 was detected using Alexa
Fluor 488 (AF 488; green). Cells were counterstained
with LAMP1 (red; lysosomes) and Hoechst (blue; nu-
cleus). All images are Z-projections of 1 um sections.
Arrows indicate antibody-receptor engagement with
lysosomes. Insets: high-resolution scan of dashed line
region. The red/green channels are z-sectioned (1 pm),
individually recolored, reconstructed, processed, and
merged. 3D render: 3D isosurface render of z-sectioned
insets preformed using ZEISS ZEN Blue software. Scale
bar, 20 um. Magnification 250 x.
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