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The human epidermal growth factor receptor 2 (HER2)–targeting trastu-
zumab emtansine (T-DM1) and trastuzumab deruxtecan (T-DXd) are
antibody–drug conjugates (ADC) clinically used to treat HER2-positive
breast cancer, with the latter receiving clinical approval in 2021 for
HER2-positive gastric cancer. Lovastatin, a cholesterol-lowering drug,
temporally elevates cell-surface HER2 in ways that enhance HER2-ADC
binding and internalization. Methods: In an NCIN87 gastric xenograft
model and a gastric patient–derived xenograft model, we used the 89Zr-
labeled or 64Cu-labeled anti-HER2 antibody trastuzumab to investigate
the dosing regimen of ADC therapy with and without coadministration of
lovastatin. We compared the ADC efficacy of a multiple-dose ADC
regime, which replicates the clinical dose regimen standard, with a
single-dose regime. Results: T-DM1/lovastatin treatment inhibited
tumor growth, regardless of multiple- or single-dose T-DM1 administra-
tion. Coadministration of lovastatin with T-DM1 or T-DXd as a single
dose enhanced tumor growth inhibition, which was accompanied by a
decrease in signal on HER2-targeted immuno-PET and a decrease in
HER2-mediated signaling at the cellular level. DNA damage signaling
was increased on ADC treatment in vitro. Conclusion: Our data from a
gastric cancer xenograft show the utility of HER2-targeted immuno-PET
to inform the tumor response to ADC therapies in combination with
modulators of cell-surface target availability. Our studies also dem-
onstrate that statins enhance ADC efficacy in both a cell-line and a
patient-derived xenograft model in ways that enable a single-dose
administration of the ADC.
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Treatment of human epidermal growth factor receptor 2
(HER2)–expressing metastatic breast cancer has been greatly
improved using trastuzumab (1), an antibody targeting membrane
HER2. In addition to trastuzumab, antibody–drug conjugates (2,3)
(ADCs) enable a potent chemotherapeutic payload to be delivered
directly to the tumor tissue (4–6). Examples of ADCs targeted

toward HER2 include trastuzumab emtansine (T-DM1) and trastu-
zumab deruxtecan (T-DXd) (6–8).
HER2 is a potential therapeutic target not only in breast cancer but

also in other HER2-expressing solid tumors, including those of the
lung, bladder, and stomach (3,5,7,9–12). HER2 is overexpressed in
approximately 20% of metastatic gastric cancers (13), and similar to
HER2-positive breast cancer, adding chemotherapy to trastuzumab
improved survival in the first-line metastatic setting in patients with
gastric cancer (14). However, contrary to breast cancer, no improve-
ment in overall survival was observed in patients with gastric cancer
treated with T-DM1 (7.9 mo) versus taxane (8.6 mo) (15). Until
recently, there was a lack of meaningful clinical response of HER2-
targeted agents in treating gastric cancer. However, the latest results
with T-DXd in HER2-low and HER2-high tumors brought a para-
digm shift (6). T-DXd became Food and Drug Administration–
approved in 2021 for treating patients with HER2-positive gastric
cancer. T-DXd has also shown efficacy in HER2-low gastric tumors
(ClinicalTrials.gov identifier NCT04379596) (16), with an objective
response rate of up to 26.3% (17).
For T-DM1 and T-DXd to bind to tumors, the HER2 receptor

must be available at the cancer cell membrane (4). However, gas-
tric tumors are characterized by a heterogeneous expression of
HER2 and nonpredominant staining of HER2 at the cell membrane
that impairs antibody binding to tumors (11,13,18). Importantly,
HER2 heterogeneity is associated with resistance to HER2-targeted
therapies (19). HER2 membrane availability is in part regulated by
caveolae-mediated endocytosis, which is often dysregulated in can-
cer cells, resulting in heterogeneous HER2 membrane expression,
particularly in gastric cancer (18,20).
Statins are pharmacologic inhibitors of endocytosis, likely via

temporal depletion of cholesterol (21,22). Lovastatin is a statin
prodrug that is enzymatically hydrolyzed in the liver to its active
form, which inhibits 3-hydroxy-3-methylglutaryl coenzyme A, a
key enzyme in the mevalonate pathway that produces isoprene
moieties needed for cholesterol biosynthesis (23,24). Lovastatin
modulates endocytosis to increase cell-surface HER2 availability,
resulting in increased antibody–tumor binding (18). Lovastatin
increased T-DM1 efficacy in gastric tumor xenografts and a
patient-derived xenograft (PDX) model from a gastric tumor resis-
tant to anti-HER2 therapy in the clinic (21). In this previous study,
mice were administered weekly doses of T-DM1, mimicking
existing clinical dose regimes.
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Although using T-DM1 and T-DXd significantly increases the
overall survival of some patients, clinical trials using multiple
doses of T-DM1 and T-DXd have noted some significant side
effects. T-DM1 causes cardiotoxicity in approximately 3.37% of
breast cancer patients (25), whereas early clinical data on gastric
cancer suggest that 10% of T-DXd–treated patients develop inter-
stitial lung disease (17). These toxicities limit the number of dos-
ing cycles that patients can tolerate and can result in dose
reductions or termination of the treatment (17,26). Strategies that
reduce toxic side effects caused by ADCs and predictive biomark-
ers of ADC toxicity are a currently unmet clinical need.
Therefore, this study had 2 objectives. The first was to determine

whether a single dose of ADCs could be administered in combina-
tion with lovastatin to achieve therapeutic efficacy similar to that of
a multiple-dose ADC regime in both a HER2-positive xenograft
and PDX gastric cancer models of known resistance to anti-HER2
therapy. The second was to use HER2-targeted immuno-PET to
monitor changes in HER2 expression after ADC therapy.

MATERIALS AND METHODS

Cell Culture and Treatments
The human gastric cancer cell line NCIN87 was purchased from the

American Type Culture Collection. NCIN87 were cultured in RPMI
1640 growth medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 10 mM hydroxyethyl piperazineethanesulfonic acid, 1 mM
sodium pyruvate, 4,500 mg L21 glucose, 1,500 mg L21 sodium bicar-
bonate, and 100 units mL21 penicillin and streptomycin.

NCIN87 cells were treated with vehicle, T-DM1, or T-DXd for
48 h before lysates were extracted. Cells additionally given lovastatin
were incubated with 25mM of the active form of lovastatin (Millipore)
for 4 h before addition of T-DM1 or T-DXd.

Western Blot Analysis
Total protein extracts from NCIN87 cells and tumors were prepared

after tissue homogenization in radioimmunoprecipitation assay buffer
(150 mM sodium chloride, 50 mM Tris hydrochloride, pH 7.5, 5 mM
ethylene glycol tetraacetic acid, 1% Triton X-100 [Dow], 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 2 mM phenylmethanesulfo-
nyl, 2 mM iodoacetamide, and 31 protease inhibitor cocktail [Roche]).
After centrifugation at 18,000g for 16 min at 4�C, supernatants contain-
ing total protein extracts were collected and stored at 280�C. The
amount of total protein in tumor extracts was quantified using the Pierce
bicinchoninic acid protein assay kit (Thermo Fisher Scientific), followed
by denaturation of the sample with NuPAGE lithium dodecyl sulfate
sample buffer and NuPAGE sample reducing agent (Thermo Fisher Sci-
entific). The denatured samples underwent gel electrophoresis and trans-
fer to polyvinylidene difluoride membranes (Bio-Rad). The membranes
were incubated in 5% (m/v) milk (Bio-Rad) or bovine serum albumin
(Sigma) in tris-buffered saline buffer-polysorbate (EZ BioResearch). The
membranes were then incubated with the primary antibodies: mouse anti-
b-actin, 1:10,000 (A1978; Sigma); rabbit anti-HER2, 1:800 (ab131490;
Abcam); rabbit anti-HER2 phospho Y1139, 1:500 (ab53290; Abcam);
rabbit anti–epidermal growth factor receptor (EGFR), 1:1,000 (ab52894;
Abcam); rabbit anti-EGFR phospho Y1068, 1:500 (ab40815; Abcam);
rabbit anti-HER3, 1:500 (ab32121; Abcam); rabbit anti-HER3 phospho
Y1289, 1:2,500 (ab76469; Abcam); mouse antiphosphotyrosine, 1:2,000
(05-321; Sigma); rabbit anti–poly(adenosine diphosphate ribose) poly-
merase (PARP), 1:1,000 (9542; Cell Signaling Technology); rabbit anti–
histone H2A.X, 1:1,000 (2595; Cell Signaling Technology); or rabbit
anti–phosphohistone H2A.X (Ser139), 1:1,000 (9718; Cell Signaling
Technology). After washing of the membranes with tris-buffered saline
buffer-polysorbate, the membranes were incubated with the secondary

antibody goat anti-rabbit IgG (heavy- and light-chain) conjugated with
AlexaFluor Plus 680 (Invitrogen) or goat anti-mouse IgG (heavy- and
light-chain) conjugated with AlexaFluor Plus 800 (Invitrogen). Mem-
branes were imaged on an Odyssey infrared imaging system (LI-COR
Biosciences), and densiometric analysis of the respective bands was per-
formed using ImageJ/FIJI. The supplemental materials (available at
http://jnm.snmjournals.org) contain uncropped scans of the blots shown
in the figures.

Conjugation and Radiolabeling of Trastuzumab
Trastuzumab (Herceptin; Roche) used in imaging and biodistribu-

tion studies was obtained from the Siteman Cancer Center pharmacy
or the Memorial Sloan Kettering pharmacy.

89Zr-Labeled Trastuzumab. As previously described (18,21), conju-
gation and radiolabeling of trastuzumab with zirconium-89 were achieved
using the bifunctional chelate p-isothiocyanatobenzyl-desferrioxamine
(DFO-Bz-NCS; Macrocyclics, Inc). [89Zr]Zr-oxalate was obtained from
the cyclotron at Memorial Sloan Kettering Cancer Center. The 89Zr-
labeled trastuzumab used in our studies had a radiochemical purity of
99% as determined by instant thin-layer chromatography, and the molar
activity was 21.98 MBq/nmol.

64Cu-Labeled Trastuzumab. Copper-64 was obtained from Wash-
ington University Cyclotron facility. Trastuzumab was buffer-exchanged in
0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 8.5)
and was conjugated and radiolabeled as previously described (27).
Briefly, conjugation and radiolabeling of trastuzumab with copper-64
were achieved by conjugating trastuzumab to p-SCN-Bn-NOTA (Macro-
cyclics) in 100% ethanol in a 20-fold molar excess, before incubation at
4�C overnight with slow agitation. The antibody–NOTA conjugate was
purified and concentrated in 0.1 M ammonium acetate buffer (pH 6) and
then radiolabeled with copper-64. The reaction mixture was incubated at
37�C for 1 h. The radiochemical yield and purity were determined as
described above in a mixture of 0.1 M ammonium acetate buffer (pH 6)
with 50 mM ethylenediaminetetraacetic acid as the mobile phase. The
radiolabeled conjugates used for in vivo studies had a radiochemical
purity of 99%, radiochemical yields ranging from 87% to 99%, and
molar activities in the range of 47.4–69.6 MBq/nmol.

Tumor Xenografts and Animal Studies
The animal experiments were conducted at both Washington Univer-

sity in St. Louis and Memorial Sloan Kettering Cancer Center. All ani-
mals were treated according to the guidelines approved by the Research
Animal Resource Center and Institutional Animal Care and Use Com-
mittee at Washington University School of Medicine at St. Louis or the
Research Animal Resource Center and Institutional Animal Care and
Use Committee at Memorial Sloan Kettering Cancer Center.
NCIN87 Gastric Xenografts. Eight- to 10-wk-old nu/nu female

mice (Charles River Laboratories) were injected subcutaneously on
the right shoulder with 5 million NCIN87 cells in a 200-mL cell sus-
pension of a 1:1 (v/v) mixture of Matrigel (BD Biosciences). The
mice were housed in type II polycarbonate cages, fed with a sterilized
standard laboratory diet, and given sterile water ad libitum. The ani-
mals were housed at approximately 19�C–23�C, at 30%–70% relative
humidity, and in a 12 h light/12 h dark cycle.

The tumor volume (V/mm3) was estimated by external vernier cali-
per measurements of the longest axis, a/mm, and the axis perpendicular
to the longest axis, b/mm. The tumors were assumed to be spheroid,
and the volume was calculated in accordance with the equation V 5

(4p/3)3 (a/2)2 3 (b/2).
PDXs. A gastric PDX model was established by the Antitumor

Assessment Core at Memorial Sloan Kettering Cancer Center from a
patient with HER2-positive gastric cancer, collected under an approved
institutional review board protocol by the Research Animal Resource
Center and Institutional Animal Care and Use Committee at Memorial

IMMUNO-PET MONITORS ADC EFFICACY � Brown et al. 1639

http://jnm.snmjournals.org


Sloan Kettering Cancer Center. Tumor fragments were mixed with
Matrigel and implanted subcutaneously in 6- to 8-wk-old female NSG
mice (Jackson Laboratories). Once established, tumors were maintained
and expanded by serial subcutaneous transplantation. Tumor samples
were evaluated as described previously (21), to grade for HER2 expres-
sion and to exclude B-cell lymphomas in PDXs associated with
Epstein–Barr virus.

In Vivo Therapeutic Efficacy
When tumor volumes reached approximately 200–500 mm3, mice

were randomly grouped into treatment cohorts ($8 per group for
T-DM1 treatments and $5 per group for T-DXd treatments). Supple-
mental Table 1 outlines the therapeutic studies conducted, the number
of animals per group, and the imaging agents used.
Multiple-Treatment T-DM1 Schedule. The multiple-treatment sched-

ule was published previously (21). Vehicle, T-DM1, lovastatin, or a combi-
nation of T-DM1 with lovastatin was administered to mice bearing
NCIN87 or gastric PDX tumors. Intravenous T-DM1 administration was
5 mg/kg (once weekly, for 5 wk). Lovastatin (4.15 mg/kg, oral gavage)
was administrated 12 h before and at the same time as the intravenous
injection of T-DM1. Tumor volumes were determined by vernier caliper
measurement twice a week.
Single-Treatment T-DM1 Schedule. A single dose of vehicle or

T-DM1, 5 mg/kg, was administered, and tumor volumes were measured as
described above. In cohorts of T-DM1 single-dose treatment combined
with lovastatin, the lovastatin (4.15 mg/kg, oral gavage) was administrated
12 h before and at the same time as the intravenous injection of T-DM1.
T-DXd Treatment. Vehicle, T-DXd, or a combination of T-DXd

with lovastatin was administered to mice bearing NCIN87 or gastric
PDX tumors. The mice received an intravenous injection of T-DXd
(5 mg/kg, single-dose). Lovastatin (4.15 mg/kg, oral gavage) was
administrated 12 h before and at the same time as the intravenous
injection of T-DXd. Tumor volumes were determined by vernier cali-
per measurement twice a week.

Acute Biodistribution Studies and Small-Animal PET
Supplemental Table 1 outlines the imaging agents used in each treat-

ment cohort. Mice in the T-DM1/statin cohorts were administered
89Zr-labeled trastuzumab on day 39 after initiating therapy. Acute biodistri-
bution studies were performed 48 h after injection of radiolabeled [89Zr]Zr-
DFO-trastuzumab. The mice were sacrificed and organs were harvested
and measured in the g-counter. Radioactivity associated with each organ
was expressed as percentage injected dose per gram of organ (%ID/g).

Mice in the T-DXd/statin cohorts were administered 64Cu-labeled
trastuzumab before initiating therapy or on day 29 after therapy.

PET imaging experiments at Memorial Sloan Kettering were con-
ducted on a microPET Focus 120 scanner (Concorde Microsystems) at
48 h after intravenous injection of [89Zr]Zr-DFO-trastuzumab. The
mice were anesthetized by inhalation of 1.5%–2% isoflurane (Baxter
Healthcare) in an oxygen gas mixture 10 min before recording PET
images. PET data for each group (n 5 4) were recorded with the mice
under isoflurane anesthesia (1.5%–2%). Images were analyzed using
ASIPro VM software (Concorde Microsystems).

PET imaging experiments at Washington University in St. Louis
were conducted on a Mediso nanoScan PET/CT scanner (Mediso) at
24 h after injection of [64Cu]Cu-NOTA-trastuzumab. PET images for
each group (n 5 2) were collected before therapy and on day 30 after
therapy and were recorded with the mice under isoflurane anesthesia
(1.5%–2%) as described above. Images were reviewed using 3D Slicer
software (version 5.0.3).

Statistical Analysis
Data were analyzed using RStudio and GraphPad Prism, version

9.0. The volume fold-change for each tumor was calculated as the

tumor volume at the endpoint (mm3) divided the tumor volume at the
start of therapy (mm3). Differences in fold-change were analyzed by a
1-way ANOVA or an unpaired Student t test. Differences in tumor
volume over time between treatment groups were calculated using a
2-way repeated-measures ANOVA. Mean activity in the tumor region
of interest (%ID/g) was quantified using 3D Slicer, version 5.2.2. The
correlation between mean %ID/g and tumor volume was calculated by
the Pearson correlation coefficient.

RESULTS

A Single Dose of T-DM1 Combined with Statin Reduces Tumor
Volume in Gastric Cancer Xenografts
Previous work has shown that statins enhanced trastuzumab accu-

mulation in tumors (18) and that coadministration of the anti-HER2
ADC T-DM1 with statins enhanced efficacy in gastric cancer mouse
models in a multiple-dose T-DM1 treatment regime that mimicked
the weekly infusion schedules performed in clinics (21). In these pre-
vious studies, a multiple-dose regime of 5 weekly 5 mg/kg doses of
T-DM1 was administered in combination with a 4.15 mg/kg dose of
lovastatin administered twice, 12h before and on the day of T-DM1
administration. This multiple-dose ADC regime significantly reduced
NCIN87 tumor volumes compared with T-DM1 alone, statin alone,
or control saline-treated tumor cohorts (21). Because of the possible
side effects that a multiple-dose infusion schedule of T-DM1 can
cause (25), we sought to investigate whether the enhanced potency of
T-DM1 seen on coadministration with statins could enable fewer
doses of T-DM1 to be given, without interfering with therapeutic
efficacy.
We first determined whether using T-DM1/statin as a single dose

effectively treated NCIN87 gastric tumor xenografts (Figs. 1A and
1B). In our current study, a single 5mg/kg dose of T-DM1 was
administered, with a 4.15mg/kg dose of lovastatin administered twice.
As performed in our previous studies, the statin was administered
12h before and on the day of T-DM1 administration. NCIN87 tumor
volumes monitored across a 60 d period from treatment initiation
were significantly lower (P , 0.001) in T-DM1/statin cohorts, even
with single-dose T-DM1 administration, than with control and
T-DM1 administration alone (Fig. 1B; Supplemental Fig. 1). Both
T-DM1/statin cohorts had a significantly lower (P , 0.001) tumor
volume fold-change than the T-DM1–alone equivalent in both single-
and multiple-dose regimes (Fig. 1C). The tumor volume fold-change
was significantly lower (P , 0.001) in T-DM1/statin cohorts in a
multiple-dose regime than in a single-dose regime (Fig. 1C).
Overall, we found that a single dose of T-DM1, when combined

with a statin, controlled NCIN87 gastric xenografts over a period
of 60 d.

PET Imaging Annotates Alterations in Tumoral HER2 in
Response to T-DM1/statin Combination
Noninvasive PET imaging using [89Zr]Zr-DFO-trastuzumab can

annotate changes in HER2 expression in response to HER2-targeted
therapies (18,21). Therefore, we next sought to determine whether
PET imaging could visualize changes in HER2 tumoral expression
accompanying the decrease in tumor volume in T-DM1–treated or
T-DM1/statin-treated NCIN87 xenograft tumors.
[89Zr]Zr-DFO-trastuzumab was injected at 39 d after treatment

initiation, the time at which NCIN87 tumors develop resistance to
weekly doses of T-DM1 (21). In our experiments, the radiolabeled
trastuzumab binds to tumoral membrane HER2 in vivo, and PET
images are acquired at 48 h after antibody injection. On the basis
of data shown in Figure 1, we expected that a decrease in tumor
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volume observed in T-DM1/statin cohorts would be accompanied
by a reduction in HER2 expression as monitored by HER2-
targeted immuno-PET. Immuno-PET after ADC therapy demon-
strated decreased uptake of [89Zr]Zr-DFO-trastuzumab in NCIN87
tumors on coadministration with statins, in both multiple- and
single-dose T-DM1 regimens, indicating that T-DM1 therapy had
reduced membrane tumoral HER2 expression at 39 d after therapy
initiation (Fig. 2A). Ex vivo biodistribution of the tumors excised
from mice after imaging quantified a 1.3-fold decrease in [89Zr]Zr-
DFO-trastuzumab uptake when statins were coadministered with
T-DM1 compared with T-DM1 administration alone, which was
significant in T-DM1 single-dose versus T-DM1/statin single-dose
treatment (P 5 0.02; Fig. 2B; Supplemental Fig. 2). [89Zr]Zr-
DFO-trastuzumab tumor uptake on PET images (measured at
%ID/g) correlated with tumor volume (r 5 0.97, P 5 0.03;
Fig. 2C), indicating a positive correlation between trastuzumab-
tumor binding and tumor size at 39 d after therapy initiation.
Overall, T-DM1/statin combination therapy significantly reduced

membrane HER2 tumoral expression compared with T-DM1 treat-
ment alone, which can be annotated in vivo using immuno-PET.

Statins Enhance the Efficacy of the ADC T-DXd in
HER2-Positive Gastric Tumors
Next, we sought to investigate whether including a statin could

enhance the efficacy of the trastuzumab ADC T-DXd (5,6). T-DXd
is showing excellent promise in treating gastric cancer, with initial
clinical trials reporting a 51% objective response rate for HER2-
positive gastric cancers (17). Initially using NCIN87 xenografts,
we replicated the single-dose regime such that a single dose of

T-DXd was administered at 5mg/kg along
with two doses of lovastatin (4.15 mg/kg)
administered 12h before and on the day of
T-DXd administration (Fig. 3A). Both T-DXd
and T-DXd/statin treatments reduced tumor
volumes over the first 20 d of measurement,
but in the next 14 d, T-DXd–treated tumors
began to regrow, whereas T-DXd/statin-
treated tumors remained controlled, resulting
in a significant difference in growth be-
tween the two groups (P 5 0.006; Fig. 3B;
Supplemental Figs. 3 and 4). Tumor vol-
ume fold-change at 34 d after treatment
initiation averaged 0.5760.09T-DXd/statin
compared with 1.316 0.22 in tumors
treated with T-DXd alone (P 5 0.008;
Fig. 3C).
To annotate changes in tumoral HER2

before and at 29 d after T-DXd therapy, we
used [64Cu]Cu-NOTA-trastuzumab before
and after therapy, as the half-life of copper-64
is 12.7h, allowing multiple imaging sessions
during our therapy window. Additionally,
recent studies have shown the ability of 64Cu-
labeled trastuzumab to monitor responder ver-
sus nonresponder tumors to ADC therapy
(28). Immuno-PET imaging after therapy in
NCIN87 tumors demonstrated a decrease
in uptake of [64Cu]Cu-NOTA-trastuzumab
in both T-DXd and T-DXd/statin cohorts
(Fig. 3D), and the mean %ID/g tumor values
from both pretherapy and posttherapy im-

aging correlated with tumor volume (r 5 0.77, P 5 0.03; Supplemen-
tal Fig. 5).
Overall, T-DXd therapy was enhanced on coadministration with

statins in HER2-positive NCIN87 tumors, and HER2 expression
on immuno-PET could be monitored before and after therapy with
64Cu-labeled trastuzumab.

ADC Single-Dose Coadministered with Statins Reduces Tumor
Volume in a Trastuzumab-Resistant Gastric PDX Model
Cell-line xenograft models such as NCIN87 cancer cells are com-

mercially available and can be used across multiple analyses for
preclinical work. However, they do not always represent the heteroge-
neity observed in clinical samples. PDX models offer an alternative
that can better represent patient tumor tissue and response to therapies
(29). Gastric PDXs recapitulate patient tumor inter- and intratumoral
heterogeneity in histology and genetic characteristics (30). Because of
the preservation of tumoral heterogeneity, PDXs are thought of as ava-
tars for patients when testing novel therapies (31). Therefore, we chose
a previously established gastric PDX model with known clinical resis-
tance to anti-HER2 therapy to test both the T-DM1/statin and the
T-DXd/statin single-dose regimes (Fig. 4A) (18,21).
When the HER2-positive gastric PDX was treated with a single

dose of T-DM1/statin (Fig. 4A), tumor volume was significantly
reduced (P , 0.001) compared with T-DM1 alone and control
cohorts (Fig. 4B; Supplemental Fig. 6). The volume fold-change of
T-DM1/statin tumors was significantly lower (P , 0.001) than for
the equivalent T-DM1–alone regime. No significant differences in
tumor volume fold-change were observed between T-DM1/statin
single-dose and multiple-dose regimes (Fig. 4C). Equally, when

FIGURE 1 (A) Schematic illustrating T-DM1 and statin dose administration in single-dose ADC
regime. NCIN87 gastric xenografts were established in female nude mice ($8 per group). Once
tumors reached 200–300 mm3, intravenous T-DM1 administration at 5mg/kg weekly (for 1 wk—
single-treatment regime) was started on day 1. Lovastatin (4.15mg/kg) was orally administered 12h
before and simultaneously with intravenous injection of T-DM1. [89Zr]Zr-DFO-trastuzumab was intra-
venously administered on day 39, and PET images were collected at 41 d after treatment. Immedi-
ately after PET imaging, organs were harvested for ex vivo biodistribution. Tumors were excised
at 43 d after initiating therapy and used for Western blot analyses. Schematic was created
with Biorender.com. (B) Tumor volumes (mm3) measured across 60 d for control, T-DM1 single-
treatment regime, and T-DM1/statin single-treatment regime. Mean 6 SD for at least 8 mice is
shown. ****P , 0.0001 based on 2-way repeated measures ANOVA. (C) Fold-change in NCIN87
tumor volume for T-DM1 or T-DM1/statin (1 wk of therapy, single-treatment regime) and for T-DM1
or T-DM1/statin (5 wk, multiple-treatment regime reported (21)). Fold-change between day 0 and day
60 is displayed as mean6 SD (n$ 8). ****P, 0.0001 based on 1-way ANOVA.
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the HER2-positive gastric PDX was treated
with a single dose of T-DXd/statin (Fig. 4A),
there was a significant (P, 0.001) reduction
in tumor volume compared with T-DXd
alone (Fig. 4D; Supplemental Fig. 7). The
tumor volume fold-change of T-DM1/statin
PDXs was significantly lower (P 5 0.07;
Fig. 4E; Supplemental Fig. 8) than for the
equivalent T-DXd–alone regime. Finally,
both T-DXd single-dose and T-DXd/statin
single-dose treatments were more effective at
controlling gastric PDX tumor volumes than
were the T-DM1 and T-DM1/statin single-
dose regimes, as measured by tumor volume
fold-change (P , 0.0001 for all compari-
sons; Supplemental Fig. 9).
Overall, both the T-DM1 and the T-DXd/

statin single-dose regimes effectively reduced
tumor volumes in a clinically representative
gastric PDX model in which the originating
patient tumor was previously resistant to
anti-HER2 therapy.

ADC Therapy Coadministered with
Statin Downregulates HER2 Signaling
and Increases DNA Damage
After observations that an ADC/statin

single-dose regime is effective at reducing
tumor volume and induces alterations in
HER2 expression as detected via immuno-
PET, we sought to annotate changes in
HER2 signaling in total protein extracts
once tumor tissue was excised on day 43
after ADC therapy. Western blot analysis
of NCIN87 tumor extracts demonstrated
depletion of HER2 and phospho-HER2/
total HER2 after T-DM1 coadministration
with statins, in both multiple- and single-
dose regimes (Fig. 5A), with a 15- to 30-fold
reduction compared with control tumors and
tumors treated with T-DM1 alone (Fig. 5B).
Additionally, other HER family receptors,
including EGFR and HER3, were depleted
in T-DM1/statin groups, with an 8-fold
reduction in phospho-HER3/total HER3 and
a 6-fold reduction in phospho-EGFR/total
EGFR in comparison to control tumors
(Figs. 5A and 5B). Tyrosine phosphorylation
of multiple proteins was decreased in
T-DM1/statin multiple- or single-dose tumors
(Fig. 5A). The results shown in Figure 5
were further validated in 2 more independent
analyses (Supplemental Figs. 10–13).
In addition to evaluating protein expres-

sion in T-DM1–treated tumors, we found
that HER2 levels were 6-fold lower and
barely detectable in T-DXd and T-DXd/
statin-treated tumors harvested at 63 d after
therapy induction compared with control
tumors (Fig. 5C; Supplemental Fig. 14).
Further analyses in NCIN87 cells treated

FIGURE 2. (A and B) Representative PET images (A) and biodistribution (B) of [89Zr]Zr-DFO-trastu-
zumab displaying %ID/g acquired 48h after radiolabeled trastuzumab injection on day 39 for T-DM1
single-treatment regime, T-DM1/statin single-treatment regime, T-DM1 multiple-treatment regime,
and T-DM1/statin multiple-treatment regime. Tumor location is indicated by arrow. Data are mean 6

SD (n 5 4). Significant P values (,0.05) are displayed for tumor mean comparisons and were calcu-
lated by unpaired Student t test. (C) Scatterplot of mean%ID/g of [89Zr]Zr-DFO-trastuzumab in tumor
regions against tumor volume (mm3). Pearson correlation coefficient (r) and P value are displayed.
Line of best fit is displayed (solid black line) with 95% CIs (dotted black lines).

FIGURE 3. (A) Schematic illustrating T-DXd and statin dose administration across single-dose
regime. NCIN87 gastric xenografts were established in female nude mice (9 per group). Once
tumors reached about 200 mm3, mice were intravenously administered T-DXd, 5mg/kg weekly (for
1 wk—single-treatment regime). Lovastatin (4.15mg/kg) was orally administrated 12h before and
simultaneously with intravenous injection of T-DXd. [64Cu]Cu-NOTA-trastuzumab was intravenously
administered on days 1 and 29, and PET images were collected before (day 2) and after (day 30) ther-
apy. Mice were sacrificed 34–63 d after initiating therapy. Schematic was created with Biorender.
com. (B) Tumor volumes (mm3) were measured across 34 d for T-DXd and T-DXd/statin. Mean6 SD
of 9 mice per group is shown. **P 5 0.006 at endpoint based on 2-way repeated-measures ANOVA.
(C) Tumor volume fold-change in NCIN87 tumor volume in T-DXd or T-DXd/statin. Fold-change
between days 0 and 34 is displayed as mean 6 SD. **P 5 0.008 calculated by unpaired Student
t test. (D) Representative PET images of [64Cu]Cu-NOTA-trastuzumab displaying %ID/g acquired at
24h after radiolabeled trastuzumab injection before therapy (day 2) and after therapy (day 30) for
T-DXd and T-DXd/statin. Two different mice with varying tumor sizes from 73 to 384 mm3 are dis-
played for each group and each time point. Tumors are encircled.
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for 48h with ADC alone or in combination with lovastatin demon-
strated a 2- to 6.5-fold reduction in HER2 and a 2- to 3-fold reduction
in phospho-HER2 (Fig. 5D; Supplemental Fig. 15). Phosphorylated
tyrosines were downregulated in all treatments compared with con-
trol (Fig. 5D; Supplemental Fig. 16). Because the DXd chemother-
apy is expected to induce DNA damage, expression of H2AX,
phosphorylated H2AX, cleaved PARP, and full-length PARP was
evaluated at the cellular level. All 4 treatments (T-DM1, T-DM1/statin,
T-DXd, and T-DXd/statin) increased the expression of markers for
DNA damage, showing a 3- to 6-fold increase in H2AX and a 1.6- to
3.5-fold increase in phosphorylatedH2AX comparedwith control cells
(Fig. 5D; Supplemental Fig. 17). Interestingly, levels of H2AX and

phosphorylated H2AX were relatively high in T-DM1/statin-treated
samples and in T-DXd–treated cells. Finally, the ratio of cleaved
PARP/PARP in T-DM1/statin and T-DXd/statin-treated cells was
16-fold and 28-fold higher than in control cells (Fig. 5E; Supplemental
Fig. 18), suggesting cleavage of full-length PARP in cells undergoing
DNAdamage.
Overall, Western blot analyses demonstrated depletion of HER2

and decreased phosphorylation of HER2 and multiple downstream
targets on coadministration of T-DM1 or T-DXd with statin com-
pared with control tumors. Additionally, Western blot analyses
showed expression of DNA damage markers on acute treatment
with HER2-targeting ADC-plus-statin therapies.

DISCUSSION

ADCs have become eminent in oncologic treatment schedules
because of their ability to precisely target tumors with potent efficacy.
Indeed, 14 ADCs have been approved for cancer treatment, and
more than 100 different ADCs are being evaluated in clinical trials
(4). T-DM1 and T-DXd are two Food and Drug Administration–
approved anti-HER2 antibody conjugates, which are based on the
antibody trastuzumab linked to a cytotoxic payload. T-DM1 com-
prises trastuzumab conjugated with a microtubule-targeting pay-
load (DM1), whereas T-DXd contains trastuzumab linked to a
topoisomerase-1 inhibitor payload. T-DM1 is effective in treating
HER2-positive breast tumors, but in clinical trials it failed to treat
HER2-expressing gastric cancers (15). Most recently, T-DXd demon-
strated improved efficacy in HER2-positive advanced gastric tumors
(17). A common characteristic of T-DM1 and T-DXd is that treat-
ment schedules often require frequent infusions of the cold ADC to
maintain therapy. Although ADCs are usually well tolerated, severe
side effects can occur in patients, including low blood counts, liver
damage, and lung damage (32). After our previous studies showing
that cholesterol-depleting drugs (statins) enhance cell-surface HER2
availability (18) and ADC internalization (20) in ways that enhance
anti-HER2 antibody–based therapies, we have now demonstrated
here that statins can be used to reduce the number of infusion sche-
dules of the cold ADC. In our studies, preclinical gastric tumors trea-
ted with a single dose of T-DM1 in combination with a statin
achieve responses similar to multiple doses of T-DM1. Tumor
growth inhibition in HER2-positive NCIN87 and PDX gastric tumors
was achieved with a single dose of T-DXd, and growth inhibition
was enhanced by coadministration with lovastatin.
We found that preclinical immuno-PET with radiolabeled trastu-

zumab can monitor HER2 tumoral levels on treatment with the
T-DM1 or T-DXd. Recently, another study demonstrated the use of
HER2 PET to monitor response to T-DM1 therapy in breast cancer
mouse models, with a decrease in radiolabeled anti-HER2 antibody
observed after treatment (33). In metastatic breast cancer patients,
pretreatment imaging of HER2 targeting with 64Cu-labeled trastuzu-
mab (28) or 89Zr-labeled trastuzumab (34) was predictive of treat-
ment response, with higher uptake of radiolabeled antibody before
treatment being predictive of a better response. Our current study
showed a correlation between the %ID/g of 89Zr-labeled trastuzumab
or 64Cu-labeled trastuzumab and volume in tumors treated with
T-DM1 or T-DXd, respectively. Our preclinical data contribute to
the accumulating evidence that HER2 PET can provide noninvasive
insight into receptor tumoral levels.
Tumors of animals treated with T-DM1 or T-DXd plus statin

showed growth suppression and demonstrated lower uptake on PET
images after therapy. These imaging findings correlated with changes

FIGURE 4. (A) Schematic displaying establishment of HER-positive
gastric cancer PDX from patient tumor. Tumor fragments were implanted
subcutaneously into NSG mice ($8 per group). T-DM1/statin multiple-
and single-dose schedules were administered as described in Figure 1.
T-DXd/statin single-dose schedule was administered as described in
Figure 3. Schematic was created with Biorender.com. (B) Tumor volumes
(mm3) were measured across 40 d for control, T-DM1 single-dose regime,
and T-DM1/statin single-dose regime. Mean 6 SD is shown (n $ 8 per
group). ****P , 0.0001 based on 2-way repeated measures ANOVA.
(C) Tumor volume fold-change in gastric PDX for T-DM1 or T-DM1/statin
(1 wk of therapy, single-treatment regime) and for T-DM1 or T-DM1/statin
(5 wk, multiple-treatment regime reported (21)). Fold-change between first
and last tumor volume measurements is displayed as mean 6 SD (n $ 5
per group). ns 5 not significant. ****P , 0.0001 based on 1-way ANOVA.
(D) Tumor volumes (mm3) were measured across 21 d for T-DXd single-
dose regime and T-DXd/statin single-dose regime. Mean 6 SD is shown
(n $ 8 per group). *P 5 0.02 based on 2-way repeated measures ANOVA.
(E) Tumor volume fold-change in gastric PDX for T-DXd or T-DXd/statin.
Fold-change between first and last tumor volume measurements is dis-
played as mean 6 SD (n $ 8 per group). **P 5 0.007 based on unpaired
Student t test.
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in HER2 and HER2-mediated signaling in tumors, because we
observed—by Western blot analyses—decreased HER2, HER2
phosphorylation, and phosphor-tyrosine phosphorylation in tumors.
HER2 phosphorylation results in signaling activation, and further
downstream phosphorylation of multiple proteins occurs, ultimately
resulting in increased proliferation, survival, and migration of cancer
cells that are driven by HER2 signaling (35,36). Our results indicate a
suppression in HER-mediated signaling after T-DM1/statin and
T-DXd/statin therapy.
Anti-HER2 ADC efficacy depends on a series of several

sequential events: binding of the ADC to the cell-surface HER2,
ability of the antibody to decrease HER2-mediated oncogenic sig-
naling and to induce antibody-mediated cellular toxicity, ADC-
HER2 internalization, and, finally, payload release inside the
tumor cell (37–39). Our previous preclinical experiments are con-
sistent with the hypothesis that surface-localized HER2s can be
modulated to enhance trastuzumab and T-DM1 efficacy (18,21).
Therefore, pharmacologic strategies that augment HER2 antibody
tumor binding and further internalization may allow reducing the
number of dose schedules of the therapeutic antibody or ADC. We
observed that treating tumors with T-DM1 in combination with lo-
vastatin enhances T-DM1 tumor binding and internalization in vitro,
resulting in higher efficacy than with T-DM1 alone (21). Impor-
tantly, our results show that just a single dose of T-DM1/statin is

efficacious in gastric tumor models and was just as effective as
multiple doses of T-DM1/statin in a PDX gastric model (Fig. 4).
Overall, our findings support a mechanism by which stabilization
of membrane HER2 increases anti-HER2 ADC binding; conse-
quently, internalization is enhanced, which in our studies allowed a
lower number T-DM1 doses to achieve therapeutic efficacy in
mice. If translated to the clinic, this strategy could potentially
reduce the number of doses of T-DM1 and adverse events associ-
ated with T-DM1 treatment (40).
Although T-DM1 and T-DXd are composed of the same anti-

body (trastuzumab), several differences exist between these two
ADCs: T-DXd has a higher drug-to-antibody ratio than T-DM1,
two different linkers are used in the preparation of T-DM1 and
T-DXd, the two cytotoxic payloads DM1 and DXd have a different
mechanism of action, and DXd permeability allows for a bystander
effect to the neighbor cells regardless of their expression for HER2.
Coadministration of statin with an ADC enhanced the expression of
the DNA damage markers PARP and H2AX. Additionally, PARP
and H2AX were expressed in T-DM1/statin-treated cells but not in
cells treated with T-DM1 alone, indicating induction of DNA dam-
age with statins. Indeed, lipophilic statins such as lovastatin have
previously been reported to sensitize cancer cells to radiotherapy via
increased DNA damage. However, statins are also reported to pro-
tect against DNA damage in normal tissues by increasing DNA

FIGURE 5. (A and B) Western blot analyses (A) and quantification (B) at 43 d after treatment of NCIN87 tumors for control, T-DM1multiple-treatment regime,
T-DM1/statin multiple-treatment regime, T-DM1 single-treatment regime, and T-DM1/statin single-treatment regime. Western blots show expression of pro-
teins in HER2 downstream signaling pathways including HER2, phosphor-HER2, EGFR, phosphor-EGFR, HER3, phosphor-HER3, and phosphor-tyrosine.
b-actin was used as loading control. Quantifications shown in B relate to A, and analyses for additional repeats are shown in supplemental materials. (C)
HER2 Western blot analyses and quantification after treatment of NCIN87 tumors for control, T-DM1 single-treatment regime, T-DM1/statin single-treatment
regime, T-DXd single-treatment regime, and T-DXd/statin single-treatment regime. b-actin was used as loading control. (D) Western blot analyses and (E)
quantification for NCIN87 cells treated with vehicle, T-DM1, T-DM1/statin, T-DXd, and T-DXd/statin for 48h. Western blots show expression of HER2,
phosphor-HER2, phosphor-tyrosine, H2AX, phosphor-H2AX, cleaved PARP, and PARP. b-actin was used as loading control. Full membranes of all repeats
are shown in supplemental materials. p-Tyr5 phosphor-tyrosine.
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double-strand break repair (23,41). This mechanism of action by
statins requires further investigation with other preclinical tumor
models.
In addition to modulating HER2 in tumors, it is possible that sta-

tins might also induce alterations in other HER2-expressing nontu-
mor organs. Since trastuzumab does not bind the rodent homolog of
HER2 (42), our study failed to address the effects of statin in trastu-
zumab binding to HER2-expressing murine tissues. Additionally, the
pleiotropic effects of statins suggest that lovastatin has potential off-
target effects in addition to HER2 modulation, none of which were
determined in our study.

CONCLUSION

Our results showed that immuno-PET with radiolabeled trastu-
zumab can monitor HER2 tumoral levels on treatment with
HER2-targeted ADCs in preclinical models. Our study also dem-
onstrated that the combination of a statin with anti-HER2 ADC
enhances therapeutic efficacy in preclinical HER2-expressing gas-
tric tumor models in ways that allow reducing the number of ADC
therapeutic doses. Considering that statins are prescribed to mil-
lions of people every year to reduce cholesterol levels (43), our
findings have the potential to be translated to clinical trials to test
the feasibility, safety, and efficacy of using statins in combination
with HER2-targeting ADCs.
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KEY POINTS

QUESTION: Can HER2-targeted immuno-PET inform on the
tumor response and dose regime of ADC therapy in combination
with statins?

PERTINENT FINDINGS: Immuno-PET serves as a noninvasive
tool to monitor HER2 depletion in vivo in response to T-DM1,
T-DXd, T-DM1/statin, or T-DXd/statin administration.

IMPLICATIONS FOR PATIENT CARE: The enhanced potency of
ADC therapy observed on coadministration with statins can be
monitored with immuno-PET and enables lowering of ADC doses
while achieving similar efficacy.
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