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Abstract
Trastuzumab deruxtecan (T-DXd: DS-8201a) is an anti-human epidermal growth fac-
tor receptor 2 (HER2) Ab–drug conjugated with deruxtecan (DXd), a derivative of 
exatecan. The objective of this study was to characterize T-DXd-induced lung toxic-
ity in cynomolgus monkeys. Trastuzumab deruxtecan was injected i.v. into monkeys 
once every 3 weeks for 6 weeks (10, 30, and 78.8 mg/kg) or for 3 months (3, 10, and 
30 mg/kg). To evaluate the involvement of DXd alone in T-DXd-induced toxicity, DXd 
monohydrate was given i.v. to monkeys once a week for 4 weeks (1, 3, and 12 mg/kg). 
Interstitial pneumonitis was observed in monkeys given T-DXd at 30 mg/kg or more. 
The histopathological features of diffuse lymphocytic infiltrates and slight fibrosis 
were similar to interstitial lung diseases (ILD)/pneumonitis related to anticancer drugs 
in patients, with an incidence that was dose-dependent and dose-frequency-depend-
ent. Monkeys receiving DXd monohydrate did not suffer lung toxicity, although the 
DXd exposure level was higher than that of DXd in the monkeys given T-DXd. The 
HER2 expression in monkey lungs was limited to the bronchial level, although the le-
sions were found at the alveolar level. Immunohistochemical analysis confirmed that 
T-DXd localization was mainly in alveolar macrophages, but not pulmonary epithelial 
cells. These findings indicate that monkeys are an appropriate model for investigating 
T-DXd-related ILD/pneumonitis. The results are also valuable for hypothesis genera-
tion regarding the possible mechanism of T-DXd-induced ILD/pneumonitis in which 
target-independent uptake of T-DXd into alveolar macrophages could be involved. 
Further evaluation is necessary to clarify the mechanism of ILD/pneumonitis in pa-
tients with T-DXd therapy.
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1  | INTRODUC TION

Alterations of Erb-b2 receptor tyrosine kinase 2 (ERBB2, or human 
epidermal growth factor receptor 2 [HER2]), including overex-
pression, amplification, and other mutations, are found in some 
solid tumors including breast, gastric, colorectal, and lung can-
cers.1 Trastuzumab deruxtecan (T-DXd: DS-8201a) is composed 
of: HER2-targeting human IgG1, which has the same amino acid 
sequence as trastuzumab; deruxtecan (DXd), a derivative of ex-
atecan; a topoisomerase I inhibitor as the payload; and a cleavable 
peptide-based linker.2,3  Trastuzumab deruxtecan is considered 
to have several anticancer mechanisms of action. These include 
HER2-dependent cytotoxicity, effector functions (ie Ab-dependent 
cell-mediated cytotoxicity) through FcγRs, and “bystander killing” 
effects in a heterogeneous tumor environment due to the moderate 
membrane-permeability of DXd and a high drug-to-Ab ratio (DAR, 
ca. 8).4,5 Trastuzumab deruxtecan has shown anticancer activity in 
patients with breast, gastric, lung (non–small cell lung cancer), and 
colorectal, and other cancers.6-8

A toxicity study program to support the clinical development of 
T-DXd included 6-week toxicity studies in rats as a non-cross-reac-
tive species and cynomolgus monkeys as a cross-reactive species, 
as well as a 3-month toxicity study in monkeys. In the 6-week tox-
icity studies, T-DXd induced lung toxicity in monkeys at 30  mg/
kg or more, but not in rats up to the highest dose of 198 mg/kg.3,4 
In a global phase II study of T-DXd in patients with HER2-positive 
metastatic breast cancer who had been previously treated with 
trastuzumab emtansine (T-DM1), interstitial lung diseases (ILD)/
pneumonitis assessed as related to T-DXd were reported in 25 of 
184 patients (13.6%).7

Irinotecan, a different topoisomerase I inhibitor,9 and other 
HER2-directed therapies including trastuzumab and T-DM1 have 
also been associated with ILD/pneumonitis in patients: at rates of 
less than 0.5% in trastuzumab10 and almost 1% in T-DM1.11 In the 
toxicity studies, trastuzumab did not cause lung toxicity in cynomo-
lgus monkeys when treated once a week for 6 months up to 25 mg/
kg.12 However, mononuclear infiltration of the lung interstitium 
was found in monkeys treated with T-DM1 once every 3 weeks for 
3 months at dose levels of 3 mg/kg or more, which predicted adverse 
pulmonary events in patients.13

Drug-induced ILD/pneumonitis in humans is caused by numer-
ous drugs, with anticancer drugs being the most common causative 
agents.14 They are classified into several types, such as noncardio-
genic pulmonary edema, diffuse alveolar damage (DAD), nonspecific 
interstitial pneumonia (NSIP), and organizing pneumonia according 
to the clinicopathologic features.15 Little is known about the initial 
trigger for drug-induced ILD/pneumonitis, but it has generally been 
divided into a direct (dose-dependent) cytotoxic action or an im-
mune-mediated mechanism.16

The purpose of this study was to characterize the pulmonary 
toxicity observed in toxicity studies of T-DXd in monkeys from a 
pathological perspective. The relationship between the plasma 
concentration of T-DXd or DXd and the pathogenesis of lung 

injury in monkeys was also assessed. Furthermore, the uptake 
and distribution of T-DXd into the lungs were also evaluated by 
immunohistochemistry.

2  | MATERIAL S AND METHODS

2.1 | Test article

Two T-DXd batches were manufactured to be used in the preclini-
cal assessments. One was formulated in 10 mmol/L histidine buffer 
(pH 5.8), 10% trehalose, and 0.02% polysorbate 20 (concentration 
of 19.7 mg/mL), and its DAR was 7.78; the other was formulated in 
25 mmol/L histidine buffer (pH 5.5) and 9% sucrose (concentration 
of 20.1  mg/mL), and its DAR was 7.82. Deruxtecan monohydrate 
was also synthesized and was dissolved in physiological saline at 
3 mg/mL as a free form of DXd. The vehicle control consisted of the 
corresponding formulation buffer or physiological saline.

2.2 | Animals

Male and female cynomolgus monkeys (Macaca fascicularis) were ob-
tained from commercial suppliers. The experiments were approved 
by the Institutional Animal Care and Use Committee in Daiichi 
Sankyo Co., Ltd. and were undertaken in accordance with the animal 
welfare by-laws at the study site.

2.3 | Study design

2.3.1 | Six-week toxicity study of T-DXd

Monkeys in this 6-week study were 3-7 years of age and 2.98-6.85 kg 
in weight at the initiation of acclimation. The animals (three animals/
dose/sex) received three i.v. injections of T-DXd every 3 weeks for 
6  weeks (days 1, 22, and 43) at dose levels of 0 (vehicle control), 
10, 30, and 78.8 mg/kg. Two animals/dose/sex given T-DXd at dose 
levels of 30 and 78.8 mg/kg for 6 weeks were added to assess the 
reversibility of toxic changes following a 6-week recovery period. 
The vehicle control and T-DXd were given at a dose volume of 4 mL/
kg and a dose rate of 3 mL/min.

2.3.2 | Three-month toxicity study of T-DXd

Monkeys in this 3-month study were 3-10  years of age and 2.62-
8.85 kg in weight at the initiation of acclimation. The animals (four 
animals/dose/sex) received five i.v. injections of T-DXd every 
3 weeks for 3 months (days 1, 22, 43, 64, and 85) at dose levels of 0 
(vehicle control), 3, 10, and 30 mg/kg. Two animals/sex given T-DXd 
at a dose level of 30 mg/kg for 3 months were added to assess the 
reversibility of toxic changes following a 3-month recovery period. 
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The dosing conditions were the same as indicated in the section “Six-
week toxicity study of T-DXd.”

2.3.3 | Four-week toxicity study of DXd 
monohydrate

Monkeys in this 4-week study were 3-8  years of age and 3.03-
6.98 kg in weight at the initiation of acclimation. The animals (three 
animals/dose/sex) received five i.v. injections of DXd once a week 
for 4 weeks (days 1, 8, 15, 22, and 29) at dose levels of 0 (vehicle 
control), 1, 3, and 12 mg/kg. Two animals/sex given DXd at a dose 
level of 12 mg/kg for 4 weeks were added to assess the reversibil-
ity of toxic changes following a 4-week recovery period. The dosing 
conditions were the same as indicated in section “Six-week toxicity 
study of T-DXd.”

2.4 | Examinations

2.4.1 | Pathological examination

The animals were euthanized by exsanguination under anesthesia 
by sodium pentobarbital (Tokyo Chemical Industry Co., Ltd.) the day 
after the final treatment (for T-DXd, day 44 in the 6-week study, and 
day 86 in the 3-month study; and for DXd, day 30 in the 4-week 
study) or after the respective recovery periods. The lungs including 
the bronchi were fixed in 10% neutral buffered formalin. Both lower 
lobes and the additional lobes with a gross lesion were sectioned, 
embedded in paraffin, and stained with H&E using a routine pro-
cedure. Furthermore, Masson-trichrome staining was carried out in 
the selected formalin-fixed paraffin-embedded (FFPE) sections of 
the lungs.

2.4.2 | Immunohistochemistry

Immunohistochemistry (IHC) was carried out in the lung FFPE sec-
tions from all animals in the vehicle control and high-dose groups of 
the 6-week and 3-month studies of T-DXd using a rabbit polyclonal 
anti-human HER2 Ab (A0485; Agilent Technologies), a mouse mono-
clonal anti-cathepsin B Ab (clone CA10; Abcam), and a mouse mon-
oclonal anti-DXd Ab (clone 1A3; Immuno-Biological Laboratories). 
Immunohistochemistry was also carried out in the liver FFPE sec-
tions in two animals/sex of the vehicle control and high-dose groups 
of the 6-week and 3-month studies of T-DXd using the mouse mono-
clonal anti-DXd Ab.

The sections were heated in target retrieval solution pH 6 
(Agilent Technologies) for 10 minutes at 95°C for DXd or autoclaved 
in target retrieval solution pH 9 for 10 minutes at 121°C for cathep-
sin B. They were immersed in 3% hydrogen peroxide for 10  min-
utes at room temperature. After protein blocking with ready-to-use 
solution (Agilent Technologies), they were incubated with 3 μg/mL 

anti-HER2 Ab, 1  μg/mL anti-DXd Ab, or 0.3  μg/mL anti-cathepsin 
B Ab for 60 minutes at room temperature, followed by incubation 
with Dako Envision+ polymer (Agilent Technologies) for 30 minutes 
at room temperature. They were incubated with 3,3′-diaminobenzi-
dine and then counterstained with hematoxylin.

The specimens from two males in the vehicle control and high-
dose groups of the 6-week and 3-month studies of T-DXd were used 
for double IHC. They were autoclaved in target retrieval solution 
pH 6 for 10 minutes at 121°C. They were immersed in 3% hydrogen 
peroxide for 20 minutes at room temperature. After protein block-
ing with ready-to-use solution, they were incubated with 1 μg/mL 
anti-DXd Ab for 60 minutes at room temperature, followed by in-
cubation with Dako Envision+ polymer for 30 minutes at room tem-
perature. They were next immersed in Opal 520 fluorophore in an 
Opal 4 color manual IHC kit (PerkinElmer) for 10 minutes at room 
temperature. The specimens were autoclaved in AR6 buffer working 
solution in the Opal 4 color manual IHC kit for 10 minutes at 121°C. 
After protein blocking with ready-to-use solution, they were incu-
bated with mouse monoclonal cytokeratin (clone AE1/AE3; Agilent 
Technologies) or 1 μg/mL rabbit polyclonal Iba-1 Ab (Fujifilm Wako 
Pure Chemical) for 60  minutes at room temperature, followed by 
incubation with Opal 570 Fluorophore for 10 minutes at room tem-
perature. The specimens were then mounted in Vectashield mount-
ing medium with DAPI (Vector Laboratories).

The sections stained with anti-HER2, cathepsin B, and DXd Abs 
were evaluated semiquantitatively under a light microscope. The 
double IHC specimens were evaluated under a fluorescence micro-
scope (BZ-X700; Keyence).

2.4.3 | Western blot analysis for cathepsin B

Tissue lysates of the lung and liver from an untreated female mon-
key were prepared with T-PER Tissue Protein Extraction Reagent 
(Thermo Fisher Scientific). The equivalent amounts of protein were 
separated by SDS-PAGE and transferred to membranes. The mem-
branes were incubated with the cathepsin B Ab (0.25 μg/mL) or a 
mouse monoclonal anti-proliferating cell nuclear antigen Ab (0.3 μg/
mL, clone PC10; Agilent Technologies) for 2 hours at room temper-
ature, then with biotin-labelled secondary Abs for 1 hour at room 
temperature. The signals were detected with Amersham Imager 680 
RGB (Cytiva).

2.4.4 | Quantification of T-DXd and DXd in plasma

Blood samples of approximately 0.4 mL were drawn from the femo-
ral vein of all animals 5 minutes and 1, 7, 24, 72, 168, and 504 hours 
after the first and second dosing (6-week study) or after the first 
and fourth dosing (3-month study) in the T-DXd studies, and 5 and 
30 minutes, and 2, 7, and 24 hours after the first and fourth dos-
ing in the DXd study. Plasma T-DXd concentrations were quanti-
fied by a ligand binding assay with Gyrolab xP Workstation (Gyros 
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Protein Technology). Trastuzumab deruxtecan was detected using 
biotinylated recombinant human HER2 protein and an Alexa Fluor 
647-labeled anti-DXd mouse mAb. Plasma DXd concentrations 
were quantified using a high-performance-liquid chromatography 
tandem mass spectrometer (Nexera X2 system, Shimadzu/QTRAP 
5500; Sciex). Toxicokinetic (TK) parameters, such as initial plasma 
concentration (C0: T-DXd), maximum plasma concentration (Cmax: 
DXd), area under the plasma concentration-time curve (AUC21d or 
AUC1d), and terminal elimination half-life (t1/2) were calculated indi-
vidually with Phoenix WinNonlin version 6.1 (Certara) or Microsoft 
Excel 2013.

2.5 | Statistical analysis

The TK parameters are expressed as mean  ±  SD. The AUC21d of 
T-DXd and DXd in monkeys with or without lung toxicity at the same 
dose level, 30 or 78.8  mg/kg, was analyzed by F test to evaluate 
the homogeneity of variance (5% significance level), followed by 
Student’s t test when the variance was homogeneous or by Welch’s 
t test when it was not. The results obtained by t test were classified 
as significant for P values of less than 5%.

3  | RESULTS

3.1 | Interstitial pneumonitis in toxicity studies of 
T-DXd in monkeys

In the 6-week toxicity study of T-DXd in monkeys, lung macro-
scopic findings related with T-DXd treatment were observed in 
one female monkey at 30  mg/kg after the recovery period, one 
male monkey after the dosing period, and one male and two female 
monkeys after the recovery period (Figure S1). Histopathological 
findings in the lungs related with T-DXd treatment were found in 
one male monkey at 78.8  mg/kg after the dosing period, and in 
one female monkey at 30 mg/kg and in one male and two female 
monkeys at 78.8  mg/kg after the recovery period, as reported 
in the previous study (Table  1).4 Lung histopathology results of 

monkeys given T-DXd at 78.8 mg/kg indicated relatively subacute 
lung toxicity as represented by alveolar edema and aggregates of 
alveolar macrophages in some lung lobes. Slight interstitial inflam-
mation in the alveolar septa and intraalveolar fibrosis were also 
shown (Figure  1). Some of the alveolar epithelial cells were en-
larged and showed a regenerative response. One female monkey 
given 30 mg/kg and necropsied after the recovery period had less 
severe interstitial inflammation than those at 78.8 mg/kg. No ap-
parent change in the lungs was noted at 10 mg/kg.

In the 3-month study of T-DXd in monkeys, lung macroscopic 
findings related with T-DXd treatment were observed in one male 
monkey at 30 mg/kg after the dosing period, and one male and one 
female monkey after the 3-month recovery period (Figure S2). In 
the lung histopathology, 30 mg/kg T-DXd caused interstitial pneu-
monitis in three male and one female monkey after the dosing pe-
riod and one male monkey after the recovery period (Table 2). The 
pulmonary lesions were less severe than those at 78.8 mg/kg after 
the 6-week dosing period; however, lymphocytic interstitial in-
flammation was more apparent than in the 6-week study (Figure 1). 
The incidence of lung toxicity in the 3-month study (ca. 40%) was 
higher than that in the 6-week study (10%) when comparing the 
same dose level of 30 mg/kg. There were no clear toxicity findings 
at 3 or 10 mg/kg.

3.2 | Relationship between lung toxicity and 
systemic exposure

The systemic exposure to T-DXd in monkeys was proportional to 
the dose levels ranging from 3 to 78.8 mg/kg, although t1/2 at 3 mg/
kg tended to be shorter than those at the higher doses (Tables S1 
and S2).17 No changes in TK parameters were noted after repeated 
dosing. Systemic DXd exposure in the monkeys given T-DXd i.v. was 
markedly lower (<10−6) than T-DXd exposures at all doses because 
of the stable linker in plasma.17

The relationship of T-DXd AUC21d or DXd AUC1d with lung tox-
icity was evaluated. No apparent differences in AUC values were 
noted within any dose level of T-DXd, regardless of the occurrence 
of lung toxicity (Table 3).

Necropsy 6-wk dosing period 6-wk recovery period

Dose (mg/kg) 30 78.8 30 78.8

Sex: no. of animals M: 3 F: 3 M: 3 F: 3 M: 2 F: 2 M: 2
F: 
2

Lung histopathological findings

Alveolar edema − − 1/3 − − − 1/2 −

Interstitial 
inflammation, focal

− − 1/3 − − 1/2 1/2 2/2

Aggregation, alveolar 
macrophages

− − 1/3 − − 1/2 1/2 2/2

−, no change; F, female; M, male.

TA B L E  1   Lung histopathology in a 
6-week study of trastuzumab deruxtecan 
in cynomolgus monkeys
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3.3 | No lung toxicity in a toxicity study of DXd 
in monkeys

Monkeys given bolus injection of DXd once weekly for 4 weeks or 
following the 4-week recovery period did not show notable lung 
findings at doses up to 12 mg/kg. When DXd was given to monkeys, 
plasma DXd was rapidly excreted into the feces as its unmetabolized 
form.17 In the 4-week study of DXd in monkeys, t1/2 values at dose 
levels ranging from 1 to 12  mg/kg were approximately 2-4  hours 
(Table S3).17 The C0 and AUC1d values after the bolus injection of 
DXd were much higher at 1 mg/kg than the Cmax and AUC21d of DXd 
in T-DXd-treated monkeys at 30 or 78.8 mg/kg, doses that are toxic 
to the lungs in some monkeys.

3.4 | Immunohistochemistry for HER2

In the lung specimens obtained from the 6-week and 3-month 
studies in monkeys, positive staining of HER2 was observed on 
the cellular membrane of the bronchial, bronchiolar, and bron-
chial gland epithelium (Figure  2). No clear difference of distri-
bution or intensity of the positive signals between the vehicle 
control and T-DXd-treated groups was observed, although posi-
tive staining on the cellular membrane was observed in a lim-
ited number of the alveolar epithelial cells showing regenerative 
changes in the pulmonary lesions of a few animals given a dose 
of 30 or 78.8 mg/kg.

3.5 | Immunohistochemistry and western blot 
analysis for cathepsin B

Positive staining of cathepsin B was found in the cytoplasm of epi-
thelial components (ie alveolar and bronchiolar epithelium) as well as 
nonparenchymal cells such as alveolar macrophages, lymphocytes, 
and endothelium in the lungs of monkeys (Figure S3). Alveolar mac-
rophages had the strongest intensity of positive staining among the 
cells. There was no clear difference in the distribution or intensity of 
the positive signals in the vehicle control and T-DXd-treated groups, 
including the monkeys experiencing or not experiencing interstitial 
pneumonitis related to T-DXd.

Western blot analysis of the lung and liver from an untreated 
female monkey was applied to confirm the cross-reactivity of the 
anticathepsin B Ab in cynomolgus monkeys. Several bands were de-
tected from approximately 40 to 27 kDa in the monkey lung (Figure 
S3). It was considered these bands corresponded with procathepsin 

F I G U R E  1   Lung interstitial 
inflammation associated with trastuzumab 
deruxtecan (T-DXd) treatment in 
cynomolgus monkeys. A, B, Inflammatory 
cell infiltrates such as neutrophils 
and lymphocytes in the alveolar wall, 
intraalveolar fibrosis, alveolar edema, and 
aggregates of foamy alveolar macrophages 
were observed at 78.8 mg/kg T-DXd in 
the 6-week toxicity study (A, H&E; B, 
Masson-trichrome). C, D, Thickening 
of the alveolar wall with lymphocytic 
inflammation and fibrosis was observed at 
30 mg/kg T-DXd in the 3-month toxicity 
study (C, H&E; D, Masson trichrome). Bar, 
100 μm

(A) (B)

(C) (D)

TA B L E  2   Lung histopathology in a 3-month study of 
trastuzumab deruxtecan in cynomolgus monkeys

Necropsy
3-mo dosing 
period

3-mo recovery 
period

Dose (mg/kg) 30

Sex: no. of animals M: 4 F: 4 M: 2
F: 
2

Lung histopathological findings

Interstitial 
inflammation, focal

3/4 1/4 1/2 −

Alveolar inflammation, 
focal

1/4 − − −

Aggregation, alveolar 
macrophages

3/4 1/4 1/2 −

−, no change; F, female; M, male.
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B, mature cathepsin B, and a heavy chain of cathepsin B,18,19 and 
therefore specific for the monkey cathepsin B.

3.6 | Immunohistochemistry for DXd

The distribution of DXd in the lungs and liver was evaluated using 
the specific Ab against DXd and FFPE sections from the 6-week and 
3-month toxicity studies of T-DXd in monkeys. In the lungs, alveolar 
macrophages infiltrating into the alveolar space were positive for 

DXd in monkeys given 30 mg/kg or more T-DXd for 6 weeks and 
3 months (Figure 3). No obvious localization in pulmonary epithe-
lial cells was detected, although the intercellular space of bronchial 
epithelium was occasionally positive. In addition, DXd-positive re-
sponses were observed in some of the regenerative alveolar epithe-
lium. In the liver, Kupffer cells were also positive for DXd in monkeys 
given 30 mg/kg or more T-DXd for 6 weeks and 3 months (Figure 
S4). Some hepatocytes also showed positive staining for DXd. In 
the lungs and liver, there was no positive signal in any animal of the 
vehicle control group or after the recovery period.

Dose (mg/kg) 30 78.8

Lung toxicity − (n = 16) + (n = 6) − (n = 6) + (n = 4)

T-DXd AUC21d (µg∙d/mL)

1st dose 3640 ± 403 4032 ± 794 8316 ± 1427 8921 ± 1775

t test (P value) P = .292 P = .566

2nd or 4th 
dose

4614 ± 731 4852 ± 1228 9895 ± 791a  10 306 ± 1064

t test (P value) P = .579 P = .526

DXd AUC1d (ng∙d/mL)

1st dose 9.78 ± 2.38 11.41 ± 4.03 66.2 ± 46.6 16.8 ± 0.123

t test (P value) P = .387 P = .514

2nd or 4th 
dose

10.55 ± 2.57 12.43 ± 5.13 34.2 ± 9.94a  32.9 ± 9.05

t test (P value) P = .424 P = .844

Values are expressed as the mean ± SD in the 6-week and 3-month studies.
−, negative; +, positive; AUC, area under the plasma concentration-time curve.
an = 5. 

TA B L E  3   Relationship between drug 
exposure and lung toxicity in cynomolgus 
monkeys treated with i.v. trastuzumab 
deruxtecan (T-DXd)

F I G U R E  2   Representative 
photomicrographs of 
immunohistochemistry for human 
epidermal growth factor receptor 2 
(HER2) in monkey lungs. A-C, Bronchial 
and bronchial gland epithelium showed 
positive for HER2 in an animal of the 
vehicle control group (6-week toxicity 
study). D, Regenerative alveolar 
epithelium in the affected areas showed 
positive for HER2 in an animal given 
30 mg/kg trastuzumab deruxtecan 
(3-month toxicity study). Bar, 50 μm

(A) (B)

(C) (D)
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3.7 | Double IHC for evaluating pulmonary drug 
distribution

To further evaluate the distribution of T-DXd in the lungs, double 
IHC for DXd and cytokeratin or macrophage marker Iba-1 was fur-
ther carried out in the FFPE sections from the 6-week and 3-month 
studies. No clear colocalization of positive staining for DXd or cy-
tokeratin was observed in cytoplasm of the bronchiolar epithelium 
and alveolar epithelium (Figure  4). However, Iba-1-positive mac-
rophages also showed positive for DXd, indicating that T-DXd was 
distributed in alveolar macrophages.

4  | DISCUSSION

Lung toxicity in monkeys dosed with T-DXd at 30  mg/kg or more 
was characterized by diffuse lymphocytic infiltrates and slight fibro-
sis. These changes were considered to be similar to what is seen, 
generally, in human NSIP based on the histopathological features. 
The typical finding of human NSIP is uniform and diffuse thicken-
ing of the alveolar walls due to inflammatory cell infiltration and fi-
brosis, accompanied by the hyperplasia of type 2 pneumocytes.20,21 

Inferentially, this suggests that the T-DXd-induced lung toxicity in 
monkeys could be comparable to that seen, generally, in some pa-
tients with T-DXd-related ILD. Therefore, monkeys appear to be 
an appropriate model to elucidate the mechanisms behind T-DXd-
related ILD/pneumonitis in patients.

Possible mechanisms of toxicity caused by Ab–drug conju-
gates (ADC), in general, are considered to be the following: (a) 
target-dependent uptake and catabolism of ADC; (b) permeability 
of free payload resulting from deconjugation during circulation 
of ADC; (c) target-independent uptake and catabolism of ADC in 
normal cells; and (d) “bystander killing” by free payload released 
from cells following catabolism of ADC. 22,23 The ADCs targeting 
HER2, T-DM1, and T-DXd caused ILD/pneumonitis in patients.7,9,10 
Although the underlying mechanism of T-DXd-related injury is not 
clearly understood, a cytotoxic effect by the payload is likely the 
final step in the pathway.

It has been reported that HER2 expression in human lungs 
is limited to the bronchial epithelium, and is not found in the al-
veolar epithelium.24 The results of this study showed that the 
expression pattern of HER2 in monkey lungs was comparable to 
that in humans. However, IHC for DXd did not indicate appar-
ent colocalization of positive signals in the bronchial epithelium. 

F I G U R E  3   Representative 
photomicrographs of 
immunohistochemistry for deruxtecan 
(DXd) in monkey lungs. A, B, Vehicle 
control, 6-week toxicity study. No 
positive staining of DXd was observed. 
C, 78.8 mg/kg trastuzumab deruxtecan 
(T-DXd), 6-week toxicity study. No 
obvious DXd positive signal in the 
bronchiolar epithelium was detected. D, E, 
30 mg/kg T-DXd, 3-month toxicity study. 
Alveolar macrophages in the alveolus as 
well as blood components were positive 
for DXd (arrows). F, 30 mg/kg T-DXd, 
3-month toxicity study. No positive 
staining of DXd was detected after the 
3-month recovery period. Bar, 20 μm

(A) (B)
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As free DXd would be distributed in parenchymal cells at a very 
low level or be dissolved during fixation and tissue processing, 
considering the physicochemical and absorption, distribution, 
metabolism, and excretion properties, DXd IHC is likely to de-
tect T-DXd, but not free DXd.17 In addition, T-DXd-related lung 
toxicity in monkeys was diffusely distributed and mainly local-
ized in the alveolar region. These results suggest that the uptake 
through HER2 in the pulmonary epithelial cells might not be in-
volved in T-DXd-induced lung toxicity in monkeys. An additional 
assessment in monkeys with a nonbinding ADC containing the 
same linker, DXd, and DAR as T-DXd would clarify the validity of 
this hypothesis.

Target-independent uptake of ADC to normal cells is supposed 
to occur through receptor-mediated (eg FcγR, mannose receptors) 
and pinocytic processes.23,25 Although the target organs of toxicity 
by ADC depend on the payload and linker technology, it is believed 
that most adverse events would be caused by off-target effects 
originating from target-independent uptake.26 The present data 
suggested that T-DXd was mainly distributed to macrophages in the 
lungs and liver of monkeys. Macrophages in monkeys also expressed 
cathepsin B as well as other pulmonary components. Cathepsin B 
is a lysosomal cysteine protease that is constitutively expressed in 

macrophages in humans.27,28 It is considered to be one of the en-
zymes responsible for linker cleavage of T-DXd.29,30 Therefore, tar-
get-independent uptake of T-DXd in macrophages followed by the 
release of free DXd might be associated with the lung toxicity caused 
by T-DXd in monkeys.

In the lungs, there are at least two macrophage populations, al-
veolar macrophages and interstitial macrophages. Each macrophage 
type is distinguished by a unique combination of surface markers and 
also is characterized as having different immune functions, such as 
phagocytic capacity, cytokine production, and regulation of wound 
healing and fibrosis.31 Further analysis regarding macrophage sub-
types in the lungs of monkeys would provide information to help 
understand T-DXd-induced lung toxicity. In addition, the mechanism 
of uptake of T-DXd in monkey pulmonary macrophages might be re-
vealed by additional assessments with Fc-engineered IgG, which can 
abolish binding to FcγR.32-34

The T-DXd-induced lung toxicity in monkeys showed appar-
ent dose-dependent and dose-frequency-dependent patterns 
in terms of the incidence and severity. This suggests that T-DXd 
induces lung injury through direct cytotoxicity rather than an im-
mune-mediated action. In ILD caused by chemotherapeutic agents, 
the dose level is thought to be one of the risk factors.20 Studies of 

F I G U R E  4   Representative 
photomicrographs of double 
immunohistochemistry (IHC) in monkey 
lungs. Double IHC for deruxtecan (DXd) 
and cytokeratin (A-D) and for DXd and 
Iba-1 (E, F) was undertaken in monkey 
lungs from the 6-week toxicity study of 
trastuzumab deruxtecan (T-DXd). Blue, 
DAPI; green, deruxtecan (DXd); red, 
cytokeratin or Iba-1. A, B, E, No DXd 
staining was observed in a vehicle control 
animal. C, D, No clear colocalization 
of DXd and cytokeratin was found in 
the bronchial epithelium or alveolar 
epithelium of the animal given 78.8 mg/
kg T-DXd, although edematous fluid in the 
alveolus and a few regenerative alveolar 
epithelial cells showed positive for DXd. 
F, Iba-1-positive macrophages were also 
positive for DXd
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the biodistribution of T-DXd in monkeys revealed that intact T-DXd 
was present mostly in blood, with no tissue-specific retention, in-
cluding in the lungs17; therefore, the blood exposure might be a 
factor contributing to ILD in monkeys. The relevance of this in pa-
tients could be important to explore. Cumulative doses of some 
anticancer drugs, such as bleomycin, are an important risk factor 
for drug-induced ILD.14 In the nonclinical safety studies of T-DXd 
in monkeys, the dosing durations were 6 weeks (three doses) and 
3 months (five doses); therefore, it is unclear whether longer term 
exposures of T-DXd in monkeys increase the incidence of intersti-
tial pneumonitis. The accumulation of clinical data with a longer 
term of treatment might provide valuable information to discuss the 
dependency of T-DXd-related ILD on cumulative doses in patients.

When the relationship between individual drug exposure and 
lung toxicity in monkeys was evaluated, no statistically significant 
difference in blood exposure of T-DXd was detected in monkeys 
with or without lung toxicity. Susceptibility to drug-induced ILD, 
then, might be related to genetic variability as some individuals 
could have higher sensitivity to certain anticancer drugs due to their 
genetic background.15 There have been few detailed investigations 
of drug-induced ILD and associated genetic variants, although some 
candidate genetic factors involved in drug-induced DAD are now 
being considered and investigated.15,35 It is challenging to take into 
account genetic polymorphism in cynomolgus monkeys, including in 
Mafa MHC, in safety assessments36; however, it could provide new 
insight to discuss individual susceptibility to ILD caused by antican-
cer drugs, including T-DXd.

In the phase II study at a dose level of 5.4  mg/kg T-DXd, 25 
of 184 patients (13.6%) had ILD related to the receipt of T-DXd.7 
Doi et al6 reported that the mean AUClast of 5.4 mg/kg T-DXd in 
patients was approximately 500 μg·day/mL. The interstitial pneu-
monitis related with T-DXd treatment occurred at dose levels of 
30 mg/kg and higher in monkeys. The human equivalent dose of 
30  mg/kg in monkeys was calculated as ca. 9.7  mg/kg based on 
body surface area (divided by a conversion factor of 3.1). The dose 
and exposure levels of monkey lung toxicity are twice and seven 
times as high as those in humans, respectively. One of the apparent 
differences between monkeys and patients is physical conditions. 
In nonclinical safety studies, healthy and young adult animals are 
generally used. Patients are considered to have medical history (eg 
chemotherapy, radiation) or aging, and pulmonary illness such as in-
fection, asthma, and tumor metastasis. Further information includ-
ing potential risk factors of T-DXd-related ILD is needed to better 
understand the species difference and the mechanism of action.

In summary, T-DXd induced interstitial pneumonitis in monkeys 
in a manner dependent on both the dose level and the dosing fre-
quency. The histopathological features in the monkeys were simi-
lar to ILD associated with anticancer drugs in patients, in particular 
NSIP, indicating that monkeys could be an appropriate model for 
investigating drug-induced ILD in humans. In addition, target-inde-
pendent uptake of T-DXd in pulmonary macrophages could be in-
volved in T-DXd-induced ILD. Assessing the mechanisms behind lung 

injury in cynomolgus monkeys by further studies could inform our 
understanding of the mechanism of T-DXd-related ILD/pneumonitis 
in patients.
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