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Abstract
Antibody– mimetic drug conjugate is a novel noncovalent conjugate consisting of an 
antibody- mimetic recognizing a target molecule on the cancer cell surface and low- 
molecular- weight payloads that kill the cancer cells. In this study, the efficacy of a 
photo- activating antibody– mimetic drug conjugate targeting HER2- expressing tu-
mors was evaluated in mice, by using the affibody that recognize HER2 (ZHER2:342) 
as a target molecule and an axially substituted silicon phthalocyanine (a novel po-
tent photo- activating compound) as a payload. The first treatment with the photo- 
activating antibody– mimetic drug conjugates reduced the size of all HER2- expressing 
KPL- 4 xenograft tumors macroscopically. However, during the observation period, 
relapsed tumors gradually appeared in approximately 50% of the animals. To evaluate 
the efficacy of repeated antibody– mimetic drug conjugate treatment, animals with 
relapsed tumors were treated again with the same regimen. After the second obser-
vation period, the mouse tissues were examined histopathologically. Unexpectedly, 
all relapsed tumors were eradicated, and all animals were diagnosed with patho-
logical complete remission. After the second treatment, skin wounds healed rapidly, 
and no significant side effects were observed in other organs, except for occasional 
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1  |  INTRODUC TION

An emerging concept in cancer therapy is antibody- drug conjugates 
(ADCs), which are monoclonal antibodies linked to cytotoxic pay-
loads.1 Owing to the highly selective behavior of ADCs in deliver-
ing potent cytotoxic drugs to tumor cells in xenograft models, they 
are developed as a part of targeted therapies to expand the ther-
apeutic window and reduce the adverse effects.2,3 Recently, more 
than ten cancer therapeutic drugs, such as gemtuzumab ozogamicin 
(Mylotarg®) and brentuximab vedotin (Adcetris®), were approved 
by the US Food and Drug Administration and many ADC candidates 
still are subjected to clinical studies, which suggests the success of 
the ADC strategy for cancer therapy.4,5

Concurrently with the development of antibody drugs, some 
studies report the design and development of a wide variety of an-
tibody mimetics.6– 8 Recent advances in the protein computational 
design enabled the systematic development of antibody- mimetic,9,10 
which has great potential for new therapeutic agents like ADCs.

In this study, we have reported the development of a new ther-
apeutic concept for cancer therapy, antibody– mimetic drug conju-
gates (AMDCs), using the modified streptavidin- biotin system.11,12 
Based on the strong noncovalent binding of streptavidin and biotin, 
a Cupid (mutated low- immunogenic streptavidin protein) and Psyche 
(modified biotin) system have been developed.12 Furthermore, we 
have developed an axially substituted silicon phthalocyanine (Ax- 
SiPc), a potent photosensitizer, conjugated to Psyche as a payload.13 
In a previous study, a powerful photo- activating anti- HER2 AMDC 
was developed by combining a high- affinity anti- HER2 antibody– 
mimetic, ZHER2:342,14 fused to Cupid, with Psyche binding to Ax- SiPc. 
ZHER2:342 and Cupid were not antigenic in primates.12,15 Furthermore, 
this drug showed a marked tumor- reducing effect against KPL- 4 xe-
nografts, a human HER2- expressed breast cancer cell line, without 
side effects.11 However, pathological analysis after the initial treat-
ment indicated that some animals had malignant cells in their re-
mains.11 This result raised concerns about the efficacy of the single 
treatment by AMDCs using the photosensitizer.

The long- term effects of current standard therapy are limited 
by recurrent tumors and the development of resistance to drugs.16 
Malignant cells that are resistant to cytotoxic drugs develop into 
refractory tumors.17– 19 To overcome the development of drug re-
sistance, photoimmunotherapy has recently been developed using 
the photosensitizer IR700 as a payload conjugated to an epidermal 

growth factor receptor (EGFR) antibody.20 This treatment created a 
rapid and potent killing effect on EGFR- expressing malignant cells. 
Clinical trials on head and neck cancers are in progress worldwide.21 
Due to its physicochemical mechanism and additional induction of 
tumor immunity, it may be difficult for cancer cells to develop resis-
tance to AMDC therapy.22

Here, we are reporting the details of animal experimental re-
sults under carefully selected conditions to evaluate the efficacy of 
repeated photo- activating AMDCs against relapsing xenograft tu-
mors. A series of animal experiments were conducted to assess the 
repeated AMDC treatments.

2  |  MATERIAL S AND METHODS

2.1  |  Reagents and chemicals

Escherichia coli strain BL21(DE3) (catalog number: 312– 06534, 
Nippon Gene) was used as an expression host. The pET- 45b(+) vec-
tor was used for cloning and gene expression analysis (catalog num-
ber: 71327; Novagen). The denaturation buffer consisted of 0.1 M 
Tris- HCl, pH 8.5, 10 mM EDTA, and 6 M guanidine hydrochloride. 
The refolding buffer consisted of 0.1 M sodium phosphate and 0.4 M 
arginine- HCl, pH 6.0. The gel filtration buffer consisted of 0.1 M 
sodium phosphate and 0.2 M arginine- HCl, pH 6.5. The photosen-
sitizer, Psyche- Ax- SiPc, was provided by Prof. Kanai's laboratory at 
the University of Tokyo.11,13 Human breast cancer KPL- 4 cells were 
a generous gift from Prof. Kurebayashi (Kawasaki Medical School). 
Kadcyla® (trastuzumab emtansine) was purchased from Roche.

2.2  |  Preparation of recombinant ZHER2:342- Cupid- 
His

The recombinant ZHER2:342- Cupid- His protein was manufactured 
from Escherichia coli inclusion bodies (IBs) by denaturalization using 
a denaturant and a direct dilution refolding method. The details of 
the expression and purification of the recombinant ZHER2:342- Cupid- 
His protein have been previously described.12 Briefly, Escherichia 
coli strain BL21(DE3) was transformed with the expression vec-
tor pET45b(+)- ZHER2:342- Cupid- His and expressed recombinant 
ZHER2:342- Cupid- His protein as IBs. Purified IBs were solubilized in 
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microscopic granulomatous tissues beneath the serosa of the liver in a few mice. 
Repeated treatments seemed to be well tolerated. These results indicate the promis-
ing efficacy of the repeated photo- activating antibody– mimetic drug conjugate treat-
ment against HER2- expressing tumors.

K E Y W O R D S
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the denaturation buffer. The solubilized IB solution was clarified 
using centrifugation (12,000g, 15 minutes at 4°C) and refolded using 
a direct 40- fold dilution with refolding buffer. After 72 hours of incu-
bation at 4°C, the refolded tetrameric recombinant ZHER2:342- Cupid- 
His protein was purified with gel filtration buffer using a gel filtration 
column (HiLoad 16/600 Superdex 75 pg, #28989333, Cytiva).

2.3  |  In vivo breast cancer tumor model experiment

2.3.1  |  Approval of animal study

This study was approved by the Institutional Animal Care and Use 
Committee (approval number: RAC210005) and carried out accord-
ing to the animal experimentation regulations of the University of 
Tokyo.

2.3.2  |  Preparation of animal models

The KPL- 4 cell line was maintained in DMEM (low glucose) (FUJIFILM 
Wako Pure Chemical Corporation) supplemented with 10% FBS, 
100 U ml−1 penicillin, and 100 μg ml−1 streptomycin (#15140122, 
Thermo Fisher Scientific).23 KPL- 4 cells (7.5 million) were trans-
planted subcutaneously into the thigh of BALB/cSlc- nu/nu nude mice 

(Sankyo Labo Service Corporation, Inc.). Subcutaneous tumor growth 
was monitored by measuring tumor volume (0.5 × length × width2) 
using a caliper, and the animal body weight was monitored as an 
indicator of treatment- related toxicity. The tumor size in 20 mice 
increased 44 days after cell implantation, reaching approximately 
400 mm3. These 20 mice were randomly divided into two groups of 
10 mice each, the Kadcyla® group and the ZHER2:342- Cupid- His- Ax- 
SiPc group.

2.3.3  |  In vivo experimental design

Kadcyla®, the anti- Her2 ADC, was used as a control to confirm 
that administration experiments in the KPL- 4 xenograft mice were 
performed properly. ZHER2:342- Cupid- His- Ax- SiPc (Figure 1A) was 
injected into the xenograft model mice on day 0. Yamatsugu et al. 
reported that there were no visible tumors in any of the xenograft 
model mice on day 19 after ZHER2:342- Cupid- His- Ax- SiPc injection; 
however, a small cluster of tumor cells in the fibrous skin persisted 
in one of the model mice on histopathological examination.11 In this 
study, the observation period was determined to be approximately 
19 days after the first treatment to assess tumor relapse. In case 
of tumor relapse, the second treatment was administered 44 days 
after the recurrence check period (day 63 after the first treatment) 
for cancer cell growth, the same period before the first treatment. 

F I G U R E  1  Strategy of the ZHER2:342- 
Cupid- His- Ax- SiPc treatment for HER2- 
positive breast cancer. (A) Schematic 
explanation for the pre- conjugation of the 
ZHER2:342- Cupid- His and Psyche- Ax- SiPc. 
(B) Experimental timeline of the xenograft 
model mice

(A)

(B)
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Finally, the xenograft model mice were sacrificed on day 97 after 
the treatment and more than 19 days after the second treatment. 
Figure 1B shows a graphical overview of the experimental design.

2.3.4  |  Preparation of treatment drugs

Local treatment with ZHER2: 342- Cupid- His- Ax- SiPc has been re-
ported.11 Kadcyla® was used as a whole- body treatment model.24 
Kadcyla® was prepared according to the manufacturer's instructions. 
A previous report provided detailed information on the preparation 
of ZHER2:342- Cupid- His and Psyche- Ax- SiPc.11 Briefly, Psyche- Ax- SiPc 
solubilized in dimethyl sulfoxide at a concentration of 5 mM was stored 
at −80°C as a stock solution. To induce complex formation, ZHER2:342- 
Cupid- His and Psyche- Ax- SiPc were mixed in a molar ratio of 1:2 in 
the dark on ice for 10 minutes. The concentration of ZHER2:342- Cupid- 
His- Ax- SiPc was diluted using phosphate- buffered saline.

2.3.5  |  Treatment of model mice

Kadcyla® and ZHER2:342- Cupid- His- Ax- SiPc were administered at 
300 μg24 and 150 μg11. Twenty hours after injection, the ZHER2:342- 
Cupid- His- Ax- SiPc group mice were irradiated with 690 nm light- 
emitting diode light (Yamato Scientific Co., Ltd.) at 230 J cm−2 under 
anesthesia. Forty- eight hours after the first light irradiation, the tu-
mors were irradiated again in the same manner.

2.3.6  |  Pathological analysis

Skin samples from the xenografted tumor sites and other vital or-
gans, including the lung, heart, kidney, liver, and alimentary tracts, 
were obtained from the mice, fixed with 4% paraformaldehyde phos-
phate buffer solution (#163– 20,145, FUJIFILM Wako Pure Chemical 
Corporation [FUJIFILM]) for 24 hours at 4°C, and embedded in par-
affin. The histopathological specimens were deparaffinized by im-
mersion in xylene (#241– 00091, FUJIFILM) for 10 minutes at room 
temperature, and rehydrated by immersion in ethanol (#057– 00451, 
FUJIFILM). Hematoxylin (#6187- 4P, Sakura Finetek) and eosin 
(#8660, Sakura Finetek) were used for H&E staining following the 
manufacturer's protocols. The stained slides were dehydrated by im-
mersion in ethanol followed by xylene. Glass coverslips with Marinol 
(#4197193; Muto Pure Chemicals) were used to cover the stained 
slides. H&E- stained slides were examined using OLYMPUS cellSens 
Standard system (OLYMPUS).

2.3.7  |  Statistical analysis

P value < 0.05 (p < 0.05) was considered statistically significant. All 
graphs, calculations, and statistical analyses were performed using 
the statistical package for Microsoft Excel (Microsoft Corp.).

Other materials and methods are available in the supporting in-
formation (Appendix S1).

3  |  RESULTS

3.1  |  Local AMDC treatment reduced tumor 
volume in xenograft mouse model rapidly but led to 
relapse in some cases

For the purpose of establishing a HER2- positive breast cancer 
mouse xenograft model, we subcutaneously transplanted KPL- 4 
cells into BALB/cSlc- nu/nu nude mice. We mixed ZHER2:342- Cupid- 
His and Psyche- Ax- SiPc in order to induce AMDC complex forma-
tion. This mixture after the irradiation resulted in the production of 
singlet oxygen detected by phosphorescence emission at 1270 nm, 
which was thought to induce cell death20 and confirmed to achieve 
tumor necrosis in our in vivo model (Figure S1). It was also confirmed 
that the AMDC showed clear effects on HER2- overexpressing cells 
including KPL- 4 in vitro (Figure S2). The tumor volume in 20 mice 
increased after KPL- 4 cell injection and reached a mean volume of 
400 ± 110 mm3 (from 125 to 551 mm3) 44 days after cell transplanta-
tion. The KPL- 4 xenograft model mice were randomly divided into 
two treatment groups (n = 10 per group): Kadcyla® was injected on 
day 0 in group 1 (mean ± SD: 417 ± 88), and ZHER2:342- Cupid- His- Ax- 
SiPc was injected on day 0 in group 2 (mean ± SD: 384 ± 126). Both 
groups were irradiated on day 1 (24- hour interval after injection) and 
day 3 (72- hour interval after injection). No statistically significant 
difference was noted between the tumor volumes in each mouse in 
the Kadcyla® and ZHER2:342- Cupid- His- Ax- SiPc groups.

For the evaluation of the effects of local AMDC therapy, we 
measured chronological changes in tumor volume in KPL- 4 xeno-
graft model mice after Kadcyla® and ZHER2:342- Cupid- His- Ax- SiPc 
treatment. Figure 2 shows the change in tumor volume in KPL- 4 
xenograft model mice after Kadcyla® and ZHER2:342- Cupid- His- Ax- 
SiPc injection. In both groups, a decrease in tumor size was observed 
after the first treatment. There was a significant difference in the 
reduction of tumor volume between the Kadcyla® and ZHER2:342- 
Cupid- His- Ax- SiPc groups in the early stage: day 4 (p < 0.001), day 7 
(p < 0.001), day 11 (p < 0.001), day 14 (p < 0.01), and day 17 (p < 0.05) 
after the treatment (Figure 2A). The tumor volumes in the KPL- 4 
xenograft model mice decreased slowly after Kadcyla® treatment, 
being reduced to 0 mm3 in only one case 21 days after the injection 
(Figure 2B,D), whereas the tumor size in the same xenograft model 
decreased rapidly after ZHER2:342- Cupid- His- Ax- SiPc treatment. 
Further, tumor in approximately half of the mice disappeared on day 
11 after ZHER2:342- Cupid- His- Ax- SiPc injection (Figure 2C,D). The 
mean tumor volume was the smallest around day 20 after treatment 
and during the recurrence check period. However, in the observa-
tion period, the tumor volume in the xenograft model mice persisted 
and gradually increased in size again in 5/10 cases. In some cases, 
the tumor size was larger (mean volume: 381 ± 296 mm3 on day 
63) 2 months after the injection in the ZHER2:342- Cupid- His- Ax- SiPc 
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group, whereas a steady decrease in tumor size was observed in the 
Kadcyla® group. These data suggest that short- term local AMDC 
treatment has strong antitumor effects against HER2- positive 
breast cancer but could lead to tumor relapse after the first treat-
ment in some cases.

3.2  |  Second local AMDC treatment rapidly 
reduced and completely eradicated relapsed tumors

In order to examine the efficacy of repeated local AMDC treatment, 
ZHER2:342- Cupid- His- Ax- SiPc pre- conjugate was injected into the 
xenograft model mice on day 63 after the first treatment (44 days 
after the tumor observation period), and the relapsed tumor size was 
measured. Figure 3 shows the change in size of the five tumor re-
lapse cases after the second ZHER2:342- Cupid- His- Ax- SiPc treatment. 
The tumor volume in the xenograft model mice decreased more 
rapidly after the second ZHER2:342- Cupid- His- Ax- SiPc treatment as 
compared with that after the first ZHER2:342- Cupid- His- Ax- SiPc treat-
ment. Furthermore, the tumors disappeared in all mice 7 days after 

the second ZHER2:342- Cupid- His- Ax- SiPc injection (Figure 3A,B), and 
no regrowth was noted even more than 1 month after the second 
ZHER2:342- Cupid- His- Ax- SiPc treatment. There was a significant 
difference in tumor size between day 0 and day 97 after the first 
ZHER2:342- Cupid- His- Ax- SiPc treatment. Additionally, the lump size in 
the repeated ZHER2:342- Cupid- His- Ax- SiPc treatment group became 
smaller to the same level as the Kadcyla® treatment group, 97 days 
after the first treatment (Figure 3C). These results suggest that the 
repeated local AMDC treatment rapidly and completely resolved the 
relapsed tumors.

3.3  |  Local AMDC treatment had a robust effect 
on the HER2- positive xenograft tumor models 
without causing skin degeneration

In order to assess the pathological response to the local AMDC 
treatment, we conducted a histological examination of the tis-
sues in KPL- 4 xenograft model mice on day 97 after Kadcyla® and 
ZHER2:342- Cupid- His- Ax- SiPc treatment. Histologically, no remaining 

F I G U R E  2  Tumor volumes before and after the single- dose treatment. (A) Tumor growth curve of the Kadcyla group (300 μg/body, 
solid circle) and ZHER2:342- Cupid- His- Ax- SiPc group (150 μg/body, solid square). (B) The individual tumor growth curve of the Kadcyla group 
(n = 10). (C) The individual tumor growth curve of the ZHER2:342- Cupid- His- Ax- SiPc group (n = 10). (D) Representative animals with tumors 
after the single- dose treatment (left panel; Kadcyla group, right panels; ZHER2:342- Cupid- His- Ax- SiPc group)

(A)

(B)

(C)

(D)
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tumor cells were observed in any of the Kadcyla®- treated (n = 10) 
or second AMDC- treated (n = 10) mice in the subcutaneous regions 
around the xenografted KPL- 4 tumor sites on day 97 (Figure 4, S3). 
To the best of our knowledge, there were no metastatic tumors in 
the lymph nodes or distant organs in any of the mice (Figure 4). Thus, 
it was concluded that pathological complete remission was achieved 
in both groups. Further histological observations showed that 
granulomatous reactions with the nests of hemosiderin- laden mac-
rophages and/or focal calcifications were frequently observed in the 
subcutaneous regions of the Kadcyla®- treated mice (6/10 [mouse 
#1, 2, 3, 7, 8, and 10], 60%) (Figure 4). In one of the Kadcyla®- treated 
mice (mouse #2), a subcutaneous cyst surrounded by granulomatous 
tissue was also noted. In contrast, these granulomatous reactions 

were rarely observed in the AMDC- treated group (1/10 [mouse #6], 
10%) (Figure 4) (p < 0.001, chi- squared test). After the second local 
AMDC treatment, pathological complete remission of the xeno-
grafted KPL- 4 tumors was clearly achieved. Moreover, no histologi-
cally obvious side effects were observed in the vital organs, except 
for microscopic focal liver necroses observed in two of the mice 
(mouse # 2 and 6) (Figure 4).

Furthermore, we measured chronological changes in xenograft 
body weight after Kadcyla® and ZHER2:342- Cupid- His- Ax- SiPc treat-
ment. The body weights of the xenograft model mice after Kadcyla® 
treatment showed moderately increasing trends among all individ-
ual mice (Figure 5A). One xenograft ZHER2:342- Cupid- His- Ax- SiPc– 
treated mouse among the tumor relapse cases lost weight 3 weeks 

F I G U R E  3  The second- dose treatment of ZHER2:342- Cupid- His- Ax- SiPc in the recurrence group. (A) Tumor growth curve after the 
second treatment using the same dosage as the first treatment (150 μg/body and two times light irradiation). (B) Tumor growth curve of the 
recurrence group mice from day 1 to day 32 after the second treatment. (C) Individual tumor volume of the Kadcyla group (solid circle) and 
ZHER2:342- Cupid- His- Ax- SiPc group (solid square) on day 97

(A) (C)

(B)

F I G U R E  4  Effect of the tumor eradications by the ZHER2:342- Cupid- His- Psyche- Ax- SiPc complex in histopathological examinations. 
Histopathological analysis of the skin and major organ tissues (liver, kidney, and lung) in the xenograft model mice on day 97 after Kadcyla 
and ZHER2:342- Cupid- His- Psyche- Ax- SiPc treatments. The black scale bar with value (μm) in each picture indicates the size of histological 
picture
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F I G U R E  4   (Continued)
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after the first treatment but rapidly gained weight after the second 
treatment (Figure 5B). Another xenograft ZHER2:342- Cupid- His- Ax- 
SiPc– treated mouse among the recurrence cases lost weight even 
after the second treatment, which could be attributed to an unre-
lated infectious disease coincidentally found during histopathologi-
cal examination. These data indicate that local AMDCs have a robust 
therapeutic effect on the xenograft model with few side effects.

4  |  DISCUSSION

4.1  |  Efficacy of repeated photo- activating AMDC 
against relapsed tumor

Recently, we reported an animal experiment using photo- activating 
AMDC against HER2- expressing xenograft tumor,11,12 where all 
KPL- 4 xenografted tumors were rapidly eradicated macroscopi-
cally after treatment but the pathological study revealed that one 
in three animals showed remaining clusters of malignant cells. This 
may cause problems in the long- term efficacy of AMDCs. Expanding 
clinical experience with HER2- targeting antibody therapy and ADC 
against solid tumors also showed that intrinsic and acquired resist-
ance to these therapies limits their long- term efficacy.17,25,26

The present study was designed to clarify whether repeated 
AMDC treatment can achieve complete remission. For this purpose, 
the condition for a higher probability of relapse in KPL- 4, a HER2- 
expressing human breast cancer cell, was selected. Usually, KPL- 4 tu-
mors were treated when they reach 200- 300 mm3 in size.27 If tumors 
become larger, penetration of near infrared light may become insuf-
ficient,28,29 or the drug concentration in parts of large tumors may 
not be sufficient. In this study, we selected mice with larger tumors 
(approximately 400 mm3) at the start of treatment. Photo- activating 
AMDC treatment rapidly induced shrinkage of all tumors, but during 

the 40 days of the observation period, 5 out of 10 treated mice devel-
oped relapsed tumors macroscopically (Figures 2, 3).

Further, we started repeated treatment when the size of the re-
lapsed tumors reached nearly the original tumor size to evaluate the 
efficacy of repeated treatment. All tumors were eradicated macro-
scopically, and histological analysis revealed pathological complete 
remission (Figure 4, S3). Histological studies of the remaining five 
mice without relapsing tumors also showed pathological complete 
remission. Unexpectedly, unlike the initial treatment results, all mice 
treated twice showed pathological complete remission. Except for 
minor liver injury, the mice tolerated the repeated treatment well. 
These results suggest that repeated photo- activating AMDC treat-
ment effectively eradicates xenograft tumors.

4.2  |  Mechanism of pathological complete 
remission by repeated treatment

The sophisticated molecular design of photo- activating AMDCs ena-
bles rapid and accurate killing of cancer cells. The anti- HER2 AMDC 
contains four molecules of a high- affinity HER2- binding affibody, 
ZHER2:342, which has an extraordinarily high affinity for HER2 (22 pM) 
as a monomer.11,13 As a tetramer, it shows very high avidity against 
HER2- expressing tumor cells, maintaining the stable state of bind-
ing to the target tumor cells.11 Furthermore, our AMDCs bound to 
normal tissues could be washed out in 20- hour intervals between 
the drug injection and light irradiation, enhancing our AMDCs' 
specificity for the target tumors. The anti- HER2 AMDC, formally 
ZHER2:342- Cupid- His- Ax- SiPc, is based on the mutant streptavidin 
(Cupid) and bis- iminobiotin (Psyche) systems.12 Each anti- HER2 
AMDC tetrameric complex contained two highly functional Ax- SiPc 
molecules. Upon near- infrared activation, each Ax- SiPc can generate 
1.5- fold more singlet oxygen than the current IR700.13 Therefore, 

F I G U R E  5  Timeline of the individual weight of the mice in the Kadcyla group (A) and ZHER2:342- Cupid- His- Ax- SiPc group (B) after the first 
treatment. In Figure 5B, dotted line shows the day on which the ZHER2:342- Cupid- His- Ax- SiPc second treatment was performed

(A) (B)
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the cytotoxic activity of our AMDCs is dependent on the light ir-
radiation and drug concentration.11 As shown in our previous and 
current studies, photo- activating anti- HER2 AMDC strictly binds to 
the cell surface of HER2- expressing cells, which preserves the sur-
rounding normal skin tissue and innate immune cells.11 In a clinical 
setting, when most malignant cells get killed rapidly, genetically mu-
tated proteins and other cancer- specific target molecules could be 
exposed to the surrounding immune cells. This would increase the 
possibility of enhanced immunity against tumor cells.30 A similar ef-
fect has been reported for photoimmunotherapy using IR700 against 
EGFR.31 They observed that photoimmunotherapy caused rapid 
and irreversible damage to the cell membrane, leading to swelling, 
bursting, and release of intracellular components due to the influx of 
water into the cell. This process also induces the relocation of immu-
nologic cell death markers to the cell surface and the rapid release of 
immunogenic signals, followed by the maturation of dendritic cells.32 
CD44- targeted photoimmunotherapy has been reported to induce 
infiltration of CD8+ cells.22 These results suggest that enhanced 
tumor- associated immunity such as innate immunity by rapid and 
selective destruction of malignant cells after initial treatment may 
be an important mechanism for unexpected pathological complete 
remission after repeated photo- activating AMDC treatment.

We speculate that the initial photo- activating AMDC treatment 
caused the rapid reduction in tumor cells mainly by the physico-
chemical mechanism of singlet oxygen. The tumor size in the AMDC 
treatment group was reduced to approximately half of its original 
size within 4 days, compared with 14 days in the Kadcyla® treatment 
group, which was used as a control ADC (Figures 2, 3). Rapidly dying 
cancer cells may evoke tumor immunity, which enhances tumor killing 
in repeated treatments.30 In this study, we used a nude mouse strain 
to evaluate anti- human HER2 treatment using the ZHER2:342- AMDC 
system. Nude mice lack T cell immunity but sustain intact innate 
immunity and, although insufficient, humoral immunity33; thus, our 
model may provide clues to investigate the possible immunological 
mechanisms by which the second AMDC treatment could rapidly 
achieve pathological complete remission. To fully investigate the im-
munological reactions to AMDC treatment during the first and sec-
ond rapid killing of tumors, humanized HER2+ mouse tumor models34 
may be suitable candidates for our ZHER2:342- AMDC system. The rapid 
achievement of pathological complete remission, without pathologi-
cal granulomatous regeneration in our second AMDC- treated model, 
may provide a new aspect of tumor- associated innate immunity. The 
remaining or leaked immunity in the FOXN1- deficient nude mice has 
been analyzed intensively,32,35 and further investigation is needed to 
consider possible immunological reactions in this mouse strain.

4.3  |  Rapid healing and minimal side effect: 
Perspective for repeated therapy

In this study, the rapid eradication of malignant tumors may have 
caused severe damage to the tumor tissues. The black color of the 
tumor tissues (Figures 2, 3) suggests that severe damage occurred. 

However, after 20 days, the lesions healed rapidly. Pathological ex-
amination revealed appropriate regeneration of damaged subcuta-
neous tissues in the mice. It was considered that the photo- activating 
AMDCs can act only against malignant cells and preserve normal 
skin tissue, and the regenerative reactions may enable rapid resto-
rations (Figure 4). In this study, this rapid healing of the damaged 
tissues after initial treatment,11 as well as recovery after relapsed 
tumors by repeated ZHER2:342- Cupid- His- Ax- SiPc therapy, support 
the efficacy and safety of repeated treatment.

In addition to local healing after photo- activating AMDCs, no 
serious macroscopic changes have been noted in other organs, ex-
cept for microscopic granulomatous foci beneath the anterior se-
rosa of the liver in a few mice. In animal studies, due to limited 
shielding of near- infrared irradiation, some parts of the liver sur-
face were irradiated by leaked light through the extremely thin skin 
of the mice. The liver is known to accumulate the highest amount of 
unbound AMDC drugs and antibody- Cupid complex,11,12 which can 
be avoided by the extension of the interval between the injection 
and irradiation. The activated photo absorber, Ax- SiPc, may gen-
erate a singlet oxygen molecule beneath the serous membrane,13 
which may cause tissue injury. The damaged cells can be cleared 
by macrophages, causing foci of hemosiderin- laden macrophages 
and granulomatous lesions (Figure 4). In human clinical settings, 
the liver should be adequately shielded in future clinical photo- 
activating AMDCs.

A global phase III clinical trial of photoimmunotherapy for unre-
sectable head and neck cancers is currently in progress.21 Patients 
with vulvar Paget's disease face difficulties in surgical operations 
due to the involvement of sensitive organs, including sex organs, 
urethra, and anus. Difficulties in identifying the margins of creep-
ing tumors and relapse after surgery may worsen patients' quality 
of life.36,37 A recent genome- wide analysis revealed that HER2 am-
plification and mutation are significant driver mutations in extra-
mammary Paget's disease.38 These results suggest that repeated 
treatment using anti- HER2 photo- activating AMDCs may be a 
suitable therapeutic regimen for the treatment of vulvar Paget's 
disease, in combination with other therapeutic modalities including 
chemotherapy, radiation therapy, hormone therapy, and immune 
checkpoint inhibitors or other immunomodulators.18,39 In addition, 
when combined with endoscopic tools, the therapies of the AMDC 
with photosensitizers would possibly be applicable to various ma-
lignancies in the gastrointestinal tracts.40,41 In some clinical cases, 
tumor cells may have already spread outside of the primary sites 
even at the early stages; in those cases, the AMDC with photosen-
sitizer treatment which targets local tumors would harbor disad-
vantages. However, it is notable that among patients with vulvar 
Paget's disease, only a few cases show metastases at the time of 
diagnosis,42 confirming that it is a good candidate for the targets of 
this therapy. This study and previous studies suggest that repeated 
photo- activating AMDC treatment may achieve complete remission 
of targeted tumors.11,12 Resistance to the current ADC regimen is 
considered to be caused by intratumor heterogeneity of genetic mu-
tation development of resistance to the specific payload.18,19,26,27,43 
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AMDCs can provide a wide range of antibody- mimetics for target 
heterogeneity and various kinds of payload, which can be easily 
conjugated by noncovalent conjugation by simply mixing prior to 
use. Further studies on the precise nature of the possible induction 
of tumor immunity may further enhance the therapeutic efficacy of 
photo- activating AMDCs.

We acknowledge there are several limitations to this study. First, 
we were unable to analyze the differences between mice in which 
the tumors disappeared and relapsed. Second, due to the use of a 
nude mouse model, we could not clearly conclude whether immune 
responses by the first AMDC treatment potentiated the second 
AMDCs’ therapeutic effects. To this end, we need to analyze immune 
responses and histological examination in the middle of the AMDC 
treatments in other mouse models with proper immune systems. It 
would also be necessary to investigate various HER2- overexpressing 
cell lines in vivo to further generalize our observation.

In conclusion, we have established a relapse xenograft tumor 
model, and our results indicated the potential therapeutic efficacy 
of the repeated photo- activating AMDC treatment against tumors, 
leading to the establishment of further effective cancer therapy 
(Figure 6).
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