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Abstract
Epidermal growth factor receptor (EGFR) has emerged as an important therapeutic 
target in many cancers, and overexpression of EGFR is frequently observed in hepa-
tocellular carcinomas (HCCs). Near- infrared photoimmunotherapy (NIR- PIT) is a new 
anticancer treatment that selectively damages the cell membrane of cancer cells after 
NIR light- induced photochemical reaction of IR700, which is bound to a targeting an-
tibody on the cell membrane. NIR- PIT using cetuximab- IR700 has already been ap-
proved in Japan, is under review by the US Food and Drug Administration (FDA) for 
advanced head and neck cancers, and its safety has been established. However, EGFR 
has not been investigated as a target in NIR- PIT in HCCs. Here, we investigate the ap-
plication of NIR- PIT using cetuximab- IR700 to HCCs using xenograft mouse models 
of EGFR- expressing HCC cell lines, Hep3B, HuH- 7, and SNU- 449. In vitro NIR- PIT 
using EGFR- targeted cetuximab- IR700 killed cells in a NIR light dose- dependent man-
ner. In vivo NIR- PIT resulted in a delayed growth compared with untreated controls. In 
addition, in vivo NIR- PIT in both models showed histological signs of cancer cell dam-
age, such as cytoplasmic vacuolation and nuclear dysmorphism. A significant decrease 
in Ki- 67 positivity was also observed after NIR- PIT, indicating decreased cancer cell 
proliferation. This study suggests that NIR- PIT using cetuximab- IR700 has potential 
for the treatment of EGFR- expressing HCCs.
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1  |  INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of pri-
mary liver cancer, which is the sixth most- diagnosed cancer, and it 
was the third leading cause of cancer death worldwide in 2020.1 
HCC typically develops in the setting of chronic liver inflammation 
and cirrhosis.2 Therefore, it is critical to consider two clinical fea-
tures when selecting liver- directed therapies (LDTs). First, it is crucial 
to kill hepatic cancer cells while minimizing damage to the already 
impaired liver. Secondly, due to chronic inflammation, there is a pro-
pensity for the development of new HCCs following the treatment 
of the lesion. Therefore, it is desirable that therapies be repeatable 
without further decreasing liver reserve in a patient with already 
compromised liver function.3 Thus, due to factors beyond disease 
stage, the treatment options for HCC are frequently constrained, 
leading to ongoing development of novel therapeutic approaches.

Near- infrared photoimmunotherapy (NIR- PIT) is a newly de-
veloped cancer therapy using an antibody– photoabsorber conju-
gate (APC) that is highly selective for tumor.4,5 APCs are created 
by conjugating the photoabsorber IRDye700Dx (IR700), a silica- 
phthalocyanine dye, to a monoclonal antibody (mAb) that target 
antigens on the surface of cancer cells.5 After intravenous infusion 
of APCs, APCs bind to cancer cells generally within 24 h in humans. 
Upon the local application of NIR light, the APC changes from hy-
drophilic to markedly hydrophobic, as the axial ligands of IR700 dis-
sociate from the remainder of the molecule.6 This process causes 
aggregation of APCs and cell surface antigens that are bound to 
them, ultimately resulting in substantial and irreversible cellular 
membrane damage. Cancer cells rapidly undergo swelling, blebbing, 
and rupture, leading to selective eradication of cancer cells while 
releasing highly immunogenic cellular contents into the tumor mi-
croenvironment.7 This process is known as immunogenic cell death 
(ICD), which activates the host immune system against antigens re-
leased from killed cancer cells.5 Cancer immunotherapy is emerging 
as a pivotal therapy in the strategy of HCC, which has a metachro-
nous and multicentric incidence. Moreover, NIR light is intrinsically 
harmless to normal cells that do not bind the APC. Therefore, NIR- 
PIT has the potential to be an ideal therapy for HCC from the per-
spective of killing current HCC cells, preventing recurrence of HCC 
while preserving residual liver function.

Human epidermal growth factor receptor (EGFR) is a transmem-
brane receptor that belongs to the ErbB family of receptor tyrosine 
kinases. It is known to be overexpressed in many types of cancer, 
including HCC,8,9 making it an attractive target for NIR- PIT.10 The 
overexpression of EGFR and the EGFR signaling pathway correlates 
with a more aggressive disease, as indicated by clinical signs such 
as intrahepatic metastases, tumor size, and pathologic signs such as 
high proliferation index and dedifferentiation.9,11– 13 EGFR activation 
in HCC confers resistance to kinase inhibitors, and EGFR- targeted 
therapies in HCC have yielded unsatisfactory outcomes so far.14– 16 
However, NIR- PIT is unaffected by resistance mechanisms such 
as mutations in the extracellular domain of EGFR as long as EGFR 
is overexpressed on the cell membrane surface. EGFR- targeted 

NIR- PIT is currently in phase III clinical testing for locoregional recur-
rent head and neck squamous cell carcinoma in patients who have 
failed at least two lines of therapy (LUZERA- 301, NCT03769506). 
Cetuximab- IR700 conjugate (Akalux™, Rakuten Medical Inc.) has 
already been approved for clinical use by the Pharmaceuticals 
and Medical Devices Agency in Japan in September 2020, having 
demonstrated both efficacy and safety for human use. Other EGFR- 
expressing tumors may also benefit from NIR- PIT. The purpose of 
this study is to investigate the potential application of NIR- PIT using 
cetuximab- IR700 in the treatment of HCC.

2  | MATERIALS AND METHODS

2.1  |  Reagents

Water- soluble silica- phthalocyanine derivative IRDye700DX NHS 
ester (C74H96N12Na4O27S6Si3; molecular weight of 1954.22) was 
obtained from LI- COR Bioscience. Cetuximab, a chimeric (mouse/
human) mAb directed against EGFR, was purchased from Bristol- 
Meyers Squibb Co.

2.2  |  Synthesis of IR- 700- conjugated cetuximab 
(Cet- IR700)

Conjugation of IR700 with mAb has been previously described.17 
Briefly, cetuximab (1 mg, 6.6 nmol) was incubated with IR700 NHS 
ester (66.8 μg, 34.2 nmol, 5 mmol/L in DMSO) in 0.1 mol/L Na2HPO4 
(pH 8.5) at room temperature for 1 h. The mixture was purified with 
a Sephadex G50 column (PD- 10; Cytiva). The protein concentration 
was determined with the Coomassie Plus protein assay kit (Thermo 
Fisher Scientific Inc.) by measuring the absorption at 595 nm with 
spectroscopy (8453 Value System; Agilent Technologies). A con-
centration of IR700 was measured by absorption at 689 nm with 
spectroscopy to confirm the number of fluorophore molecules con-
jugated to each mAb. The synthesis was controlled so that an aver-
age of three IR700 molecules were bound to a single antibody.

2.3  |  Cell lines and culture

Hep3B and SNU- 449 HCC cell lines, and Ramos, Epstein– Barr virus- 
negative B- cell lymphoma cell lines were purchased from the Ameri-
can Type Culture Collection (ATCC). HuH- 7 cells were purchased 
from Riken. Hep3B and HuH- 7 were grown in Dulbecco's modified 
minimum essential medium (DMEM; ATCC) supplemented with 10% 
fetal calf serum and penicillin (100 unit/mL)/streptomycin (100 μg/
mL; Life Technologies) in tissue culture flasks in a humidified incu-
bator at 37°C at an atmosphere of 95% air and 5% carbon dioxide. 
SNU- 449 and Ramos were grown in RPMI 1640 (Life Technologies) 
supplemented with 10% fetal bovine serum and penicillin (100 unit/
mL)/streptomycin (100 μg/mL; Life Technologies) in tissue culture 
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flasks in a humidified incubator at 37°C at an atmosphere of 95% air 
and 5% carbon dioxide.

2.4  |  In vitro EGFR expression analysis

To assess in vitro EGFR expression on Hep3B, HuH- 7, SNU- 449, 
or Ramos cells, 2 × 105 cells were collected in 100 μL PBS and in-
cubated with PE- labeled anti- EGFR Ab (clone D1D4J; Cell Sign-
aling Technology) or its PE- labeled Rabbit IgG isotype control 
(polyclonal; Cell Signaling Technology) as well as Fixable Viability 
Dye (Thermo Fisher Scientific), which can detect compromised cell 
membranes for 30 min at 4°C. After washing with PBS, the fluores-
cence of the cells was analyzed by BD FACSLyric (BD Biosciences) 
and FlowJo software (BD Biosciences). Relative fluorescence 
intensity (RFI) was defined as the ratio of specific fluorescence 
(mean fluorescence of target cells incubated with the PE- labeled 
anti- EGFR Ab) over nonspecific fluorescence (mean fluorescence 
of target cells incubated with the PE- labeled Rabbit IgG isotype 
control).

2.5  |  In vitro cell- specific binding analysis

To verify the in vitro binding of Cet- IR700 to Hep3B, HuH- 7, or SNU- 
449 cells, 2 × 105 cells were collected in 100 μL of PBS and incubated 
with 1 μg of Cet- IR700 for 30 min at 4°C. To validate the specific 
binding of Cet- IR700, a 10- fold molar excess of unconjugated ce-
tuximab was added 30 min before the incubation with Cet- IR700. 
Dead cells were excluded from the analysis based on the staining 
with Fixable Viability Dye. After washing with PBS, the fluorescence 
of the cells was analyzed by BD FACSLyric and FlowJo software.

2.6  |  In vitro fluorescence microscopy

Hep3B, HuH- 7, and SNU- 449 cells were seeded at 1 × 104 on glass- 
bottomed dishes and incubated for 24 h. Cells were incubated with 
100 μL fresh culture medium containing 1 μg Cet- IR700 for 1 h at 
37°C and observed with a fluorescence microscope (IX81; Olympus 
America). Transmitted light differential interference contrast (DIC) 
images were obtained, and IR700 was detected using the filter set, 
which included a 608– 668 nm excitation filter and a 672– 712 nm 
bandpass emission filter. The cells were then exposed to NIR light 
(690 nm, 150 mW/cm2, 50 J/cm2) using an ML7710 laser system 
(Modulight). The DIC images were acquired again 30 min after NIR 
light irradiation.

2.7  |  In vitro NIR- PIT

Hep3B, HuH- 7, SNU- 449, or Ramos cells were seeded onto 24- well 
plates at 1 × 105 per well in quadruplicate in 1 mL medium. After 

1 day, the cells were incubated with 5 μg/mL of each APC for 1 h at 
37°C. The cells were exposed to NIR light (690 nm, 150 mW/cm2) at 
0, 1, 5, 10, 20, or 50 J/cm2 using an ML7710 laser system (Modu-
light). After NIR- PIT, the cytotoxic effects of NIR- PIT with Cet-
 IR700 were determined by staining with Fixable Viability Dye. The 
percentage of unstained cells with Fixable Viability Dye was deter-
mined by BD FACSLyric flow cytometry and FlowJo software. For 
the assessment of ICD after NIR- PIT, we conducted evaluations on 
two ICD markers (calreticulin and Hsp70) as follows: Hep3B, HuH- 7, 
and SNU- 449 cells were seeded onto 24- well plates at 1 × 105 per 
well in quadruplicate in 1 mL medium. After 1 day, the cells were in-
cubated with 5 μg/mL of each APC for 1 h at 37°C. The cells were 
exposed to NIR light (690 nm, 150 mW/cm2) at 0 or 50 J/cm2 using an 
ML7710 laser system. After NIR- PIT, cells were collected in 200 μL 
PBS and incubated with PE- labeled anti- calreticulin (Polyclonal; 
Bioss), its PE- labeled rabbit IgG isotype control (Polyclonal; Bioss), 
PE- labeled anti- Hsp 70 Ab (Clone REA349; Miltenyi Biotec), and its 
PE- labeled human IgG1 isotype control (REA293; Miltenyi Biotec) 
which can detect compromised cell membranes for 30 min at 4°C. 
After washing with PBS, the fluorescence of the cells was analyzed 
by BD FACSLyric and FlowJo software. RFI was defined as the ratio 
of specific fluorescence (mean fluorescence of target cells incubated 
with the PE- labeled anti- calreticulin Ab or PE- labeled anti- Hsp70 Ab) 
over nonspecific fluorescence (mean fluorescence of target cells in-
cubated with the PE- labeled rabbit IgG isotype control or PE- labeled 
human IgG1 isotype control).

2.8  | Animal and tumor model

All in vivo procedures were approved by the National Cancer Insti-
tute (NCI) Animal Care and Use Committee. Female homozygote 
athymic nude mice, 6– 8 weeks old, were purchased from Charles 
River Laboratories. Hep3B (5.0 × 106) or HuH- 7 (5.0 × 106) cells were 
inoculated into the right dorsum of mice. Mice with tumors reaching 
the diameter more than 4 mm were used for the experiments be-
cause the tumor in this subcutaneous model was initially flat and 
the volume could not be measured. Tumor volumes were evaluated 
three times per week using a tumor scanner (TumorImager2™; Bi-
opticon) and calculated by TumorManager software. The mice were 
euthanized with inhalation of carbon dioxide gas when the tumor 
volume reached 800 mm3.

2.9  |  In vivo EGFR expression analysis

Single- cell suspensions from Hep3B or HuH- 7 tumor samples were 
prepared using the following protocol. Whole tumors were minced 
and incubated in RPMI medium containing collagenase type IV 
(cat. #LS004188, 1 mg/mL; Worthington Biochemical) and DNa-
seI (cat. #11284932001, 20 μg/mL; Millipore Sigma) at 37°C for 
60 min, then gently cut with scissors, and physically dissociated 
with the back of the plunger of a 3 mL syringe. The tissues were 
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passed through a 70- μm cell strainer (Corning). Red blood cells 
(RBC) were removed by incubating with RBC lysis buffer (BioLeg-
end). A total of 3.0 × 106 cells was stained, and data for 5.0 × 105 
cells were collected for each tumor. The cells were stained with 
antibodies purchased from BioLegend (anti- CD31 [clone 390], 
anti- CD45 [clone 30- F11], and anti- PDPN [clone 8.1.1]) and Cell 
Signaling Technology (anti- EGFR [clone D1D4J] and Rabbit IgG 
isotype control [polyclonal]). Cells were also stained with fixable 
viability dye, and dead cells were gated out from the analysis. The 
fluorescence of the cells was then analyzed with the flow cytom-
eter FACSLyric and FlowJo software. Tumor cells were determined 
as CD45- /CD31- /PDPN- . RFI was defined the same way as in vitro 
analysis.

2.10  |  In vivo NIR- PIT

Tumor- bearing mice were randomized into three groups as follows: 
(i) no treatment (Control), (ii) intravenous injection of Cet- IR700 only 
(APC- IV), and (iii) intravenous injection of Cet- IR700 followed by 
NIR- PIT (NIR- PIT). Cet- IR700 (100 μg) was injected 12 and 10 days 
after Hep3B and HuH- 7 cell inoculation, respectively (day 0). NIR 
laser light (690 nm, 150 mW/cm2, 50 J/cm2) was administered to the 
tumor 24 h (day 1) and 48 h (day 2) after Cet-  IR700 injection. Upon 
NIR light irradiation, a piece of aluminum foil with an aperture of 
approximately 1 cm diameter was placed over the mouse; then, the 
tumor was illuminated through the aperture to ensure that the NIR 
light was limited to the tumor site.

2.11  | Histological analysis

Tumor- bearing mice were randomized into the Control and NIR- 
PIT groups. For the NIR- PIT group, mice were exposed to NIR light 
(690 nm, 150 mW/cm2, 50 J/cm2) 24 h after Cet- IR700 injection. To 
evaluate histological changes after NIR- PIT, tumors were harvested 
24 h after NIR light irradiation. The formalin- fixed paraffin- embedded 
(FFPE) sections were prepared and stained with hematoxylin and 
eosin (H&E).

2.12  | Detection of DIG- labeled Ab by multiplex 
immunohistochemistry

Cetuximab or anti- human IgG1- Kappa isotype control (Abinvivo; 
1 mg) was labeled with digoxigenin (DIG) by incubating 1 mg Ab 
and 50 μg DIG- NHS- ester (Thermo Fisher Scientific) using a simi-
lar method to IR700 conjugation. The resulting DIG- labeled Abs 
were abbreviated as cetuximab- DIG and isotype- DIG, respec-
tively. Tumor- bearing mice were injected with cetuximab- DIG 
or isotype- DIG (100 μg) into the lateral tail vein. Tumors were 
harvested 24 h after injecting DIG- labeled Abs. The distribution 
of DIG- labeled Abs was analyzed in FFPE sections by multiplex 

immunohistochemistry using anti- DIG Ab (clone 9H27L19; Thermo 
Fisher Scientific).

2.13  |  Immunohistochemistry

Multiplex immunohistochemistry was carried out as described 
previously18 using an Opal Automation IHC Kit (Akoya Bioscience) 
and Bond RXm autostainer (Leica Biosystems). The sections were 
stained with DAPI and the following Abs: anti- CD45 (clone D3F8Q; 
Cell Signaling Technology; 1:500), anti- DIG (clone 9H27L19; Thermo 
Fisher Scientific; 1:500), anti- Ki- 67 (clone D3B5; Cell Signaling Tech-
nology; 1:500), and anti- pCK (rabbit poly; Bioss Antibodies; 1:250). 
Stained slides were mounted with ProLong Diamond (Thermo Fisher 
Scientific) and imaged with a Mantra Quantitative Pathology Work-
station (Akoya Biosystems). The obtained images were analyzed 
with inForm Tissue Finder software (Akoya Biosystems). To calculate 
the percentage of Ki- 67 positive cancer cells, inForm software was 
trained to detect tissue and cell phenotypes using machine- learning 
algorithms based on the following criteria: areas with pCK expres-
sion = tumor, other areas = stroma, pCK+ CD45− cells = cancer cells, 
pCK− CD45+ = blood cells, and pCK− CD45− = other cells. inForm 
software computed the percentage of Ki- 67- positive cells among 
cancer cells. The average percentage was calculated from five im-
ages for each specimen.

2.14  |  Statistical analysis

Data are expressed as means ± SEM. Statistical analyses were un-
dertaken with GraphPad Prism (GraphPad Software). Associations 
between variables were tested with the Mann– Whitney U test. A 
one- way ANOVA followed by Tukey's test was used to compare mul-
tiple groups. For luciferase activity and tumor volumes, a repeated- 
measures two- way ANOVA followed by Tukey's test was used. 
p < 0.05 was considered significant.

3  |  RESULTS

3.1  |  Expression of EGFR in cell lines

Expression of EGFR on the surface of Hep3B, HuH- 7, SNU- 449, and 
Ramos cells was evaluated in vitro. EGFR was highly expressed in 
Hep3B, HuH- 7, and SNU- 449 cells, whereas no expression was de-
tected in Ramos cells (Figure 1A). Next, to assess the binding of Cet-
 IR700 to Hep3B and HuH- 7, and SNU- 449 cells in vitro, they were 
incubated with Cet- IR700 and analyzed by flow cytometry. Hep3B, 
HuH- 7, and SNU- 449 cells showed a high IR700 fluorescence sig-
nal (Figure 1B). These signals were completely blocked by adding an 
excess of nonconjugated cetuximab (Figure 1B), indicating that Cet-
 IR700 binds explicitly to EGFR expressed on the surface of Hep3B, 
HuH- 7, and SNU- 449 cells.
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F IGURE  1 In vitro near- infrared photoimmunotherapy (NIR- PIT) using cetuximab- IR700 (Cet- IR700) in Hep3B, HuH- 7, and SNU- 449 cells. 
(A) Flow cytometric analysis of in vitro EGFR expression on Hep3B, HuH- 7, SNU- 449, and Ramos cells. RFI, relative fluorescence intensity. (B) 
Detection of Cet- IR700 bound to Hep3B, HuH- 7, and SNU- 449 cells by flow cytometric analysis. (C) Microscopic observation of cancer cells 
before and after in vitro NIR- PIT using Cet- IR700 (images, ×400; scale bar, 20 μm). DIC, differential interference contrast. (D– G) Membrane 
damage of Hep3B (D), HuH- 7 (E), SNU- 449 (F), and Ramos (G) cells induced by in vitro NIR- PIT using Cet- IR700 was measured with Fixable 
Viability Dye (n = 4; one- way ANOVA followed by Tukey's test). *p < 0.05. **p < 0.01. ****p < 0.0001. ns, not significant versus untreated control.
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3.2  |  Target cell- killing efficacy of in vitro NIR- PIT 
using Cet- IR700

We evaluated the cell- killing efficacy of in vitro EGFR- targeted NIR- 
PIT using Hep3B, HuH- 7, SNU- 449, and Ramos cells. The cells were 
incubated with Cet- IR700, and cell morphology was microscopically 
examined after NIR light irradiation. In Hep3B, HuH- 7, and SNU- 449 

cells, IR700 fluorescence was detected before NIR light irradiation, 
and cellular swelling was observed immediately after NIR light ir-
radiation (Figure 1C). Cell membrane damage after in vitro NIR- PIT 
using Cet- IR700 was quantitatively evaluated using viability dye 
cytometric assay. The percentage of viability- unstained cells de-
creased after NIR- PIT in Hep3B, HuH- 7, and SNU- 449 cells in a light 
dose- dependent manner (Figure 1D– F). Treatment with Cet- IR700 

F IGURE  2 Expression of EGFR in cancer cells and delivery of cetuximab to Hep3B and HuH- 7 cells in vivo. (A) Flow cytometric analysis of 
in vivo EGFR expression on Hep3B, HuH- 7, and SNU- 449 tumors (n = 3). RFI, relative fluorescence intensity. N/A, not applicable. (B) Tumors 
were harvested 24 h after injecting Cet- DIG or isotype- DIG into mice, and its distribution in Hep3B and HuH- 7 was examined by multiplex 
immunohistochemistry (images, ×200; scale bar, 100 μm). DAPI expression and DIG are shown in blue and brown, respectively. Cet- DIG, 
digoxigenin (DIG)- conjugated cetuximab.
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alone or NIR light irradiation alone did not affect cell viability. How-
ever, NIR- PIT using Cet- IR700 did not damage Ramos cells with no 
EFGR expression (Figure 1G). In Hep3B, HuH- 7, and SNU- 449 cells, 
a significant increase in the expression of calreticulin and Hsp70 was 
observed after treatment (Figure S1).

3.3  |  Expression of EGFR in cancer cells in vivo

We tested EGFR expression in established tumors of Hep3B and 
HuH- 7. In the Hep3B and HuH- 7 tumor model, the expression of 
EGFR in cancer cells was preserved (Figure 2A).

3.4  |  Cet- IR700 delivery to cancer cells in vivo

To evaluate whether cetuximab was delivered to Hep3B and HuH- 7 
cells in vivo, either DIG- conjugated cetuximab (Cet- DIG) or isotype 
control (isotype- DIG) was infused into tumor- bearing mice, and then 
DIG distribution in the tumors was analyzed by multiplex immuno-
histochemistry. In Hep3B and HuH- 7 tumors, Cet- DIG was detected 
on the cell surface (Figure 2B). Isotype- DIG was slightly detected in 
both tumors, which was likely to be mediated by Fc receptor binding. 
These results indicated that cetuximab was successfully delivered 
to the tumor tissue and bound to the surface of both Hep3B and 
HuH- 7 cells.

3.5  |  In vivo NIR- PIT using Cet- IR700 inhibits the 
growth of tumors

Therapeutic efficacy of in vivo NIR- PIT using Cet- IR700 was evalu-
ated in Hep3B and HuH- 7 tumor- bearing mice. Figure 3A shows the 
treatment and imaging schedule. Fluorescence imaging of IR700 is 
useful for evaluating the treatment efficacy because IR700 loses 
fluorescence upon NIR light irradiation. However, due to the highly 

vascularized and dark nature of the tumor, it was not possible to 
evaluate fluorescent signal before and after NIR light irradiation 
using conventional methods.19 In the NIR- PIT group, the tumor size 
initially shrank after NIR light irradiation and then grew back over 
time; however, the growth was significantly slower than in the Con-
trol and APC- IV groups (Figure 3B,C).

3.6  | Histological changes after in vivo NIR- PIT 
using Cet- IR700

We examined the histology of the tumors 24 h after NIR- PIT to 
histologically evaluate the direct cytotoxic effects of in vivo NIR- 
PIT using Cet- IR700. On H&E staining, Hep3B and HuH- 7 tumors 
showed large numbers of necrotic cells which typically showed 
fewer dark nuclei and eosinophilic cytoplasm with some vacuolar 
degeneration (Figure 4A). Such histological changes were not seen in 
the Control group. Next, we assessed Ki- 67 expression among can-
cer cells to evaluate whether NIR- PIT exerted significant damage. 
In both tumors, the percentage of Ki- 67- positive cancer cells was 
significantly lower in the NIR- PIT group compared with the Control 
group (Figure 4B,C).

4  | DISCUSSION

In the present study, we demonstrated that NIR- PIT using Cet- IR700 
effectively killed HCC cells in vitro. EGFR was highly expressed on 
the surface of Hep3B and HuH- 7 HCC tumor models, and Cet- IR700 
bound strongly to these cells both in vitro and in vivo. NIR- PIT suc-
cessfully inhibited tumor growth in both HCC xenograft models and 
substantially reduced Ki- 67 positivity, denoting a reduction in cel-
lular proliferation.

When considering the clinical application of NIR- PIT for HCC, it 
is important to consider potential side effects. Pharmacokinetically, 
cetuximab remains in the liver for several days.20 Unbound APCs 

F IGURE  3 Efficacy of in vivo near- infrared photoimmunotherapy (NIR- PIT) using cetuximab- IR700 against Hep3B and HuH- 7 tumors. 
(A) Treatment schedule. (B, C) Tumor volume curves in Hep3B (B) and HuH- 7 tumors (C) (n = 8– 9; mean ± SEM; repeated- measures two- way 
ANOVA followed by Tukey's test. **p < 0.01; ***p < 0.001; ****p < 0.0001 versus control.)
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F IGURE  4 Histological changes after in vivo near- infrared photoimmunotherapy (NIR- PIT) using cetuximab- IR700. Tumor tissue histology 
was examined 24 h after NIR- PIT. (A) H&E staining of Hep3B and HuH- 7 tumors after NIR- PIT (images, ×200; scale bar, 100 μm). Insets 
(A– D) are enlarged and displayed in the right panels. (B, C) Evaluation of Ki- 67 positivity among cancer cells in Hep3B and HuH- 7 tumors 
by multiplex immunohistochemistry. (B) Comparison of the percentage of Ki- 67- positive cancer cells among two groups (n = 4; the Mann 
Whitney U test). *p < 0.05; **p < 0.01. (C) Representative pictures of Ki- 67 and pCK expression (images, ×200; scale bar, 100 μm). Ki- 67 and 
pCK expression is shown in magenta and cyan, respectively. pCK, pan- cytokeratin.
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can generate reactive oxygen species upon exposure to NIR light 
irradiation under oxygen- rich conditions, leading to inflammation.21 
However, the light dose can be constrained to the tumor using inter-
stitial fiber optic catheters so that the normal liver does not receive 
much of the light. Indeed, the liver itself transmits NIR light relatively 
poorly due to high concentrations of hemoglobin and other chromo-
phores22; thus, we believe that it is technically feasible to selectively 
irradiate tumors with NIR light while minimizing damage to the he-
patic parenchyma.

NIR- PIT using Cet- IR700, which has already been approved for 
clinical use and established to be safe for human use in head and 
neck cancers, has the potential to be a breakthrough in the treat-
ment of HCC. Unlike other molecularly targeted drugs that require 
repeated administration, NIR- PIT with Cet- IR700 can be success-
ful after only a single administration of the antibody in principle, 
making it both convenient and cost effective compared with other 
treatments. Also, NIR- PIT, which kills cancer cells specifically, is 
considered to be ideal for nonsurgical LDTs. LDTs such as radiofre-
quency ablation and transarterial chemoembolization are standard 
treatments for HCC and demonstrate excellent outcomes in early-  
and intermediate- stage HCC. However, a major drawback regarding 
treatment eligibility depends greatly on tumor size, location, and 
other patient factors such as platelet count. Specifically, these LDTs 
are ineffective against portal vein invasion and extrahepatic metas-
tases. On the other hand, NIR- PIT has the potential to treat cases 
that cannot be addressed by these LDTs, as it can be used to treat 
any part of the body as long as NIR light can be delivered. Therefore, 
our treatment is not intended to supplant established treatment mo-
dalities but rather provide additional therapeutic options and per-
haps complement existing modalities available for patients.

There are several limitations to this study. First, since we used 
human cell line- derived xenografts in immunodeficient mice, the ef-
fect of NIR- PIT on the anticancer immune activation could not be 
demonstrated. Such a study has to await the production of a suit-
able murine mAb against mouse EGFR that can be used in immuno-
competent mouse tumor models. Nevertheless, we anticipate that 
EGFR- targeted NIR- PIT will activate the immune system as it has 
proven to be more effective in subjects with intact immune systems. 
Given that NIR- PIT results in ICD, we would anticipate a synergis-
tic effect should this modality be combined with standard- of- care 
immune checkpoint blockade therapies. Additionally, long- term sur-
vival could not be assessed in this study because these subcutane-
ous HCC tumor models exhibited marked hypervascularization and 
fragility, leading to recurrent intratumoral hemorrhage. As a result, 
no significant differences in survival rates were observed within the 
NIR- PIT group in the present study because many animals had to 
be euthanized due to tumoral hemorrhage. However, tumor growth 
was suppressed in the NIR- PIT group, and a decrease in the expres-
sion of Ki- 67, a prognostic factor for both disease- free survival and 
overall survival in HCC,23 was observed. Therefore, we believe this 
study indicates that NIR- PIT using Cet- IR700 is a promising treat-
ment for HCC.

In conclusion, we confirmed that EGFR is a promising selective 
target for HCC, which can be successfully exploited for NIR- PIT 
using Cet- IR700. Given that Cet- IR700 has demonstrated efficacy 
for patients with recurrent/refractory EGFR+ head and neck can-
cers, this agent could be explored in other EGFR+ malignancies, in-
cluding HCC.
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