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Abstract: The conventional treatment of thoracic tumors includes surgery, anticancer drugs, radiation,
and cancer immunotherapy. Light therapy for thoracic tumors has long been used as an alternative;
conventional light therapy also called photodynamic therapy (PDT) has been used mainly for early-
stage lung cancer. Recently, near-infrared photoimmunotherapy (NIR-PIT), which is a completely
different concept from conventional PDT, has been developed and approved in Japan for the treatment
of recurrent and previously treated head and neck cancer because of its specificity and effectiveness.
NIR-PIT can apply to any target by changing to different antigens. In recent years, it has become clear
that various specific and promising targets are highly expressed in thoracic tumors. In combination
with these various specific targets, NIR-PIT is expected to be an ideal therapeutic approach for
thoracic tumors. Additionally, techniques are being developed to further develop NIR-PIT for clinical
practice. In this review, NIR-PIT is introduced, and its potential therapeutic applications for thoracic
cancers are described.

Keywords: near-infrared photoimmunotherapy; NIR-PIT; phototherapy; thoracic tumor; lung cancer;
target antigens

1. Introduction

Thoracic tumors, including lung cancer and malignant pleural mesothelioma (MPM),
are the most lethal cancers worldwide [1,2]. To overcome thoracic cancer, NIR-PIT may be
an ideal treatment and can lead to significant improvements in treatment outcomes. There
are four conventional treatments for cancer: surgery, radiation therapy, chemotherapy, and
immunotherapy. However, these existing treatments injure not only cancer cells but also the
surrounding normal cells, tissues, and organs. In particular, these treatments may impact
the vital organs such as the liver, the heart and the thoracic aorta, and bone marrow. The
highly specific and effective NIR-PIT can overcome this problem because of its combined
and multidisciplinary approach. In addition, NIR-light used in NIR-PIT is transmitted
easily through the tissue filled by air. NIR light with a wavelength range of 650–900 nm
is not readily absorbed by water or hemoglobin, and penetration through the tissue is
maximal [3–6]. Therefore, the NIR wavelength of 690 nm used in NIR-PIT is thought to be
a suitable wavelength for human therapy and is not toxic to the body.

Historically, thoracic tumors have been treated with light. The first bronchoscopic PDT
was carried out in a patient with early central lung cancer by Hyata et al. with encouraging
results. Since then about 1000 cases of ECLC have received PDT [7]. Additionally, O.J.

Biomedicines 2022, 10, 1662. https://doi.org/10.3390/biomedicines10071662 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines10071662
https://doi.org/10.3390/biomedicines10071662
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0003-3025-088X
https://doi.org/10.3390/biomedicines10071662
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines10071662?type=check_update&version=2


Biomedicines 2022, 10, 1662 2 of 16

Balchum and colleagues used PDT to treat patients with lung cancer. All of these studies
showed promising responses in early-stage patients, so PDT was recommended for patients
with early-stage cancers that were inoperable, due to other complications [8]. However,
PDT, which is mediated ROS, can damage not only target cancer cells but also normal cells.
On the other hand, NIR-PIT is highly specific and effective as a result of its combined and
multidisciplinary approach.

In this review, we describe the potential application of NIR-PIT for thoracic cancer
and discuss this perspective in detail.

2. Summary

NIR-PIT is an ultra-specific and effective cancer photoimmunotherapy method that
can be used to treat cancers throughout the body. NIR-PIT utilizes an antibody-photon
absorbent conjugate of IRDye700DX (IR700), a near-infrared water-soluble silicon phthalo-
cyanine derivative, and an mAb that targets surface antigens expressed on cancer cells [9,10].
Irradiation of the targeted tumor site with near-infrared light (approximately 690 nm) acti-
vates the conjugates (Figure 1 1©, 2©), induces aggregation of antibody and antigen proteins,
and causes cell death (Figure 1 3©). This two-step targeted selection (antibody and light)
provides a double level of specificity, which is not found in conventional cancer treatments.

The mechanism of NIR-PIT was elucidated after the launch of the first phase III
study [10]. Specifically, when the conjugates were irradiated with near-infrared (NIR)
light in the presence of sufficient electron donors, the hydrophilic side chains of the IR700
molecule (silanol) dissociated through a photochemical ligand reaction, and the remaining
structure, including the antibody, rapidly became hydrophobic and aggregated. At that
time, the antibody binding the surface antigen on the cell membrane of the tumor also
aggregated, forcing cells to break. Fluorescence imaging could track where the conju-
gates were distributed and how well mAb-IR700 conjugates reacted, and the increase in
IR700-fluorescence indicated that the mAb-IR700 was well connected to the target, while
the decrease could confirm the photochemical reactions caused by NIR light irradiation and
correlated with the treatment effect. The development of NIR-PIT was interdisciplinary,
involving biology, physics, and chemistry, making use of the advantages of each discipline.

The unique feature that makes IR700 useful and valuable is its hydrophilicity. It never
permeates the lipid bilayers of cell membranes and does not change the pharmacokinetics
of mAbs in vivo, unlike hydrophobic photosensitizers in conventional photo-based cancer
therapies such as PDT. In addition, mAb-IR700 conjugates mainly bind to the membrane
of targeted tumor cells after intravenous injection and destroy the cell membrane with
NIR light. Moreover, it was elucidated that reactive oxidative species (ROS) were not
included in the main mechanism for NIR-PIT, since the cell death reaction in NIR-PIT
proceeded even after the cell function was stopped at 4 ◦C, and the inhibition of cell death
was not sufficiently effective even when oxidative stress inhibitors (free radical scavengers)
were added. Moreover, the mass spectrometric analysis revealed that photochemical
reaction is the trigger of the cell death induced by NIR-PIT [11]. The pharmacodynamics
of the photosensitizer and pharmacokinetics of the conjugates in vivo are completely
different between traditional PDT and NIR-PIT, which makes NIR-PIT a new photo-based
modality [10].

NIR-PIT not only causes physical destruction of cells during NIR irradiation, but also
induces secondary immunogenic cell death (ICD) due to damage-associated molecular pat-
terns (DAMPs), and the release of entities such as adenosine triphosphate (ATP), calreticulin
(CRT), and high mobility group box 1 (HMGB1) [12]. ICD has also been reported to occur
with other radiotherapies, chemotherapy, and PDT, but these treatments themselves have a
certain degree of toxicity to immune cells. NIR-PIT especially benefits from ICD [13–15],
because this immunogenic cell death is not limited to the irradiated tumor but also has an
effect on tumors elsewhere and on metastatic tumors. This combination of NIR-PIT and
immune checkpoint inhibitors is currently being tested in phase II trials worldwide, but
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these do not include thoracic cancer (https://rakuten-med.com/us/pipeline/ accessed on
9 July 2022).

3. SUPR Effect

Cancer treatment with drugs has been considered an inappropriate therapy in vivo
largely because of difficulties in drug retention in affected areas, such as vascular hetero-
geneity and high interstitial pressure [16,17]. Tumor tissue has increased permeability and
retention of nanoparticles due to vascular abundance and lack of lymphoid tissue, referred
to as the EPR effect. Conventional anti-cancer nanopharmaceuticals aim to take advantage
of this effect to accumulate in tumors [18–20]. Although the EPR effect improves drug
delivery to tumors compared to normal tissue, the effect is not significant and only low
concentrations of nanodrugs reach and accumulate in tumors. The best-known nanophar-
maceuticals are liposomal formulations such as Doxil and DaunoXome, both of which are
as effective as small molecule formulations, but require more frequent administration and
are impractical [21,22].

NIR PIT helps deliver nano-sized drugs desired to stay in the tumor; NIR-PIT is
a very specific therapy that ruptures only the cancer cells labeled with the conjugate.
Administered intravenously into the body as a drug, mAb-IR700 reacts from the vascular
periphery to bind to target cells and specifically destroy them. The rapid rupture of
surrounding cancer cells causes 10~20 times the EPR effect of vasodilation, increased blood
flow, decreased blood flow velocity in the tumor, and increased vascular permeability,
called super permeabilization and retention (SUPR) [23,24]. In other words, NIR-PIT can
contribute to direct therapy and enhanced delivery of nanodrugs.

4. The Versatile Targets: EGFR, HER2, CD44, and CEA

NIR-PIT can be used to change the treatment pathway by creating mAb-IR700 using
antibodies that target different ligands. As an entry point of research, it is simple to apply
targets that have already been used in clinical practice (Table 1).

Table 1. Candidate targets for thoracic cancer.

Target Antigens

Versatile targets

EGFR
CD44
CEA

HER2
GPR87

Exploring targets

PDPN
MSLN
GPR87
DLL3
CD26
CDH

TROP2
XAGE1

Immune targets
CD25
PD-L1
CTLA4

4.1. EGFR

Epidermal growth factor receptor (EGFR) is a transmembrane tyrosine kinase receptor
belonging to the erythroblastosis oncogene B (ErbB) family [25]. EGFR overexpression is
associated with poor prognosis in several tumor types, including thoracic cancer [26]. Phys-
iologically, EGFR regulates epithelial tissue development and homeostasis. EGFR mutation
and/or overexpression has been observed in several human cancers, and EGFR-targeted
therapy has become a routine part of the treatment of several cancers. EGFR is considered
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a suitable target for early clinical trials of NIR-PIT. Several studies have confirmed the
therapeutic efficacy of NIR-PIT targeting EGFR in in vivo models of several types of cancer,
including lung cancer [27–35]. Cetuximab-IR700, a chimeric IgG1 monoclonal antibody
against EGFR, was approved under certain conditions, such as limiting its use to HNSCC
and was the first EGFR-targeted NIR-PIT drug to be registered for clinical use in Japan in
2020 [36]. For 30 patients enrolled in Phase 2 of the clinical practice (RM-1929) for NIR-PIT
against recurrent HNSCC with Cetuximab-IR700, the median OS was 9.30 months (95% CI
5.16–16.92 months). Unconfirmed ORR was achieved in 13 (43.3%, 95% CI 25.46%–62.57%)
patients, with 4 (13%) patients achieving CR and 9 (30.0%) patients demonstrating PR. Dis-
ease control was observed in 24 (80%, 95% CI 61.43%–92.29%) patients [37]. Theoretically,
EGFR-targeted NIR-PIT is applied to any type of cancer in which EGFR is overexpressed,
and clinical trials are expected to progress in thoracic tumors.

4.2. HER2

HER2 is a membrane tyrosine kinase receptor and, together with EGFR, is a member
of the ErbB family [25]. When overexpression of HER2 occurs, it forms homodimers or
heterodimers with other ErbB family receptors; thus, activating oncogenic downstream
signals that promote cell proliferation, survival, and angiogenesis [38]. Several antibody
drugs, including trastuzumab, pertuzumab, and trastuzumab emtansine (T-DM1), have
been approved by the FDA for the treatment of breast cancer, with HER2 positivity rates
of 15–20% [39]. In addition, trastuzumab and fam-trastuzumab deruxtecan-nxki have
already been approved by the FDA for the treatment of gastric cancer, where approxi-
mately 20% of cases are HER2 positive. These have been applied as mAbs in NIR-PIT;
NIR-PIT with trastuzumab-IR700 showed valid results in a pleural dissemination model
with HER2-expressing NSCLC cells and a lung metastasis model with HER2-expressing
3T3 cells [40–42]. In addition, it has been reported that chemo drugs, especially cisplatin-
resistant (SBC-3/CDDP) cell lines upregulate HER2 expression. NIR-PIT against HER2 is
effective also against tumors in patients who have already become resistant to chemother-
apy [43].

4.3. CD44

CD44, a non-kinase transmembrane glycoprotein, regulates intercellular adhesion and
epithelial–mesenchymal transition in normal cells. At the same time, it is a marker for
the identification of cancer stem cells (CSCs), as CD44 increases tumor development and
progression. Various types of cancer, including lung cancer, express CD44, which has been
shown to be a poor prognostic factor [44–46]. Therefore, CD44 is an important approach
for antibody therapeutics to eliminate CSCs [47]. In NIR-PIT targeting CD44 positive oral
squamous cell carcinoma and breast cancer in a mouse model, tumor progression was
significantly inhibited and survival was prolonged [48,49]. Additionally, in immunocom-
petent mouse models, the effect was further enhanced combined with immune activation
using type 1 cytokine or immune checkpoint inhibitors [50–52].

4.4. CEA

Carcinoembryonic antigen (CEA), a glycoprotein involved in cell adhesion, is highly
expressed in many epithelial cells of tumors, including lung adenocarcinomas. It has
already been used as a tumor marker for various cancers, and its expression level has been
associated with the prognosis of patients with colorectal cancer [53–55]. NIR-PIT targeting
CEA significantly inhibited tumor progression without side effects in xenograft models of
gastric cancer and orthotopic pancreatic tumor models [56,57]. In pancreatic cancer, the use
of NIR-PIT as an adjunct to surgery to treat residual pancreatic cancer in a patient-derived
orthotopic xenograft model also was found to improve overall survival [58,59].

CEA is also expressed in normal cells, mostly derived from surface cells of the colon,
which are released into the intestinal tract and excreted in the stool [56]. Therefore, even if
stray NIR light irradiated to the chest reaches normal colonic tissue, it is suggested that
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the side effects are very minimal. Thus, CEA is a promising target for the treatment of
thoracic cancer.

5. Exploring Other Targets to Detect More Specific and Effective Markers for Lung
NIR-PIT: PDPN, MSLN, GPR87, and DLL3
5.1. PDPN

Podoplanin (PDPN) is a type I transmembrane glycoprotein expressed in lymphatic
endothelial cells, type I alveolar epithelial cells, and glomerular podocytes. Antibodies
against PDPN (D2-40) have long been used as specific pathological diagnostic markers to
confirm the presence of MPM [60,61]. PDPN has been reported to be expressed in various
tumors, including MPMs [62,63]. NIR-PIT, which targets PDPN with NZ-1 antibody, is a
promising target against MPM and exhibits tumor-suppressive effects in both xenograft
and orthotopic MPM models [64]. It has also been shown to be effective in an orthotopic
mouse model of pleural disseminated lung cancer [65].

5.2. MSLN

Mesothelin (MSLN) is a cell surface glycoprotein and a tumor differentiation marker ex-
pressed in multiple tumors, including lung cancer and MPM [66]. The association between
MSLN overexpression and poor survival in MPM has not been consistently reported [67,68].
However, in MPM, MSLN is known to be associated with epithelial–mesenchymal tran-
sition (EMT) and binding to mucin 16 (MUC16/CA125), which is associated with cancer
progression and aggressiveness [69,70]. MSLN is highly expressed in tumors, while its
expression in normal cells is limited, making it a promising biomarker and therapeutic
target [71,72]. NIR-PIT targeting MSLN was effective in a mouse xenograft model [73].
Thus, NIR-PIT targeting MSLN holds good potential for the treatment of tumors express-
ing mesothelin.

5.3. GPR87

GPR87 is a G-protein receptor that is highly expressed specifically in both lung cancer
and MPM and is rarely expressed in normal cells [74,75]. GPR87 is a poor prognostic
factor [75–77]. NIR-PIT targeting GPR87 produced a therapeutic effect in a mouse model
with transplanted cell lines of lung adenocarcinoma, SCLC, and MPM [78]. GPR87 may be
an ideal target for treating thoracic tumors.

5.4. DLL3

Delta-like protein 3 (DLL3) is a ligand for the Notch receptor and a promising ther-
apeutic target molecule for small cell lung cancer (SCLC) and other neuroendocrine tu-
mors [79,80]. Its expression is rarely observed in normal tissues. Rovalpituzumab, a
DLL3-targeted antibody drug, has already been used in human clinical trials [81]. NIR-PIT
targeting DLL3 with rovalpituzumab in an SCLC xenograft model has shown significant
anti-tumor effects, suggesting that DLL3 is a promising target [82].

5.5. CD26

CD26 is a type II transmembrane protein that recognizes chemokines with the penul-
timate proline or alanine and cleaves the NH2-terminal dipeptide [83,84]. Immunohisto-
chemical analysis has shown that CD26 is highly expressed in MPM cells, indicating its
pro-carcinogenic function and relevance as a prognostic marker [85]. Promising results
have also been obtained with antibody therapy targeting CD26 in phase I clinical trials [86].
It is expected that NIR-PIT will be indicated for MPM.

5.6. CDH3

CDH3 is a calcium-dependent adhesion molecule and a member of the cadherin
superfamily [87]. It is overexpressed in advanced lung adenocarcinoma and has been
reported to be associated with poor prognosis and EGFR-TKI resistance [88,89].
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5.7. TROP2

Trophoblast surface antigen 2 (Trop2) is a widely expressed transmembrane glyco-
protein and a member of the epithelial cell adhesion molecule (EpCAM) family [90]. It is
highly expressed in a variety of epithelial tumors, including NSCLC, and has been reported
to be associated with prognosis and as a potential new therapeutic target [91,92].

5.8. XAGE1

XAGE1 is a member of the cancer/testis (CT) antigen family expressed in a variety
of cancers including NSCLC and in testicular germ cells [93]. CT antigens are widely
expressed in cancers but rarely in normal cells and are highly immunogenic, making them
promising targets for immunotherapies such as cancer vaccines and NIR PIT [94–96].

6. Immunogenic Targets to Detect More Specific and Effective Markers for Lung
NIR-PIT: CD25, PD-L1, CTLA4

Although the tumor microenvironment(TME) is rich in T cells and natural killer (NK)
cells that can recognize cancer cells, the presence of immunosuppressive cells such as
regulatory T cells (Tregs) in the vicinity acts as a mechanism to evade their cytotoxic func-
tion [97]. Immune checkpoint (ICP) molecules are also known to inhibit anti-tumor immune
reactions. The regulation of immunosuppressive cells or ICP in the tumor microenviron-
ment is an important step for enhancing anticancer immune responses. Spatiotemporal
decrease in Tregs or modulating ICP could augment anti-tumor immune reactions and
inhibit tumor growth. Therefore, immunosuppressed cells within the TME are a promising
target for NIR-PIT cancer therapy.

6.1. CD25

CD25 is the undisputed IL-2 receptor mainly expressed on activated Tregs but not on
naive T cells, and NIR-PIT targeting this receptor has been developed to manipulate the
cellular environment of the tumor microenvironment [98].

Tregs are highly immunosuppressive, and a higher proportion of Tregs in tumor-
infiltrating lymphocytes (TILs) is associated with a poorer prognosis; in HNSCC, the degree
of Treg infiltration in the TME correlated with prognosis [99,100]. Systemic administration
of simple anti-CD25-IgG has been reported to deplete peripheral Tregs [98] and may also
induce autoimmune adverse events such as cytokine storms. However, NIR-PIT can
selectively reduce only Tregs in the TME without removing local effector T cells or Tregs
present in other organs by precise irradiation.

NIR-PIT targeting CD25 caused necrotic cell death in CD25-expressing helper T cell
lines in vitro and had no effect on cancer cells. However, in an in vivo syngeneic mouse
model, it induced regression of the treated tumors with rapid activation of CD8+ T cells and
NK cells infiltrating the tumors and activation of antigen-presenting cells. CD25-targeted
NIR-PIT selectively depleted Tregs from TME, resulting in activation of effector cells and
upregulation of anti-tumor immunity. Furthermore, CD8+ T cell and NK cell activation
and antitumor effects were also observed in non-irradiated, distant, non-treated tumors
(abscopal effect) [97]. Local CD25-targeted NIR-PIT may be a safer alternative to systemic
Treg depletion because it depletes Tregs only at the tumor site where the NIR light is
irradiated. The effect of Treg depletion by NIR-PIT lasted for 3–4 days, followed by gradual
repopulation of Tregs, reaching the pre-treatment number of Tregs approximately 6 days
after treatment [97]. If the tumor recurs, NIR-PIT can be repeated, and repeated depletion of
Treg cells by CD25-targeted NIR-PIT can prolong tumor control and survival. Combination
NIR-PIT dramatically improved the CR rate in a syngeneic mouse model [101].

6.2. PD-L1

Programmed death ligand 1 (PD-L1) is an immune checkpoint that binds to PD-1
(CD279) on T cells to reduce immune response cytokines and induce immune tolerance in
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tumor cells [102,103]. It is overexpressed in many cancer cells, including lung cancer, and
is associated with poor prognosis by inhibiting T-cell immune responses [104].

NIR-PIT against PD-L1 is effective even when tumor PD-L1 expression is low and
is suitable for tumors in a variety of patients, regardless of the type or organ. It is also
therapeutically effective against tumors in remote areas that are not directly irradiated, even
though NIR-PIT causes minimal side effects in areas that are not irradiated. In addition, in
the inflammation of tumor cells caused by photocytotoxicity, cytokines such as INF-γ can
promote the expression of PD-L1 and activate PD-L1 in treated tumor cells. Therefore, NIR-
PIT targeting PD-L1 provides additional benefits from repeated PD-L1-targeted therapy.

NIR-PIT with antibodies against PD-L1 significantly inhibited tumor growth and
prolonged survival in xenograft models by activating CD8+ T cells and NK cells in the
tumor microenvironment by promoting PD-L1 positive cell rupture and inhibiting tumor
immunosuppressive pathways [105,106].

6.3. CTLA4

Cytotoxic T-lymphocyte antigen-4 (CTLA4) is an immune checkpoint protein ex-
pressed on regulatory T (Treg) cells and activated T cells that downregulate T cell ac-
tivation and suppress anti-tumor immune responses in response to T cell receptor en-
gagement [107–109]. Local depletion of CTLA4 expressing cells by NIR-PIT promotes the
activation and infiltration of CD8+ T cells in the tumor microenvironment and prolonged
survival in vivo [110] with observation of CD8+ T cell activation and infiltration. Addi-
tionally, the same as CD25, combination NIR-PIT dramatically improves the CR rate in
syngeneic mouse models [111].

7. NIR Light Irradiating Devices

NIR light significantly attenuates through deep and hard tissues by depending on
the light penetration limit. Additionally, NIR-PIT against immunogenic targets in the
normal lung tissue can cause an acute respiratory distress syndrome (ARDS)-like reaction,
although it has already been proven that the one against the target of tumor antigen, such
as HER2, does not adversely affect normal tissue. The precise irradiation and evaluation of
NIR light irradiation are required. For this reason, an optical fiber diffuser in the form of
a flexible cylindrical optical fiber was proposed [112–117]. The optical fibers are utilized
through the bronchoscope to deliver NIR-light to key areas. This bronchoscope technique
can be navigated with a 3D navigation system from CT images beforehand to guide the
fiber precisely to the tumor in the lung. With these techniques, damage to the normal
lung fields could be minimized. In addition, an implantable wireless NIR light-emitting
diode has been developed that can be implanted once and used for irradiation several
times [118]. Treatment with a single dose of high-energy NIR light can injure even normal
tissues; however, multiple doses at the recommended energy of 500 mW/cm2 (at 690 nm)
or less can produce anti-tumor effects. By combining this with an endoscope or catheter, it
is possible to deliver light locally within the body without burns or other injuries [119–122].

8. Imaging Modality

Visualization of the NIR-PIT irradiation site and monitoring of the treatment effect at
that site in real time or immediately after treatment are important to determine if accurate
treatment is being achieved and if additional treatment is needed.

Fluorescence imaging of the IR700 can confirm the distribution of antibody–photo-
absorber conjugates, and the NIR laser light irradiation causes the IR700 to photobleach;
thus, reducing fluorescence during treatment. In the preclinical setting, the fluorescence
wavelength of the IR700 (720 nm) could be measured, but a new, dedicated measurement
device would have to be installed to handle it in the clinical setting. In addition, preclinically,
bioluminescence imaging using luciferase can be used to evaluate the therapeutic effect of
NIR-PIT after treatment, but clinical implementation is not possible [123].
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Taking advantage of the broad emission spectrum of IR700, a clinically approved cam-
era designed to detect indocyanine green, typically at 830 nm, was proposed for use during
NIR-PIT, the distribution of previous IR700, and the progression of photochemical reactions
can be monitored in real time and would allow optimization of NIR light irradiation during
NIR-PIT [124,125]. In addition, there have been attempts to evaluate treatment efficacy by
assessing the SUPR effect with the administration of indocyanine green (ICG) particles.
Previous studies have shown that dynamic fluorescence imaging with ICG shows increased
signal intensity in tumors after NIR-PIT treatment; significantly higher ICG intensity was
demonstrated from NIR-PIT-treated tumors as early as 20 min after ICG injection [126],
indicating the possibility of using SUPR effect assessment by ICG imaging to evaluate
the acute cytotoxic effects of NIR-PIT [124,125,127]. Magnetic resonance imaging (MRI)
imaging using gadofosveset also showed gradual signal enhancement up to 30 min in
NIR-PIT-treated tumors, suggesting that it may be a useful imaging biomarker for detecting
treatment changes after NIR-PIT [128].

Tumors require excess glucose due to the Warburg effect, which dramatically in-
creases the rate of glucose uptake [129,130]. 18F-fluorodeoxyglucose positron emission
tomography (18F-FDG PET) has been used to exploit this, for example, for tumor detec-
tion [131–133]. 18FDG-PET is useful as a rapid response marker of therapeutic response, as
glucose metabolism in treated tumors was greatly reduced early after NIR-PIT [134].

9. Perspective on ADCs (Antibody–Drug Conjugates)

The mAb carriers used in ADCs, which aim to reduce the impact of toxic chemical
cancer drugs on normal tissues, always have inherent off-target toxicity. Even very small
amounts of mAb–drug conjugates reaching epitopes in normal cells are considered to be
highly toxic; therefore, lowering the therapeutic index. The application of ADCs in NIR-PIT
studies has been reported to enhance the antitumor effect of the T-DM1-IR700 conjugate and
the transport of NIR light-sensitive drug-releasing antibodies by the SUPR effect [135–137].
The mAb used in this conjugate was the first to reach clinical implementation, and the IR700
added to the ADC caused the SUPR effect, which is an inherent nanoparticle accumulation
enhancement phenomenon occurring after NIR-PIT, to accumulate the antibody carrier in
the tumor area, followed by NIR light-triggered release to expose the drug only to a specific
area. The fluorescence signal evaluation confirmed the accumulation of the antibody carrier
and the released anticancer drug in the tumor area, indicating an additional antitumor
effect of the anticancer drug. The active and potent agent is produced only at the irradiated
site, whereas the non-irradiated, non-targeted mAb–dye conjugate is essentially non-toxic.
Therefore, they can be used to treat cancer as a secondary effect of each other with reduced
toxicity, without compromising specificity or their respective advantages [105].
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Figure 1. Schematic representation of near-infrared photoimmunotherapy. The conjugates, consisting
of humanized monoclonal antibody and photo absorber IR700DX, can target specific cancer cell
antigens. Once NIR-light irradiates, the targeting cancer cells are ruptured.
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10. Conclusions

NIR-PIT overcomes the side effects that used to be a problem with anticancer drugs
and photodynamic therapy, and has achieved a new, ultra-specific, multidisciplinary
therapy that can approach cancer treatment directly and immunologically at the cancer
site. Not only that, it has the potential to be widely applicable to any type of cancer by
replacing antibodies.

NIR-PIT for thoracic cancer was not realistic because of the difficulty of external
irradiation due to the surrounding ribs and the concern about ARDS symptoms caused by
the ICD associated with the treatment. Recently, the development of uniform irradiation
methods and modalities that enable rapid monitoring of treatment effects has made it
possible to provide appropriate and effective treatment to localized thoracic tumors. NIR-
PIT is a very promising treatment candidate for thoracic cancer.

Author Contributions: K.M., M.Y. and K.S. performed the literature search and discussed the review.
M.S. checked and advised on the review. K.M., M.Y. and K.S. wrote the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the Program for Developing Next-generation Researchers
(Japan Science and Technology Agency), KAKEN (18K15923, 21K07217)(JSPS), CREST (JPMJCR19H2,
JST), and FOREST-Souhatsu (JPMJFR2017, JST). Funders only provided financial support and had no
role in the study design, data collection, data analysis, interpretation, and writing of the report.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PDT: photodynamic therapy; NIR-PIT, near-infrared photoimmunotherapy; MPM, malignant
pleural mesothelioma; IR700, IRDye700DX; NIR, near-infrared; ROS, reactive oxygen spicies;L-NaAA,
l-sodium ascorbate; ICD, immunogenic cell death; DAMPs, damage-associated molecular patterns;
ATP, adenosine triphosphate; CRT, calreticulin; HMGB1, high mobility group box 1; SUPR, super
permeabilization and retention; EGFR, epidermal growth factor receptor; ErbB, erythroblastosis
oncogene B; HNSCC, squamous cell carcinoma of the head and neck; CSCs, cancer stem cells; CEA,
Carcinoembryonic antigen; T-DM1, trastuzumab emtansine; PDPN, Podoplanin; EMT, epithelial–
mesenchymal transition; MUC16, mucin 16; DLL3, Delta-like protein 3; SCLC, small cell lung cancer;
Trop2, Trophoblast surface antigen 2; EpCAM, epithelial cell adhesion molecule; CT antigen, can-
cer/testis antigen; NK cells, natural killer cells; PD-L1, Programmed death ligand 1; CTLA4, Cytotoxic
T-lymphocyte antigen-4; ADCs, antibody–drug conjugates.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Bibby, A.C.; Tsim, S.; Kanellakis, N.; Ball, H.; Talbot, D.C.; Blyth, K.G.; Maskell, N.A.; Psallidas, I. Malignant Pleural Mesothelioma:
An Update on Investigation, Diagnosis and Treatment. Eur. Respir. Rev. 2016, 25, 472–486. [CrossRef] [PubMed]

3. Ash, C.; Dubec, M.; Donne, K.; Bashford, T. Effect of Wavelength and Beam Width on Penetration in Light-Tissue Interaction
Using Computational Methods. Lasers Med. Sci. 2017, 32, 1909. [CrossRef] [PubMed]

4. Ripoll, J.; Weissleder, R.; Ntziachristos, V. Would Near-Infrared Fluorescence Signals Propagate through Large Human Organs for
Clinical Studies?–Errata. Opt. Lett. 2002, 27, 1652. [CrossRef]

5. Zhang, M.; Qin, X.; Xu, W.; Wang, Y.; Song, Y.; Garg, S.; Luan, Y. Engineering of a Dual-Modal Phototherapeutic Nanoplatform for
Single NIR Laser-Triggered Tumor Therapy. J. Colloid Interface Sci. 2021, 594, 493–501. [CrossRef] [PubMed]

6. Zhou, Y.; Ren, X.; Hou, Z.; Wang, N.; Jiang, Y.; Luan, Y. Engineering a Photosensitizer Nanoplatform for Amplified Photodynamic
Immunotherapy via Tumor Microenvironment Modulation. Nanoscale Horiz. 2021, 6, 120–131. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1183/16000617.0063-2016
http://www.ncbi.nlm.nih.gov/pubmed/27903668
http://doi.org/10.1007/s10103-017-2317-4
http://www.ncbi.nlm.nih.gov/pubmed/28900751
http://doi.org/10.1364/OL.27.001652
http://doi.org/10.1016/j.jcis.2021.03.050
http://www.ncbi.nlm.nih.gov/pubmed/33774405
http://doi.org/10.1039/D0NH00480D


Biomedicines 2022, 10, 1662 11 of 16

7. Moghissi, K.; Dixon, K. Update on the Current Indications, Practice and Results of Photodynamic Therapy (PDT) in Early Central
Lung Cancer (ECLC). Photodiagnosis Photodyn. Ther. 2008, 5, 10–18. [CrossRef]

8. Balchum, O.J.; Doiron, D.R.; Huth, G.C. Photoradiation Therapy of Endobronchial Lung Cancers Employing the Photodynamic
Action of Hematoporphyrin Derivative. Lasers Surg. Med. 1984, 4, 13–30. [CrossRef]

9. Kobayashi, H.; Choyke, P.L. Near-Infrared Photoimmunotherapy of Cancer. Acc. Chem. Res. 2019, 52, 2332–2339. [CrossRef]
10. Sato, K.; Ando, K.; Okuyama, S.; Moriguchi, S.; Ogura, T.; Totoki, S.; Hanaoka, H.; Nagaya, T.; Kokawa, R.; Takakura, H.; et al.

Photoinduced Ligand Release from a Silicon Phthalocyanine Dye Conjugated with Monoclonal Antibodies: A Mechanism of
Cancer Cell Cytotoxicity after Near-Infrared Photoimmunotherapy. ACS Cent. Sci. 2018, 4, acscentsci.8b00565. [CrossRef]

11. Kato, T.; Okada, R.; Goto, Y.; Furusawa, A.; Inagaki, F.; Wakiyama, H.; Furumoto, H.; Daar, D.; Turkbey, B.; Choyke, P.L.;
et al. Electron Donors Rather Than Reactive Oxygen Species Needed for Therapeutic Photochemical Reaction of Near-Infrared
Photoimmunotherapy. ACS Pharmacol. Transl. Sci. 2021, 4, 1689–1701. [CrossRef] [PubMed]

12. Ogawa, M.; Tomita, Y.; Nakamura, Y.; Lee, M.-J.; Lee, S.; Tomita, S.; Nagaya, T.; Sato, K.; Yamauchi, T.; Iwai, H.; et al. Immunogenic
Cancer Cell Death Selectively Induced by near Infrared Photoimmunotherapy Initiates Host Tumor Immunity. Oncotarget 2017, 8,
10425–10436. [CrossRef] [PubMed]

13. Buytaert, E.; Dewaele, M.; Agostinis, P. Molecular Effectors of Multiple Cell Death Pathways Initiated by Photodynamic Therapy.
Biochim. Biophys. Acta Rev. Cancer 2007, 1776, 86–107. [CrossRef] [PubMed]

14. Vanpouille-Box, C.; Alard, A.; Aryankalayil, M.J.; Sarfraz, Y.; Diamond, J.M.; Schneider, R.J.; Inghirami, G.; Coleman, C.N.;
Formenti, S.C.; Demaria, S. DNA Exonuclease Trex1 Regulates Radiotherapy-Induced Tumour Immunogenicity. Nat. Commun.
2017, 8, 15618. [CrossRef]

15. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic Cell Death in Cancer Therapy. Annu. Rev. Immunol. 2013, 31, 51–72.
[CrossRef]

16. Minchinton, A.I.; Tannock, I.F.; AI, M.; IF, T. Drug Penetration in Solid Tumours. Nat. Rev. Cancer 2006, 6, 583–592. [CrossRef]
17. Hambley, T.W. Is Anticancer Drug Development Heading in the Right Direction? Cancer Res. 2009, 69, 1259–1262. [CrossRef]
18. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an Emerging Platform for Cancer Therapy.

Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef]
19. Maeda, H. Tumor-Selective Delivery of Macromolecular Drugs via the EPR Effect: Background and Future Prospects. Bioconjug.

Chem. 2010, 21, 797–802. [CrossRef]
20. Maeda, H.; Matsumura, Y. EPR Effect Based Drug Design and Clinical Outlook for Enhanced Cancer Chemotherapy. Adv. Drug

Deliv. Rev. 2011, 63, 129–130. [CrossRef]
21. Forssen, E.A.; Coulter, D.M.; Proffitt, R.T. Selective in Vivo Localization of Daunorubicin Small Unilamellar Vesicles in Solid

Tumors. Cancer Res. 1992, 52, 3255–3261. [PubMed]
22. Presant, C.A.; Scolaro, M.; Kennedy, P.; Blayney, D.W.; Flanagan, B.; Lisak, J.; Presant, J. Liposomal Daunorubicin Treatment of

HIV-Associated Kaposi’s Sarcoma. Lancet 1993, 341, 1242–1243. [CrossRef]
23. Sano, K.; Nakajima, T.; Choyke, P.L.; Kobayashi, H. Markedly Enhanced Permeability and Retention Effects Induced by Photo-

Immunotherapy of Tumors. ACS Nano 2012, 7, 717–724. [CrossRef] [PubMed]
24. Kobayashi, H.; Choyke, P.L. Super Enhanced Permeability and Retention (SUPR) Effects in Tumors Following near Infrared

Photoimmunotherapy. Nanoscale 2016, 8, 12504–12509. [CrossRef]
25. Roskoski, R. The ErbB/HER Family of Protein-Tyrosine Kinases and Cancer. Pharmacol. Res. 2014, 79, 34–74. [CrossRef]
26. Nicholson, R.; Gee, J.M.; Harper, M. EGFR and Cancer Prognosis. Eur. J. Cancer 2001, 37, 9–15. [CrossRef]
27. Nagaya, T.; Okuyama, S.; Ogata, F.; Maruoka, Y.; Knapp, D.W.; Karagiannis, S.N.; Fazekas-Singer, J.; Choyke, P.L.; LeBlanc, A.K.;

Jensen-Jarolim, E.; et al. Near Infrared Photoimmunotherapy Targeting Bladder Cancer with a Canine Anti-Epidermal Growth
Factor Receptor (EGFR) Antibody. Oncotarget 2018, 9, 19026–19038. [CrossRef]

28. Nagaya, T.; Sato, K.; Harada, T.; Nakamura, Y.; Choyke, P.L.; Kobayashi, H. Near Infrared Photoimmunotherapy Targeting EGFR
Positive Triple Negative Breast Cancer: Optimizing the Conjugate-Light Regimen. PLoS ONE 2015, 10, e0136829. [CrossRef]

29. Siddiqui, M.R.; Railkar, R.; Sanford, T.; Crooks, D.R.; Eckhaus, M.A.; Haines, D.; Choyke, P.L.; Kobayashi, H.; Agarwal, P.K.
Targeting Epidermal Growth Factor Receptor (EGFR) and Human Epidermal Growth Factor Receptor 2 (HER2) Expressing
Bladder Cancer Using Combination Photoimmunotherapy (PIT). Sci. Rep. 2019, 9, 2084. [CrossRef]

30. Mitsunaga, M.; Ogawa, M.; Kosaka, N.; Rosenblum, L.T.; Choyke, P.L.; Kobayashi, H. Cancer Cell-Selective in Vivo near Infrared
Photoimmunotherapy Targeting Specific Membrane Molecules. Nat. Med. 2011, 17, 1685–1691. [CrossRef]

31. Nakajima, T.; Sato, K.; Hanaoka, H.; Watanabe, R.; Harada, T.; Choyke, P.L.; Kobayashi, H. The Effects of Conjugate and Light
Dose on Photo-Immunotherapy Induced Cytotoxicity. BMC Cancer 2014, 14, 389. [CrossRef] [PubMed]

32. Sato, K.; Nakajima, T.; Choyke, P.L.; Kobayashi, H. Selective Cell Elimination in Vitro and in Vivo from Tissues and Tumors Using
Antibodies Conjugated with a near Infrared Phthalocyanine. RSC Adv. 2015, 5, 25105–25114. [CrossRef] [PubMed]

33. Sato, K.; Watanabe, R.; Hanaoka, H.; Harada, T.; Nakajima, T.; Kim, I.; Paik, C.H.; Choyke, P.L.; Kobayashi, H. Photoimmunother-
apy: Comparative Effectiveness of Two Monoclonal Antibodies Targeting the Epidermal Growth Factor Receptor. Mol. Oncol.
2014, 8, 620–632. [CrossRef] [PubMed]
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