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Abstract 
Photoimmunotherapy (PIT) involves the targeted delivery of a photosensitizer through antibody conjugation, which, upon binding 
to its cellular target and activation by external irradiation, induces localized toxicity. This approach addresses several limitations of 
conventional cancer therapies, such as chemo- and radiotherapies, which result in off-target effects that significantly reduce patient 
quality of life. Furthermore, PIT improves on the challenges encountered with photodynamic therapy (PDT), such as nonspecific 
localization of the photosensitizer, which often results in unintended toxicities. Although PIT was first proposed in the early 1980s, its 
clinical applications have been constrained by limitations in antibody engineering, conjugation chemistries, and optical technologies. 
However, recent advances in antibody–drug conjugate (ADC) research and the emergence of sophisticated laser technologies have 
greatly benefited the broader applicability of PIT. Notably, the first near-infrared photoimmunotherapy (NIR-PIT) treatment for head 
and neck cancer has been approved in Japan and is currently in phase III clinical trials in the USA. A significant advantage of PIT over 
traditional ADCs in cancer management is the agnostic nature of PDT, making it more adaptable to different tumor types. Specifically, 
PIT can act on cancer stem cells and cancer cells displaying treatment resistance and aggressive phenotypes—a capability beyond 
the scope of ADCs alone. This review provides an overview of the mechanism of action of NIR-PIT, highlighting its adaptability and 
application in cancer therapeutics, and concludes by exploring the potential of PIT in advancing cancer treatments. 

Statement of Significance: 
Photoimmunotherapy (PIT) is a tumor-targeted therapy with minimal off-target effects. Recent advances in technology have 
expanded PIT’s clinical applications, including its approval in Japan for head and neck cancer treatment. This review discusses the 
application of PIT in cancer therapeutics and its potential in advancing cancer treatments. 

Keywords: photoimmunotherapy; photoimmunoconjugates; photodynamic therapy; antibody–photosensitizer conjugates; cancer 
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Introduction 
The most common cancer treatment options today are chemother-
apy, radiation therapy, and surgical resection [1]. However, despite 
the advancements made in improving these treatment options, 
cancer remains a massive burden on public health due to 
the highly adaptable nature of cancer cells, the emergence of 
treatment-resistant phenotypes, and adverse events associated 
with most treatments. There has therefore been a concerted effort 
to increase the efficacy of cancer killing, while simultaneously 
decreasing the nonspecific deleterious effects of these therapies. 

A therapy that has found increasing application in cancer 
treatment is photodynamic therapy (PDT) [2, 3]. PDT is a light-
based treatment that utilizes a nontoxic photosensitizer (PS), 
which, upon irradiation, induces cytotoxicity and modulates 
the tumor microenvironment [4, 5]. Unlike radiation therapy, 
PDT utilizes nontoxic wavelengths of light [usually infrared 
(IR) and near-infrared (NIR)]. Furthermore, PDT achieves greater 

specificity than radiation therapies due to preferential PS local-
ization as a result of the enhanced permeability and retention 
effect, as well as confined irradiation to the region of interest. 
PDT has several advantages over standard therapies; radiation 
therapy, for example, often leads to radiation-induced fibrosis 
[6]. In contrast, PDT causes less damage to exposed tissues, as 
is observed with oral cancer, where PDT results in complete 
treatment and recovery of the oral mucosa without scarring [7]. 
This may be primarily attributed to the unique mechanism of PDT 
action and the secondary effects induced by PDT, as discussed 
later in this review. However, clinical studies with PDT have 
reported off-target effects that have restricted its utility in cancer 
treatment. For example, early ovarian cancer clinical studies with 
photofrin as the PS have reported cutaneous phototoxicity and 
bowel perforation [8–10]. Additionally, clinical studies using the PS 
meta-tetra(hydroxyphenyl)chlorin for the treatment of pancreatic 
cancers have reported gastrointestinal bleeding for tumors

https://orcid.org/0000-0002-3337-2076

 -677 18491 a -677 18491
a
 
mailto:msaad1@mgh.harvard.edu
mailto:msaad1@mgh.harvard.edu
mailto:msaad1@mgh.harvard.edu
mailto:msaad1@mgh.harvard.edu


Near-infrared photoimmunotherapy for cancer research | 69

Figure 1. Tumor-targeted PIT: photosensitizer delivery through photoimmunoconjugates (PICs) results in tumor-specific accumulation. PICs can be 
engineered to target specific cell types in the tumor microenvironment for cancer therapeutics. So far, PICs targeted to tumor cells, cancer stem cells, 
cancer-associated fibroblasts (CAFs), regulatory T cells (Treg), and myeloid-derived suppressor cells (MDSCs) have been reported. 

involving the gastroduodenal artery and duodenal obstruction 
in some patients [ 11]. Furthermore, while the radiation and doses 
used in PDT are generally nontoxic, the toxicities are usually 
associated with nonspecific PS accumulation and light spillage to 
the surrounding tissues during PDT. 

The desire for more specific treatment options has led to the 
development of targeted therapies by targeting cells via spe-
cific markers overexpressed on their surface [12]. This can be 
achieved through antibodies, nanobodies [13], small molecules 
[14], polymers, and other targeting moieties [15]. When these 
targeting agents bind cancer cells, they can block biological sig-
naling processes, alter cellular physiology, or hinder angiogen-
esis to decrease cancer proliferation [16]. Targeted therapeutics 
are developed by conjugating a cytotoxic drug to a targeting 
moiety to form antibody–drug conjugates (ADCs) [16]. Clinically, 
when conjugated with the targeting moiety, chemotherapeutic 
agents demonstrate improved efficacy and tolerability [17]. In 
total, 15 ADCs have been Food and Drug Administration (FDA) 
approved, and >100 are currently involved in different phases 
of clinical trials [18, 19]. Other targeted drug conjugates utilizing 
polymers (e.g. Poly [Lactic-co-Glycolic] Acid, etc.), liposomes, and 
nanobodies have also shown promising results in several pre-
clinical studies [20–22]. In the context of PDT, PS-based targeted 
conjugates, which will be referred to as photoimmunoconjugates 
(PICs) for the remainder of this review, have been developed 
and utilized for photoimmunotherapy (PIT) as early as the early 
1980s [23] (Fig. 1). An appealing aspect is the additional degree of 
selectivity conferred by the light dependency of PIC activation, 
which minimizes offsite toxicities significantly [24, 25]. PIT can 
be defined as a treatment that combines photodynamic therapy 
with immunotherapy to selectively target and kill diseased tis-
sues through photodynamic activation of the PS via irradiation 
at a specific wavelength of light. In addition, the induction of 
immunogenic cell death and the ability to induce robust systemic 
antitumor immune responses has proven effective at managing 
both local and metastatic disease [26]. Lastly, there are emerging 
data on the effect of PIT on the tumor microenvironment that 
suggest that increased vascular permeabilization and stromal 
modulation can enhance the delivery of therapeutics and pro-
mote self-delivery to the target site, which could further improve 
the effectiveness of combination treatments [27, 28]. 

This review will focus on the use of PIT for cancer treat-
ment. While advancements in light sources and light delivery 
technologies have greatly benefited, the field limitations in the 
penetration of light have been mostly countered by the use of 
PSs absorbing in the NIR region. Specifically in this review, we 
will focus on near-infrared (NIR) PIT due to the greater pene-
tration depths afforded by light of that wavelength range and 
its increasing clinical use. With the recent clinical approval of 
PIT for head and neck cancers in Japan, and the ongoing clin-
ical studies exploring the potential of PIT in combination with 
immune checkpoint inhibition (NCT04305795), there has been a 
renewed interest in this field. This review describes the synthesis 
and design strategies for PICs and the mechanism of action of PIT 
in treating tumor cells and other important cell types in the tumor 
microenvironment. We also discuss the synergistic potential of 
PIT with pre-existing cancer treatments to form clinically relevant 
combination therapies. We conclude by sharing perspectives on 
ongoing research and future directions in the field, as well as mak-
ing a case for the development of PIT for the treatment of solid 
tumors. 

Photochemistry and photobiology of 
photoimmunotherapy 
Upon irradiation with an appropriate wavelength of light, mostly 
corresponding to the Q-band in the absorption spectrum of the 
PS, the PS undergoes a photophysical reaction [29], resulting in 
an intermediate partially stable excited triplet state. Energy or 
electron transfer from the PS in the excited triplet state to nearby 
biomolecules results in the formation of reactive molecular 
species (ROS) including singlet state oxygen, peroxides, and 
hydroxyl radicals [4, 29]. In the regions where these short-lived 
ROS are created, there is significant phospholipid peroxidation 
of membranous lipids and structural protein damage which 
leads to cell death through various pathways including apoptosis, 
necrosis, autophagy, and paraptosis (Fig. 2A) [30–33]. This differs 
from radiation therapy, where cell death is induced by DNA 
damage [29, 34]. However, achieving PS buildup specifically at 
the tumor site can be a challenge [35], and off-target toxicity 
is frequently observed in surrounding tissues. To improve the 
specificity of PDT, various methods have been explored ranging
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Figure 2. Comparing the two major mechanisms of action proposed for PIT. (A) When a photoimmunoconjugate (PIC) binds to its cognate receptor, it 
gets internalized through receptor-mediated endocytosis. The internalized PIC is degraded over time releasing the photosensitizer which translocates 
to other subcellular organelles. Irradiation at this time point leads to ROS generation and damage of subcellular organelles resulting in cytotoxicity. 
This mechanism is proposed for most PSs and IR700 conjugated peptides, and antibodies localized in the lysosomes. (B) Antibody–IR700 conjugates 
function through a distinct mechanism which involves (1) binding to their cognate receptors, (3) irradiation of IR700 using 690-nm light leading to the 
release of hydrophilic side chains of IR700 thereby increasing the hydrophobicity of the rest of the molecule, (3) aggregation of the APC–antigen 
complex damaging the cell membrane and resulting in water influx followed by cellular rupture. 

from the conjugation of PS to antibodies or the encapsulation 
of PS in targeted polymeric nanoparticles [ 36, 37]. While the 
general mechanism of PDT action remains the same for most 
of these PS formulations, PDT using the PS, IR700, conjugated 
antibodies has been established to work through an entirely 
different mechanism [38]. Commonly referred to as the antibody– 
photoabsorber conjugate (APC), antibody–IR700 conjugates bind 
to their cognate receptors that are overexpressed on the target 
cell surface [39]. Following selective binding, irradiation of IR700 
using 690-nm light releases the hydrophilic side chains of IR700, 
increasing the hydrophobicity of the rest of the molecule [38]. This 
enhanced hydrophobicity alters the aggregation and solubility of 
the APC–antigen complex thereby damaging the cell membrane, 
which induces water influx and ultimately ruptures the cell 
(Fig. 2B) [38, 40]. Cytotoxicity by ROS generation has also been 
reported for antibody–IR700 and peptide–IR700 conjugates that 
have localized in the lysosomes at the time of irradiation [41]. In 
addition to the damage to target cells, NIR-PIT has been reported 
to enhance the permeability of tumor tissues, which improves 
drug distribution and efficacy. This has been attributed to the 

super-enhanced permeability and retention (SUPR) effect, brought 
about by the cell death of perivascular cancer cells creating 
space between the remaining tumor region and the vessels; 
this leads to vessel enlargement, increased blood volume, as 
well as decreased blood velocity and vascular resistance [42]. 
Similar effects of enhanced tumor permeability have also been 
associated with conventional PDT where several studies have 
demonstrated increased drug uptake and distribution after PDT 
treatment, primarily due to alterations in the tumor vasculature 
and extracellular matrix [43–45]. 

Additionally, PIT-mediated cell death has been shown to pro-
duce damage-associated molecular patterns, which can stimu-
late pattern-recognition receptors in antigen-presenting cells and 
immune cells thereby eliciting an immune response [46, 47]. A 
unique attribute of PDT over other therapeutics is the effect of 
low PDT doses (a product of PS concentration and light dose), 
which results from variations in PS distribution and heterogene-
ity in photon distribution in a solid tumor [48]. Low-dose PDT, 
also referred to as photodynamic priming (PDP) [28], does not 
induce cytotoxicity, but results in transcriptomic, proteomic, and
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Figure 3. PIC design strategies: (A) PICs with stochastically conjugated PSs, (B and C) PICs with indirect conjugation through a positively and negatively 
charged polymer. (D) Direct conjugation of PSs to specific sites on the antibody and (E) conjugation of PICs to nanoformulations. 

metabolic modulation [ 49] which can sensitize target cells to 
subsequent therapies [50]. 

Design strategies for photoimmunoconjugates 
While PICs provide much-needed specificity in PDT applications, 
they are less efficient in delivering PSs to the target cells and 
therefore require higher light doses to achieve similar therapeutic 
outcomes [51]. To circumvent this issue, several strategies have 
been evaluated to enhance response to PIT either by improving 
cellular uptake of PICs or increasing loading ratios (i.e. the num-
ber of PS molecules per antibody). Some of these strategies are 
described below (Fig. 3). 

Indirect conjugation to enhance cellular uptake 
of PS 
Currently, most PS conjugation strategies employ direct attach-
ment of the PS to the antibody; however, several indirect conjuga-
tion strategies have been explored as well. These include attach-
ing the PS to charged polymers such as polyglutamic acid [52, 
53], poly-lysine [54, 55], or HPMA (N-(2-hydroxypropyl) methacry-
lamide) [56, 57] for initial PS loading followed by conjugation of 
the PS–polymer conjugate to monoclonal antibodies. The major 
advantage of these techniques has been achieving a high PS-
to-antibody ratio while preserving antibody specificity. However, 
issues related to reproducibility and purifying the PICs have lim-
ited their use. In addition, studies utilizing the well-established 
biotin–avidin chemistry for PS–monoclonal antibody conjugation 
[58], SNAP-Tag Conjugation strategies [59], and several others [60] 
have been performed; while there have been certain advantages 
associated with these conjugation strategies, the complexity of 
the associated reactions has so far limited their clinical transla-
tion [60]. 

Site-specific conjugation for enhancing 
therapeutic efficiency 
Nonspecific conjugation by well-established carbodiimide 
crosslinker chemistry is frequently used for developing PICs 
[60]. These methods have certain limitations, including vari-
ability in labeling locations leading to differences in target 
specificity. To circumvent this, several strategies for site-specific 
labeling have been proposed [60], and several ADCs with site-
specific conjugation have been approved for clinical use [61]. 

Site-specific chemistries provide the much-needed homogeneity 
and consistency in PIC preparations that may be important for 
clinical adaptation. For example, copper-free strain promoted 
alkyne-azide cycloaddition chemistry was utilized for site-specific 
conjugation of more than four porphyrin molecules per antibody 
[62]. The phototoxicity achieved using this PIC was significant, 
even though broad-spectrum light at a low dose of 20 J/cm2 was 
utilized [62]. In a recent study, Sidiki et al. proposed site-specific 
conjugation of fluorophores on cetuximab [an anti-epithelial 
growth factor receptor (EGFR) antibody] which showed a 2.3-fold 
increase in targeted EGFR binding as compared to nonspecific 
labeling methods [63]. However, the utility of this chemistry for 
PIC synthesis and its subsequent phototoxicity must be explored 
further. 

Optimizing PS loading ratio imparts new features 
Despite advances in the field of ADCs, there is no ideal drug-to-
antibody ratio or PS–antibody loading ratio that has been estab-
lished. However, it has been reported that increasing the load-
ing ratio may alter antibody specificity, induce aggregation, and 
change pharmacokinetics, whereas decreasing the loading ratio 
can reduce treatment efficacy. Pharmacokinetics in general is 
dictated by the larger molecule in the ADC, which in most cases 
is the antibody, but increasing the loading ratio can also be 
impactful. Savellano et al. reported a decrease in the specificity 
of the cetuximab–BPD conjugate with an increase in payload 
beyond 10 benzoporphyrin derivative (BPD) molecules per cetux-
imab molecule [64]. At a payload of 7 BPD per cetuximab, the 
conjugate was not only able to retain specificity and enhance 
BPD uptake in the cells as compared to lower loading ratios [64, 
65], but also demonstrated self-quenching of PS fluorescence. 
Dequenching of PS fluorescence was observed upon cellular inter-
nalization and lysosomal cleavage of the PIC, thereby imparting it 
with tumor-activatable features. Tumor-targeted activatable PIT 
was thereafter exploited for imaging and image-guided therapy of 
preclinical micrometastatic ovarian tumor tissues [24]. A similar 
PS–antibody conjugate composed of cetuximab and IR800 was 
reported by Nguyen et al. [66] This study demonstrated that 
increasing the PS loading ratio to 10:1 from the clinically uti-
lized ratio of 2:1 can impart tumor-activatable properties due 
to quenching-dequenching and enhanced PS delivery to the cell 
[66]. While there is no conventionally established loading ratio,
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there are advantages to increasing loading, provided the antibody 
specificity is not altered. 

Charged PICs for enhancing PS uptake 
The specificity and cellular internalization of PICs can be altered 
by conjugating charged moieties to the antibodies, making them 
either cationic or anionic [67]. The use of poly-l-lysine as a linker 
to conjugate PSs to antibodies increases the specificity of PICs 
by keeping the structure of the conjugate similar while allowing 
for the modification of molecular charges [55]. PICs with cationic 
and anionic charges have been shown to behave differently with 
respect to target internalization and phototoxicity. In a study by 
Hamblin et al., cationic PICs demonstrated 17-times higher in vitro 
cellular uptake of chlorin e6 as compared to anionic PICs [54]. 
Furthermore, cationic PICs had a higher tumor selectivity and 
delivered a higher PS (chlorin e6) amount per gram of tumor 
in a xenograft model of ovarian cancer [67]. In contrast, an in 
vivo study by Hamblin et al. on murine hepatic metastasis of 
colorectal cancer model showed that anionic PICs were more 
efficient (5-fold) in delivering PS to the tumor as compared to 
the cationic PICs [68]. These conflicting findings demonstrate 
the importance of administration mode where charge can play 
an important factor in influencing tissue distribution. Hamblin 
et al. followed an intravenous route for PIC administration, and 
PICs showed a higher uptake in the lungs, whereas Duska et al. 
followed an intraperitoneal administration route where the PICs 
may have had direct contact with micrometastatic tumor nodules 
and hence exhibited lower nonspecific distribution [67]. These 
studies demonstrate the importance of charge while designing 
PICs which should be optimized based on the application [69]. 

Nanotechnology for enhancing cellular uptake 
Like many other methods, a persistent challenge for PIT is the 
limited amount of PS delivered to the target cancer cells through 
PICs. A method to improve drug delivery and uptake within the 
cancer cells is the use of nanoparticles (NPs). Integrating PICs with 
biocompatible NPs creates a PIC-nanoparticle (PIC-NP), which 
combines the selectivity of PICs with the improved pharmacoki-
netic features of NPs. In addition, conjugation of PICs to NPs has 
also been demonstrated to deliver a significantly higher amount 
of PS to target cells through what is referred to as the carrier 
effect [25]. The higher PS delivery achieved through these PIC-
NPs resulted in higher phototoxicity not only in vitro but also 
with in vivo xenograft mouse models of epithelial ovarian cancer 
[25]. While nanoparticles in general have limited bioavailability 
in tumor tissues following systemic administration, the ability of 
PDT to modulate tumor permeability, including the SUPR effect 
associated with PIT, as mentioned earlier, can enhance tumor 
uptake and distribution of NPs and enhance treatment efficacy 
[42, 43, 70, 71]. 

Tumor-targeted photoimmunotherapy 
Targeting tumor cells 
Genetic and epigenetic alterations during oncogenesis can lead 
to the expression of mutated genes and the amplification and 
subsequent overexpression of cancer-associated genes. This leads 
to cancer cells exhibiting a distinct array of antigens intracellu-
larly and on their surface. These antigens are known as tumor-
associated antigens (TAAs) in normal tissue or tumor-specific 
antigens in precancerous and cancerous cells, and while their 
function is to support the rapid proliferation needs of these 
transformed cells and impart resistance to various therapies, they 

also allow cancer cells to gain selectivity for directing toxic agents 
to the target cells. Initial studies on receptor targeting were aimed 
at blocking these receptors to suppress proliferation and induce 
cell death [72]. With advancements in chemical technologies, 
cytotoxic drugs were conjugated to these antibodies to specifically 
deliver the payload to the antigen, thereby minimizing off-target 
cytotoxicity. In some cases, the targeting moiety and the thera-
peutic payload have been demonstrated to synergize and enhance 
therapeutic efficiency, as has been demonstrated in the case of 
PDT and cetuximab [73]. Several tumor cell surface receptors have 
been targeted for PIT including EGFR, human epidermal growth 
factor receptor 2 (HER2), prostate-specific membrane antigen 
(PSMA), folate receptor, and cancer antigen-125 (CA 125) among 
others [53, 74–76] as well as other intracellular targets [77]. In 
this section, we discuss studies about PIT involving some of the 
frequently targeted receptors. 

Epidermal growth factor receptor 
Growth factor receptors are frequently overexpressed in cancer, 
making them important targets in cancer treatment. The EGFR 
family of receptors is one of the most ubiquitously altered genes 
in human cancer. For example, in head-and-neck squamous cell 
carcinomas (HNSCCs), EGFR is overexpressed in ∼80%–100% of 
cases [78]. EGFR is also altered in 70%–90% of ovarian cancers 
[79] and 74% of bladder cancers [80]. Upon ligand binding to EGFR, 
different pathways controlling a host of cellular processes related 
to growth and motility are activated [81]. EGFR overexpression 
thus promotes cell growth, resistance to apoptosis, angiogenesis, 
and cell migration. Due to its ubiquitous expression in cancer, 
EGFR has been a target of many cancer drugs, and three dif-
ferent human EGFR targeting monoclonal antibodies have been 
approved for use by the FDA [82]. While EGFR-targeted ADCs 
have shown promise in preclinical and early clinical studies, they 
have encountered significant challenges, mostly related to off-
target toxicities, that have limited their clinical approval [83]. 
Since EGFR is highly expressed in HNSCC and HNSCC sites are 
easily accessible by irradiation, EGFR-targeted NIR-PIT in HNSCC 
has been the torch bearer of NIR-PIT in the clinic with a clinical 
trial (RM-1929-101) carried out in 2019 on patients with locally 
advanced and unresectable HNSCC [84]. In part 1, nine patients 
received either 160, 320, or 640 mg/m2 of RM-1929 intravenously 
over a span of 2 h, and ∼24 h post-drug administration the 
patients received one cycle of near-infrared light illumination. 
Dose-limiting toxicity did not occur at any dose, and response 
was only observed in one patient of the 640-mg/m2 dose group. 
Currently, ASP-1929—a cetuximab–IR700 conjugate and successor 
to RM-1929—is being evaluated in a global multicenter phase III 
randomized trial for locoregional recurrent HNSCC in patients 
who have failed or progressed after at least two other lines of 
therapy (NCT03769506). Pending the results of this study, ASP-
1929 has been conditionally approved in Japan in 2020 for the 
treatment of recurrent HNSCC [85]. 

For NIR-PIT, using IR700 conjugated to a single-chain vari-
able fragment antibody against EGFR, as opposed to monoclonal 
antibodies, has also shown promising results in clearing human 
melanoma cells in vitro [86]. The use of antibody fragments could 
be beneficial compared to antibodies due to efficient solid tumor 
penetration and rapid renal filtration. Furthermore, a study by Jin 
et al. compared NIR-PIT targeting two separate cancer cell mark-
ers, EGFR and CD44. Through in vivo imaging and tumor growth 
monitoring of human xenograft nude mice model, it was observed 
that EGFR-targeted NIR-PIT had an increased tumor-to-normal 
ratio and a decrease in tumor growth compared to CD44-targeted
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NIR-PIT [87], demonstrating the importance of antigen selection 
for PIT. EGFR-targeted NIR-PIT also displays efficacy in treating 
metastatic cancer. In one study, a bone metastasis model from 
a human triple-negative breast cancer cell line was established 
using the caudal artery injection method in an athymic mouse 
model [88]. Not only did NIR-PIT lead to a significant decrease in 
tumor size, but it also restored the bone cortex from the injuries 
brought about by the tumor. 

Overall, EGFR-targeted NIR-PIT is a promising and well-
tolerated therapy for the treatment of a wide variety of 
cancer types, particularly HNSCC. Pharmacological primate data 
suggest no toxic effects for doses up to 80 mg/kg (alternatively 
∼1000 mg/m2) on the nervous, cardiovascular, and respiratory 
system [85]. While this may be in contrast with the several EGFR-
targeted ADCs that have shown significant toxicity in clinical 
studies, the relative low toxicity of EGFR-targeted NIR-PIT is 
possibly due to its low dark toxicity and the ability to confine 
phototoxicity to regions that are irradiated. As the list of approved 
antihuman EGFR therapeutic antibodies is expanding with the 
aim of reducing their nonspecific toxicities, EGFR-targeted PIT 
will become more efficacious and may be expanded to other 
tumor types as well. 

Human epidermal growth factor receptor 2 
Similar to EGFR, HER2 is a receptor tyrosine kinase used as a ther-
apeutic target for NIR-PIT [74]. HER2 is aberrantly expressed in a 
wide array of cancers including breast cancer, gastric cancer, blad-
der cancer, and lung cancer [80, 89]. Human HER2 targeting NIR-
PIT studies using the monoclonal HER2 antibody trastuzumab 
have shown some degree of antitumor effect on various cancer 
types, including bladder cancer [89], gastric cancer [90], lung 
metastasis [91], and bile duct cancer [92]. Importantly, HER2-
targeted NIR-PIT was also found to be effective on chemotherapy-
resistant tumors which showed higher HER2 expression after 
acquiring cisplatin resistance [93]. 

In another experiment, a combination of NIR-PIT targeting 
EGFR (panitumumab) and HER2 (trastuzumab) was used to treat a 
human bladder cancer xenograft model [89]. An increase in NIR-
PIT efficiency in the form of reduced tumor growth was observed 
compared to the monotherapies, but toxicity was also observed; 
4 out of 11 mice died within 48 h after combination treatment 
using a light dose of 100 J/cm2. This toxicity was proposed to have 
been caused by massive tumor necrosis and tumor lysis syn-
drome leading to a systemic inflammatory response. When conju-
gated to trastuzumab, other PSs—chlorin e6 and porphyrin—have 
also shown antitumor effects with regard to growth inhibition in 
murine models bearing human xenografts of breast cancer [94] 
and gastric cancer [95]. 

Prostate-specific membrane antigen 
Besides NIR-PIT targeting HER2 and EGFR, other TAAs have also 
been targeted, such as PSMA. PSMA is a type 2 integral membrane 
glycoprotein that is a well-established marker of prostate cancer 
and is overexpressed in nearly all prostate cancer cases [96]. 
PSMA is also being recognized as a target for positron emission 
tomography (PET) (PSMA-PET) for the treatment and diagnosis of 
prostate cancer and metastasis. Using a human anti-PSMA IR700 
conjugate, NIR-PIT was performed weekly for up to 3 weeks on 
athymic nude mice injected dorsally with PC3 cells that express 
PSMA [97]. Repeated NIR-PIT resulted in a significant prolongation 
of survival and a significant reduction in tumor growth, which 
suggests that this technology would also be effective in humans. 

Targeting cancer stem cells 
A subpopulation of cells that have been suggested to be the cause 
of treatment resistance and tumor recurrence are cancer stem 
cells (CSCs). Two well-established markers of CSCs are CD44 and 
CD133, and increased levels of both CD44 and CD133 correlate 
with aggressive tumors, increased cell proliferation, and poor 
prognosis [98]. CD44 has a role in promoting matrix-derived sur-
vival signals, cell migration, and intercellular adhesion, whereas 
CD133, also known as prominin-1, is believed to play a role 
in preserving stem cell characteristics. CD133-targeted NIR-PIT 
on human glioblastoma patient xenograft–derived subcutaneous 
tumors and U251 orthotopic glioma tumors showed a significant 
reduction of tumor growth and an increase in survival [99]. Alter-
natively, CD44-targeted NIR-PIT in syngeneic mouse models of 
oral cancer, colon cancer, and lung cancer has shown significant 
increases in survival and suppression of tumor growth [90, 100, 
101]. Complete remission of the tumors was not achieved with 
CD44-NIR-PIT monotherapy. However, combination of CD44-NIR-
PIT with CD25-targeted NIR-PIT (a regulatory T-cell marker) [102], 
CTLA4-targeted NIR-PIT [103], and anti-PD-1 [101] have shown  
complete remission in some preclinical studies. Although NIR-PIT 
targeting of oncogenic cell markers is a promising approach, this 
strategy can have unintended consequences. For example, CD44 is 
also expressed on local antigen-presenting dendritic cells, which 
are important for inducing an anticancer immune response [92]. 
This is particularly problematic given that the induction of the 
immune response after NIR-PIT is dependent on dendritic cells’ 
activation of cytotoxic T cells [104]. Ultimately, because there is 
typically an overlap in antigen expression between cancer and 
noncancer cells, the systemic effects of PIT on the surrounding 
cells in the tumor microenvironment must be optimized further 
to limit adverse effects. 

Targeting cells of the tumor microenvironment 
PICS may be used to target a variety of different cell types 
within the tumor microenvironment (TME). While tumor cells 
and CSCs have historically been the primary focus for PIT, 
recent research surrounding the role of supporting cell types 
in maintaining the tumor niche and regulating responsiveness 
to treatment has expanded the application of this technology. 
Today, there are a plethora of preclinical studies, leveraging the 
targeting and therapeutic capabilities of PICs for a variety of 
cell types [105]. Most notably, as mentioned earlier, the approval 
of cetuximab saratolacan (RM-1929) containing IR700, and the 
tumor-targeting EGFR antibody, cetuximab, for the treatment of 
head and neck cancer in Japan has propelled research in this 
field [105]. While RM-1929 is still in phase III trials in the USA for 
head and neck cancer, a similar PIC targeting the CD25 receptor 
on regulatory T (Treg) cells in the TME is under consideration 
for clinical evaluation (NCT05220748)—(Table 1). This PIC, RM-
1995, consists of IR700 and the CD25-antibody to target and 
deplete intratumoral Treg cells [106]. Beyond Tregs, the most 
frequently targeted components of the TME include other cells 
that mediate immune suppression including cancer-associated 
fibroblasts (CAFs), myeloid-derived suppressor cells (MDSCs), and 
tumor-associated macrophages (TAMs). These are depicted in 
Fig. 4 and discussed in some detail below. 

T regulatory cells 
Tregs are CD25+CD4+ Foxp3+-expressing cells that exert an 
immunoevasive and immunosuppressive influence in the TME 
by inhibiting the function of local cytotoxic CD8+ T cells and
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Table 1. List of PIT clinical trials 

NCT number Study title Study status Conditions 

NCT05265013 ASP-1929 Photoimmunotherapy combined with 
pembrolizumab in patients with recurrent head and 
neck cancer, with or without metastases 

Terminated Head and neck cancer 

NCT05182866 ASP-1929 Photoimmunotherapy (PIT) study in 
patients with recurrent head/neck cancer 

Active not 
recruiting 

Head and neck cancer 
Squamous cell carcinoma of head and neck 

NCT03769506 ASP-1929 Photoimmunotherapy (PIT) study in 
recurrent head/neck cancer for patients who have 
failed at least two lines of therapy 

Recruiting Head and neck cancer 

NCT05220748 RM-1995 Photoimmunotherapy, as monotherapy or 
combined with pembrolizumab, in patients with 
advanced CuSCC and HNSCC 

Withdrawn Cutaneous squamous cell carcinoma 
Head-and-neck squamous cell carcinoma 

NCT04305795 An open-label study using ASP-1929 
photoimmunotherapy in combination with anti-PD1 
therapy in EGFR expressing advanced solid tumors 

Active not 
recruiting 

Recurrent head-and-neck squamous cell carcinoma 
Metastatic head-and-neck squamous cell carcinoma 
Locally advanced cutaneous squamous cell 
carcinoma 
Metastatic cutaneous squamous cell carcinoma 

NCT02422979 Study of RM-1929 and photoimmunotherapy in 
patients with recurrent head and neck cancer 

Completed Recurrent head and neck cancer 

Figure 4. PIT of tumor microenvironment—(A) diagrammatic representation of PIT of the tumor microenvironment. (B) Antibodies reported for PIT of 
different cells in the tumor microenvironment and the corresponding treatment outcome of PIT directed against these cell types. 
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natural killer cells, as well as dendritic cell maturation [102, 107, 
108]. Previously, Treg depletion has been achieved by intratumoral 
injection of anti-CD4 or anti-CD25 antibodies [107, 109]. However, 
the systemic administration of neutralizing antibodies can 
activate or exhaust other immune cells, so a more selective 
option is desirable [110]. NIR-PIT utilizing IR700 has largely 
dominated efforts to target Tregs with cytotoxic T-lymphocyte 
antigen 4 (CTLA4) or CD25-targeted antibodies [102, 103, 108, 
110]. CD25-targeted NIR-PIT has proven to be a promising and 
selective approach for the depletion of Tregs, as a significant 
proportion of intratumoral cytotoxic T cells and natural killer 
cells do not express CD25 [108, 110]. Two FDA-approved anti-
CD25 monoclonal antibodies, daclizumab and basiliximab, are 
commonly used for CD25 targeting [111–113]. However, there are 
concerns that CD25-targeted NIR-PIT may block the interleukin-2 
(IL-2) receptor of effector T cells which are responsible for the 
proliferation of immunostimulatory cells [110]. To address this 
obstacle, conjugated anti-CD25-F(ab′)2 fragments that lack the Fc 
region of the antibody have been evaluated; the shorter half-life 
of these formulations lowers the potential for receptor inhibition 
but maintains the targeting capabilities of the unmodified anti-
CD25 antibody [110]. Ultimately, Okada et al. demonstrated that 
the anti-CD25-F(ab′)2 fragments achieved significantly longer 
survival compared to the IgG-PIT control group, with an increase 
in median survival from <40 days with IgG-PIT to >80 days in 
a unilateral tumor and 60 days in a bilateral tumor model with 
F(ab′)2-PIT following exposure to NIR light (690 nm, 150 mW/cm2, 
50 J/cm2) using an ML7710 laser system [110]. This increase in 
survival was notably accompanied by a significant depletion of 
Tregs from ∼15% in the untreated control to <5% in the F(ab′)2-
PIT treatment group of the unilateral tumor model. Promising 
clinical studies are now being considered for clinical evaluation 
for CD25-targeted PIT in HNSCC and CSCC as a monotherapy 
and combination therapy with an immune checkpoint inhibitor 
(NCT05220748) [106]. 

Cancer-associated fibroblasts 
Other important targets of PIT are CAFs—fibroblasts that are per-
petually present in the TME. There is ongoing research regarding 
the role CAFs play in tumor progression, with many reporting 
that CAFs promote the development of Tregs, recruit MDSCs to 
the tumor site, and secrete the immunosuppressive cytokine TGF-
β; others have observed CAF subpopulations that reduce tumor 
progression through the production of type I collagen which has 
been shown to mechanically restrain tumor spread [114]. CAF 
depletion has been successfully demonstrated through the use of 
a fibroblast activation protein (FAP)–specific single-chain variable 
fragment (scFv) conjugated to a ferritin PS carrier [115, 116]. While 
FAP is significantly overexpressed in >90% of epithelial cancer and 
has been proposed as a universal cancer marker, FAP expression 
is also non-negligible in normal tissues. In many instances, this 
precludes the administration of systemic anti-FAP therapies due 
to the high probability of side effects such as cachexia, bone 
toxicity, and death [115]. The use of the nanoparticle protein cage, 
apoferritin, as a zinc hexadecafluorophthalocyanine (ZnF16Pc) 
PS carrier under 671-nm laser irradiation (0.1 W/cm2) signifi-
cantly improves specificity, reducing off-target toxicity and allow-
ing for greater penetration of solid tumors in comparison to small 
molecule drugs [115, 116]. More recent strategies take advantage 
of differential FAP expression as well, utilizing NIR-PIT to target 
CAFs or a combination of CAFs and cancer cells for maximal 
therapeutic effect in the treatment of esophageal cancers [117– 
119]. In these instances, NIR light was administrated to the cells 

with a red light-emitting diode with a power density of 15 or 
25 mW/cm2, as measured using an optical power meter [118]. 
Interestingly, dual-targeted CAF and cancer cell NIR-PIT signifi-
cantly reduced tumor volume 24 days posttreatment following 
exposure to 670–710-nm light at 100 J/cm2 [118]. In addition, a 
podoplanin-based NIR-PIT approach has been leveraged by Kato 
et al. [120]. Podoplanin (PDPN) is a transmembrane protein that is 
often expressed in cancer cells, lymphatic endothelial cells, and 
stromal cells such as CAFs. Kato et al. found that PDPN-targeted 
NIR-PIT significantly reduced tumor volume in PDPN-positive 
(MOC1) and PDPN-negative (MOC2) murine oral cancers, but only 
prolonged median survival from 20–30 days to 30–40 days in MOC1 
cancers compared to control conditions following exposure to NIR 
light (690 nm, 150 mW/cm2) at 50 J/cm2 [120]. Although preclinical 
studies have demonstrated the efficacy of targeting CAF popula-
tions, CAF-targeted PIT is still challenging due to the diversity of 
CAF populations present in the TME and the contrasting tumor-
restraining and tumor-promoting roles [121]. 

Myeloid-derived suppressor cells 
While MDSCs are less commonly targeted than Tregs or CAFs, 
MDSC depletion has also been achieved with NIR-PIT. MDSCs are 
CD11b- and Gr-1-expressing immunosuppressive cells originating 
from the myeloid lineage during hematopoiesis that exert their 
effect on the TME through inducible nitric oxide synthase and 
arginase-1 [122]. The two main subpopulations of MDSCs are 
polymorphonuclear or neutrophilic (PMN)-MDSCs and monocytic 
(M)-MDSCs [123]. PMN-MDSCs are more commonly found in circu-
lation or in the TME; this subtype primarily responds to immune 
stimuli by antigen-specific T-cell tolerance. In contrast, M-MDSCs 
less frequently infiltrate the TME and respond in both antigen-
specific and nonspecific manners. Given the significance of PMN-
MDSCs in disease progression and patient prognosis, current NIR-
PIT strategies predominantly target this cell population [124]. 
Kato et al. demonstrated the use of an anti-Ly6G monoclonal 
antibody and IR700 to target PMN-MDSCs in mice [124]. Four 
mouse models were created with mEERL-hEGFR, MOC2-luc, and 
MOC1 lines representing PMN-MDSC-rich tumors and MC-38 rep-
resenting an M-MDSC-rich tumor. Within each of the models, mice 
treated with Ly6G NIR-PIT showed a significant improvement in 
survival compared to untargeted NIR-PIT, and PMN-MDSC-rich 
models experienced greater prolonged survival compared to the 
M-MDSC-rich model. Interestingly, the Ly6G therapy was found to 
be specific to PMN-MDSCs alone, depleting PMN-MDSCs in a NIR 
light-dose-dependent manner (1, 5, 15, and 50 J) and exhibiting no 
cytotoxicity against cancer cells nor toward the M-MDSC subpop-
ulation [124]. Ultimately, while more research is required to fully 
realize the capabilities of NIR-PIT in targeting MDSCs in the TME, 
this initial study presents promising results for the use of PICs in 
highly specific treatment regimes. 

Tumor-associated macrophages 
Another target whose investigation is still in its infancy is the 
TAMs. TAMs are macrophages that infiltrate the tumor stroma; 
macrophages are one of the most abundant immune cells in 
the TME [125]. They may develop into two subtypes during 
polarization: M1 macrophages (which play a pro-inflammatory 
role and are correlated with improved responses to therapy) and 
M2 macrophages (which participate in an anti-inflammatory 
and pro-tumoral response and are associated with poor prog-
nosis). M2 TAMs have been found to overexpress CD206, a 
“pattern-recognition receptor” involved in the inhibition of the
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pro-inflammatory cytokine IL-2. However, efforts to systemi-
cally deplete M2 TAMs and enhance the antitumor immune 
response have resulted in the widespread suppression of all 
M2 macrophages, which play important regulatory roles in 
noncancerous tissue [126]. As such, PIT has been proposed as 
a directed therapy option that would limit off-target effects. 
Hayashi et al. proposed the use of mannose-conjugated chlorin 
(M-chlorin) irradiated at 13.9 J/cm2 (with an intensity of 
30.8 mW/cm2) at a wavelength of 660 nm to target TAMs present 
in gastric and colon cancer mouse models [127]. While no analysis 
of long-term survival was conducted in this study, Hayashi et al. 
determined that treatment by M-chlorin strongly suppressed 
tumor growth in vivo and significantly reduced the number of 
CD206+ cells present in the tumors, as compared to treatment 
by other PSs, such as glucose-conjugated chlorin (G-chlorin) or 
chlorin alone [127]. More recent efforts have suggested the role 
of SIGLEC10+ macrophages (a cell surface receptor of the sialic 
acid–binding immunoglobulin-like lectin family, often found on 
immune cells) in driving cancer progression and suppressing 
immune responses [128]. There have been efforts to deplete these 
TAMs through the use of photosensitizing nanocarriers targeting 
SIGLEC-10 after 5 h of incubation of sialic acid–modified zinc 
phthalocyanine derivative at a concentration of 0.5 μM at 3,  6,  
and 9 J/cm2, though more research must be conducted regarding 
the in vivo benefits of this novel formulation [129]. 

Applications of photoimmunotherapy in cancer treatment 
regimens 
Cancer cells deploy various mechanisms to resist treatments 
and evade immune surveillance that allow them to completely 
overthrow the homeostasis of the host. Some examples of this 
are downregulation of immune presenting proteins, upregula-
tion of multidrug-resistant efflux transporters, and a carefully 
crafted immunosuppressive and physically stiff tumor microen-
vironment [28]; however, this is only a fraction of the many “alter-
native survival pathways” that cancer cells have at their disposal 
[50]. As such, it is becoming increasingly clear that the most effec-
tive therapies for cancer will require combination treatments that 
target multiple non-overlapping pathways while simultaneously 
decreasing offsite toxicity [50, 130]. FOLFIRINOX, for example, is 
currently the most used treatment for unresectable pancreatic 
cancer (and in some instances colon cancer), and it is composed of 
four separate drugs that each act on different molecular pathways 
[131]. PICs, due to their specific, customizable, disruptive, and 
cytotoxic effects, have also gained popularity in combination 
treatments, particularly involving chemotherapy, immunother-
apy, and tumor resection. 

PIT + chemotherapy 
Chemotherapies are currently the gold-standard treatment for 
unresectable cancers, with >1 million people in the USA receiving 
some form of chemotherapy per year [132]. Their usefulness 
comes in their potency to attack critical components of actively 
dividing cells, which can lead to effective killing. Unfortunately, 
many cancer types have developed phenotypes that confer treat-
ment resistance to chemotherapeutic drugs. Another issue with 
chemotherapeutics is the severe systemic side effects, such as 
fatigue, anemia, and a weakened immune system. However, with 
the combination of PICs, these side effects can be significantly 
reduced while simultaneously increasing cancer cell killing. There 
are a few mechanisms proposed for this synergy between PDT 
and chemotherapy. The first, as highlighted by Huang et al., is that 
activating PSs (specifically BPD) leads to a decrease in ATP-binding 

cassette G2 (ABCG2) expression. ABCG2 is an efflux transporter 
that utilizes ATP binding and hydrolysis to pump drugs out of the 
cells, which has shown a direct correlation with chemoresistance 
in certain cancers [133]. Additionally, PDT disrupts redox home-
ostasis, which impairs metabolism and other cellular processes; 
this weakening likely makes cells more susceptible to a whole host 
of treatments, including but not limited to chemotherapy drugs 
[131]. This results in a lower concentration of chemotherapy drug 
needed, which also decreases offsite toxicity and side effects. As 
shown by Broekgaarden et al., a sublethal neoadjuvant PDT dose 
of only 10 J/cm2 decreased the IC50 for oxaliplatin in pancreatic 
cancer organoids 25-fold [131]. 

PIT, unlike PDT, has the additional benefit of targeted drug 
delivery. This efficiency varies based on the cell type and PIC 
formulation. In one formulation, Liang and colleagues created a 
PIC nanoliposome construct for simultaneous targeted delivery 
of BPD and irinotecan [130]. The targeting was done via cetux-
imab on the surface of the construct, and this resulted in a 
significant 2–6-fold increase in uptake between EGFR-positive and 
EGFR-negative cells; this, crucially, would further diminish the 
systemic toxicities of chemotherapy if this finding was consis-
tent in humans [130]. Importantly, nanoliposomal conjugation 
with irinotecan and BPD was also 20% more cytotoxic than PIT 
and irinotecan in separate doses, which shows the impact of 
specific chemotherapy delivery. Furthermore, the combination 
index (a quantity used to measure synergism between therapies) 
for this treatment combination was 0.54, which shows that PIT 
and chemotherapy are synergistic rather than additive [130]. In 
another paper by Li et al., IR700 PIT targeting MRP-1 (an ABC 
protein) combined with liposomal doxorubicin (Doxil) was tested 
on a small-cell lung cancer model [134]. PIT and Doxil, in a mixed 
2D cell culture model, displayed significantly greater cytotoxi-
city than any monotherapy, with a combination index ranging 
from 0.113 to 0.547 [134]. One reason for this synergy is the 
aforementioned SUPR effect, whereby PITs impact on vasculature, 
stroma, and membrane integrity leads to a stark increase in drug 
delivery and persistence [71]. This is further exemplified by a 9-
fold increase in Doxil accumulation in vivo in bilateral tumors 
following PIT administration [134]. 

PIT + immunotherapy 
Immunotherapy has proven to be an incredible field in cancer 
medicine, particularly in the past decade with clinical approval 
of several immune checkpoint blockade (ICB) therapies, and has 
prolonged the survival of patients with many subtypes of aggres-
sive cancer [135]. However, there are certain characteristics of 
cancer cells that inhibit ICB efficacy. Cancer cells often have 
low neoantigen load and downregulate MHC-I expression, fac-
tors essential in mounting robust antitumor immune responses, 
allowing them to escape immune surveillance [136]. Even if the 
immune system is boosted through various ICB therapies, these 
features make it difficult to mount a sustained immune response 
without antigen recognition [136]. This is likely why ICB therapy 
is only effective against a small subset of cancers. In pancre-
atic cancer, for example, ICB therapy is only effective in can-
cers presenting high microsatellite instability and thus greater 
neoantigen load; unfortunately, this only amounts to 1%–2% of 
diagnoses [137]. PIT can help improve immune surveillance by 
specifically killing the cancer cells via necrosis and apoptosis, 
which releases damage associated molecular patterns (DAMPs) 
and tumor-associated antigens (TAAs) that can be recognized by 
antigen-presenting cells [138]. This reaction in turn leads to the 
activation of CD8 and CD4 cells characterized by CD107 and IFN
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gamma expression that can recognize the tumor cells, effectively 
restoring immune surveillance capacity [138]. In short, PIT can 
make T cells more receptive to ICB therapy, which forms the basis 
for this combination treatment whose popularity is expanding 
in the current scientific landscape [136]. An ongoing phase Ib/II 
open-label study (NCT04305795) combining EGFR-targeted PIT 
(ASP1929) with anti-PD-1 therapy has shown promising prelimi-
nary results. The objective response rate in this study was 29.4% 
(5 out of 17 patients), with 3 patients showing complete response 
(17.6%). In addition, CD25-targeted PIT for HNSCC and CSCC in 
combination therapy with anti-PD1 (NCT05220748) is also being 
explored clinically. 

Several preclinical studies have been performed to evaluate 
the combination of PIT with ICB therapy. In 2019, Nagaya et al. 
showed that CD44 (a cancer stem cell marker) targeted PIT 
and anti-PD1 ICB therapy was effective against several cancer 
lines in vivo [101]. Combination of CD44-targeted PIT with PD-
1 blockade led to complete rejection in a majority of MC38 
tumors (colon cancer), and significant survival increases were 
seen in lung and oral cancer models in vivo [101]. Additionally, 
combination treatment increased the intratumoral density of 
CD8+, CD11c+MHCII+, and CD11b+ cells suggesting increased 
activation of antigen-presenting cells and cytotoxic T cells. 
Furthermore, it was demonstrated via IFN gamma secretion 
that PIT induced antigen-specific T-cell responses to the MC38 
antigens [101]. These observations appear to validate the DAMP 
and TAA generation model presented earlier, which serves to 
restore immunogenicity [101, 138]. This effect was not limited 
to the site of treatment alone but had an abscopal effect [138]. 
This resulted in 12 out of 15 mice treated with PIT and anti-
PD1 completely rejecting bilateral tumors, despite only one side 
of the mouse being treated with PIT. Despite the effectiveness 
of PIT and anti-PD1 against MC38 colon cancer cells, it did 
not cause rejection of tumors in Lewis lung carcinoma (LLC) 
or mouse oral cancer (MOC1) orthotopic models. However, in a 
follow-up study, the ICB antibody was changed from anti-PD-1 
to anti-CTLA4, which led to a decreased response against MC38 
tumors, yet complete remission in 44% of MOC1 tumors in vivo 
[100]. Whereas PD-1 is a marker that inhibits the activity and 
proliferation of T cells, CTLA4 is most strongly associated with the 
recruitment of regulatory T cells [139]. In both instances, though, 
CD44-targeted PIT enhanced the efficacy of the ICB therapy, 
suggesting regulation of pathways upstream of the function 
of these immune modulating agents [100]. In supporting the 
previous studies’ claims about the immune-stimulating effects of 
PIT, the combination of ICB and PIT has been shown to inhibit the 
catalysis of tryptophan to kynurenine, which leads to a decrease 
in regulatory T cells in colon and breast cancer models [140, 141]. 
These examples highlight another crucial benefit of combination 
therapy, namely, that the PIT targeting moiety, PS, and the ICB 
agent can be personalized to deal with the specific treatment-
resistant modalities of different cancers. 

PIT + resection 
Resection is a balancing game, where cutting too little tumor can 
lead to recurrence and cutting too much can compromise esthet-
ics and function. Additionally, many tumors form micrometas-
tases—or new cancerous niches, away from the bulk tumor— 
such that completely removing the cancer in one excision remains 
exceptionally challenging [24, 142]. To help with these issues, PSs 
have been used previously as fluorescent agents, due to their 
limited quantum yields of fluorescence, for assisting in fluores-
cence image guidance during surgery [143]. PIT can therefore be 

used to aid in tumor resection in both neoadjuvant and adjuvant 
settings [142, 144, 145]. As a neoadjuvant, PIT can be used to 
induce necrosis and shrink tumor margins, thus making tumors 
eligible for surgical resections [144]. Alternatively, as an adjuvant 
treatment, PIT in the wound bed, post-surgery, can be used to 
specifically target cancer cells and elicit immunogenic cell death, 
thus removing any additional tumor or micrometastases [24, 142]. 
This effect has even been shown in particularly sensitive envi-
ronments, such as brain tumors [145]. In a study by Moore et al., 
an EGFR targeting IR700 PIC was tested for PIT efficacy in partial 
resection mice models of SCCHN tumors [142]. For both 50% and 
90% partial tumor resection groups, PIT significantly inhibited 
tumor growth. In fact, the tumor growth was delayed more in 
the 50% partial tumor resection group in combination with PIT as 
compared to the 90% partial tumor resection group without PIT 
[142]. This displays the utility of PIT as an adjuvant treatment. 
Studies are now being conducted to evaluate the performance 
of PICs using multimodal imaging for guiding tumor resection 
surgeries followed by PIT to improve treatment outcomes in oral 
cancers [146, 147]. In addition, PICs have also been proposed 
for fluorescence molecular tomography (FMT) for noninvasive 
imaging of tumor cells. As an example, FMT on CD133-targeted 
PICs in glioblastoma was able to localize and quantify CD133+ 

glioblastoma cells in live mice [99]. The use of FMT for diagnos-
tic imaging of glioblastoma is hindered in humans due to the 
thickness of the skull, but FMT on CD133 could be applied in 
intraoperative imaging [99]. PICs are furthermore being proposed 
as a promising optical diagnostic imaging tool for other cancers, 
such as thyroid cancer [148]. 

Future perspectives and conclusions 
Photoimmunotherapy has gained widespread attention due to its 
adaptability and versatility for targeting different cancer types 
and different cells in the tumor microenvironment. Unlike ADCs, 
where the chemotherapeutic agents are typically specific to a 
particular cancer type, PIT with a single antibody (anti-EGFR, 
among others) has been demonstrated to be effective against a 
variety of cancer types. Although PIT was first introduced nearly 
40 years ago, its clinical potential is only now being realized 
with a recent clinical approval of PIT in Japan for head and 
neck cancers and several ongoing clinical trials. This progress in 
PIT can be attributed to significant advancements in irradiation 
technologies and rapid developments in the field of antibody 
engineering and conjugation chemistries. The development of 
new humanized antibodies and nanobodies with minimal toxi-
city, along with innovative conjugation techniques, has played a 
key role in overcoming challenges related to infusion reactions 
associated with chimeric antibodies such as cetuximab. 

While PDT and PIT are not yet considered first-line therapies 
for treating advanced-stage tumors, they have been demonstrated 
to be ideal for use in both adjuvant and neoadjuvant settings. 
Future strategies should focus on designing rational combination 
therapies involving PIT targeted to either different targets on 
cancer cells to address receptor heterogeneity [149] or to different 
cells within the tumor microenvironment to enhance therapeutic 
outcomes (Table 2). This approach can be particularly advanta-
geous for PIT, as it has been shown to overcome treatment resis-
tance and resensitize resistant cells to chemotherapeutic agents. 
This allows for a therapeutic response even at lower doses, making 
the treatment more tolerable while still maintaining its efficacy. 
In addition, rational combination therapies should be considered 
as an option for future exploration. For example, PIT can lead to
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the subsequent overexpression of other targets that may provide 
a survival advantage or resistance to treatment. PDT induces 
hypoxia, leading to the overexpression of vascular endothelial 
growth factor (VEGF) and its cognate receptor (VEGFR), promoting 
vascularization, survival, and metastasis [155]. PIT with a com-
bination of tumor cell and VEGFR targeting provides a potential 
alternative and should be explored further [156]. 

To conclude, PIT as a therapeutic modality holds a major 
advantage of specificity over conventional PDT and traditional 
cancer treatments. Current clinical trials exploring the efficacy 
of NIR-PIT in cutaneous and head-and-neck squamous cell carci-
noma should provide extensive clinical data supporting its safety 
and efficacy across these tumor types. As of current, there are 
several drawbacks associated with PIT. Firstly, PIT relies on the 
use of antibodies that specifically target cancer cells or other 
specific cell types in the tumor microenvironment; for some 
tumor types, suitable targeting antibodies are not well developed 
or available, limiting the application of PIT to those cancers. In 
addition, direct illumination for tumors that are accessible, such 
as those on the skin or in the head and neck region, is being 
currently explored, whereas for tumors located deep within the 
body or in less accessible areas, delivering the necessary light can 
be challenging. Additionally, the penetration of NIR light through 
tissue is no more than 5 mm, so it is not possible to completely 
irradiate large tumors [157]. The effectiveness of PIT can also 
be influenced by the tumor microenvironment, including factors 
such as hypoxia (low oxygen levels) and the presence of dense 
stromal tissue, which can further impede light penetration and 
reduce the efficacy of the therapy. 

Due to these factors, PIT is currently being explored more cau-
tiously, primarily in tumor types where there is a clear potential 
for clinical success. As the technology and understanding of PIT 
continue to evolve, it may become more feasible to apply it to a 
broader range of cancers. 
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