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Abstract

Near-infrared photoimmunotherapy (NIR-PIT) is a recently developed hybrid cancer therapy that

REVIEW

directly kills cancer cells as well as producing a therapeutic host immune response. Conventional
immunotherapies, such as immune-activating cytokine therapy, checkpoint inhibition, engineered
T cells and suppressor cell depletion, do not directly destroy cancer cells, but rely exclusively on
activating the immune system. NIR-PIT selectively destroys cancer cells, leading to immunogenic
cell death that initiates local immune reactions to released cancer antigens from dying cancer
cells. These are characterized by rapid maturation of dendritic cells and priming of multi-clonal
cancer-specific cytotoxic T cells that kill cells that escaped the initial direct effects of NIR-PIT. The
NIR-PIT can be applied to a wide variety of cancers either as monotherapy or in combination with
conventional immune therapies to further activate anti-cancer immunity. A global Phase 3 clinical

trial (https://clinicaltrials.gov/ct2/show/NCT03769506) of NIR-PIT targeting the epidermal growth
factor receptor (EGFR) in patients with recurrent head and neck cancer is underway, employing
RM1929/ASP1929, a conjugate of anti-EGFR antibody (cetuximab) plus the photo-absorber
IRDye700DX (IR700). NIR-PIT has been given fast-track recognition by regulators in the USA and
Japan. A variety of imaging methods, including direct IR700 fluorescence imaging, can be used

to monitor NIR-PIT. As experience with NIR-PIT grows, additional antibodies will be employed to
target additional antigens on other cancers or to target immune-suppressor cells to enhance host
immunity. NIR-PIT will be particularly important in patients with localized and locally advanced
cancers and may help such patients avoid side-effects associated with surgery, radiation and

chemotherapy.
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Background

The three major cancer therapies, surgery, radiation and
chemotherapy (1, 2), have dominated oncologic therapy
since the beginning of modern medicine. These cancer ther-
apies aim to eradicate cancer cells but do so at the expense
of normal cells, leading to severe and sometimes lethal side-
effects. Indeed, success with these treatment modalities is
measured by the so-called ‘therapeutic index’, which com-
pares the potential benefits to the potential risks. However, the
off-target effects of these therapies can have profound effects
on quality of life and actually reduce the helpful effects of the
host immune system (3). For example, standard surgical pro-
cedures frequently remove regional lymph nodes, which could
play a potential role of systemic host immunity against cancer,
together with tumors. Additionally, radiation and chemotherapy
sometimes preferentially kill lymphocytes much earlier than

cancer cells because of the increased radiation sensitivity and
high proliferation rate of lymphocytes (4, 5).

Ever since researchers realized the value of the immune
system in the fight against cancer, there have been various
approaches to enhancing the host immune response. Cancer
immunity typically begins with dendritic cell (DC) activation
whereby tumor antigens are recognized, processed and
presented to T cells. DCs selectively activate CD8* T cells
that can react with cancer-specific antigens, then proliferate
and differentiate into cytotoxic effector T cells capable of
destroying cancer cells (6). Various strategies have been em-
ployed to amplify this immune response to cause enhanced
anti-tumor activity.

To achieve efficient tumor killing, it is important that a
sufficient number of cancer-specific T cells are present in
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the tumor microenvironment (TME). Cytokine therapies (7)
such as systemic administration of T-cell-activating type
1 cytokines like IL-2 and IL-15 (8, 9) have been used to
enhance T-cell activation, proliferation and effector func-
tion. Even when sufficient numbers of cancer cell-reacting
T cells are produced, cancer cells can escape from host
immunity by MHC class 1 down-regulation or PD-L1 ex-
pression, or by accommodating immune-suppressor cells
(10-12).

To be effective, cancer-specific T cells have to be resi-
dent in the TME and maintain their cytotoxicity. However,
there are multiple endogenous T-cell suppressor systems
that counteract T-cell activation in the TME. One of these
uses immune checkpoints, on T cells (PD-1) and tumors
(PD-L1) to inhibit T-cell responses. Binding of PD-1 ex-
pressed on activated T cells to PD-L1 expressed on cancer
cells results in loss of effector function, thus defeating anti-
cancer immunity (13). Another inhibitory mechanism is
based on CTLA4, a receptor that negatively regulates T-cell
activation by blocking the activation signal from DCs (14).
Immune-checkpoint inhibitors (15) such as anti-PD-1, anti-
PD-L1 and anti-CTLA4 monoclonal antibodies (mAbs) aim
to counteract T-cell suppression by interfering with these
cell-cell interactions.

Additionally, some T cells negatively regulate T-cell effector
function in the TME. Depletion of negative regulatory T cells
(Tregs) (16) and myeloid-derived suppressor cells (MDSCs)
(17) has been shown to improve anti-tumor immune re-
sponses (18, 19).

There are also therapeutic strategies that target a specific
cancer antigens with engineered T cells. Chimeric antigen re-
ceptor (CAR)-T cells are designed to attack the target cancer
cells, which express a specific surface antigen, by modifying
the antigen receptor on T cells (20). This therapy requires
production of transfected T cells outside the body, followed
by cell transfer back to the patient. Yet another approach is
to use cancer vaccines that provoke an anti-cancer immune
response based on the introduction of a cancer-specific
antigen (21).

Collectively, these therapies have created an exciting new
direction for cancer therapy and are increasingly used clin-
ically. However, one persistent limitation of the current im-
munotherapies is that they are inherently systemic and, while
desirable effects may occur in the tumor, undesirable side-
effects such as autoimmune reactions can occur in other,
normal, organs (22). Additionally, such therapies are useful
only in a minority of patients, probably because therapeutic
effects rely either on existing lymphocytes that have been ex-
posed to cancer, or on a single target antigen that can be
hidden, allowing for immune escape. It is still poorly under-
stood which biomarkers are predictive of immune responses.
In some cases, the immune therapy has its desired effect but
the effect is too mild to take on the bulk of cancer cells within
an established tumor (13).

Theoretically, an ideal cancer therapy would both directly
destroy cancer cells to minimize residual cancer cells as
well as activate the local host immune response to wipe out
remaining cancer cells. Such a therapy would be highly se-
lective for cancer cells but have minimal or no off-target ef-
fects in the TME.

Design strategy of near-infrared photoimmunotherapy

Near-infrared photoimmunotherapy (NIR-PIT) is a therapy
that induces direct cancer killing via immunogenic cell death
(ICD), thus activating the anti-cancer immune system locally
in the TME (23). NIR-PIT is designed to selectively destroy
target cells. The specificity comes from the mAb, which is
conjugated to the photo-activating, phthalocyanine-based
chemical, IRDye700DX (IR700). Selective cytotoxicity is in-
duced in a modest number of antibody-IR700-bound cells,
only when exposed to non-thermal doses of NIR at 690 nm,
the activating wavelength for IR700 (Fig. 1). Upon absorp-
tion of this NIR light, a photo-induced ligand-release reac-
tion occurs, which leads to dramatic physical and chemical
changes in the conjugated antibody—antigen complex (24).
This, in turn, leads to cell membrane micro-perforations that
quickly coalesce into blebs followed by cell rupture.

By choosing tumor-specific antigens [such as epidermal
growth factor receptor (EGFR) or human epidermal growth
factor receptor 2 (HER2) but many others will work], this
therapy specifically destroys cancer cells while minim-
ally harming any adjacent normal cells particularly tumor-
infiltrating immune T cells or blood vessels. Furthermore,
IR700 is a water-soluble photo-absorbing dye with no
phototoxic or cytotoxic properties of its own; therefore, free
unbound IR700 is safe and is rapidly excreted in the urine. The
safety of NIR-PIT derives from two properties: first, the anti-
body-photo-absorber conjugate (APC) binds predominantly
to specifically targeted cancer cells; and, second, the APC is
only activated in areas exposed to NIR light. Therefore, NIR-
PIT can be highly targeted to the tumor without damaging
adjacent normal cells (25, 26).

This unique design has led to much success in pre-clinical
experiments. Indeed, NIR-PIT has been shown efficacious
against bladder (27-29), prostate (30, 31), gastric (32, 33),
primary lung (34) and breast cancers (35), as well as epi-
dermoid (23, 36), hepatocellular (37) and head and neck
cancers (38, 39), glioblastoma (40, 41), melanoma (42),
mesothelioma (43) and B-cell Lymphoma (44). Far from
treating only primary tumors, NIR-PIT has also shown effi-
cacy against metastatic lung cancers [both for solitary (45)
and disseminated (46) metastases], peritoneally dissemin-
ated gastric (33, 47) and ovarian cancers (48) and pleural
disseminated non-small cell (49) and small cell (50) lung
cancer. As for hematological malignancies, NIR-PIT can suc-
cessfully treat B-cell lymphomas by targeting CD20 and T-cell
lymphomas by targeting CD25 in local masses (44), yet it is
difficult for NIR-PIT to treat leukemias that do not form any
local mass. However, bone cortex would not be the critical
problem for NIR-PIT because 690 nm of NIR light can pene-
trate through human bone cortex (51). Therefore, if located,
the bone marrow lesions of leukemias could be treated with
NIR-PIT.

Immunological consequences after NIR-PIT

Destroying cancer cells without damaging normal cells
nor compromising the host immune system is a significant
benefit of NIR-PIT. Additionally, NIR-PIT induces ICD; that is,
it initiates host immunity against targeted cancer cells (52).
NIR-PIT-treated cancer cells release death signals including
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Fig. 1. Mechanism of NIR-PIT.

calreticulin, ATP and HMGB1, which can activate adjacent
immature DCs even in tumor beds. These signals promote
maturation of immature DCs, which engulf cancer-specific
antigens that are released from the ruptured tumor cell, and
these mature DCs prime and educate naive T cells to be-
come cancer-specific CD8* T cells (Fig. 2) (53). Such newly
primed cancer-specific CD8* T cells proliferate and attack
other cancer cells, resulting in an amplified host anti-tumor
immune response. This consequential process could convert
some non-immunogenic tumors into immunogenic tumors by
recognizing massively released neo-antigens.

This anti-tumor immune activation occurs first in the treated
tumor site but eventually extends to other cancer sites be-
cause immune cells migrate throughout the body, resulting
in a systemic immune response. Therefore, although NIR-PIT
is a local therapy, the effect of NIR-PIT can be systemic, and
may have an effect on distant metastatic sites. Indeed, some
tumor-bearing mice and cancer patients achieve complete
remission after a single therapy of cancer-cell-targeted NIR-
PIT (53).

An important feature of host immune activation induced
by NIR-PIT is that this therapy simultaneously activates the
immune system against multiple antigens released from rup-
tured cancer cells (563). Most current targeted immunother-
apies, including cancer vaccines or CAR-T therapies, identify
a single target molecule on which to base the therapy. Having
multiple clones of anti-tumor T cells, each responding to a
unique antigen, results in a more comprehensive response to
tumors expressing a broad spectrum of cancer-specific neo-
antigens (54, 55).

Cancer cell

NIR-PIT has demonstrated a profound immune response in
humans. First-in-human Phase 1 and Phase 2 clinical trials of
NIR-PIT with cetuximab—-IR700 (RM1929) (56) targeting EGFR
in patients with recurrent and advanced head and neck squa-
mous cell cancer were successfully completed in 2016 and
in late 2017, respectively. Several complete remissions and
multiple significant partial remissions were reported in these
studies (57, 58). The results far exceeded those of pre-clinical
models in immune-deficient host xenograft models. Once the
models were transferred to syngeneic models, a robust im-
mune response was demonstrated. There is considerable
evidence that this same response is seen in humans.

Further activation of host immunity

Recognizing that NIR-PIT not only selectively destroys tumor
cells but also activates anti-cancer immunity, how can the
immune effect be modulated to further improve therapeutic
efficacy?

Conventional cancer immunotherapies—including type 1
cytokines such as IL-2 and IL-15 (8, 9), immune-checkpoint
inhibitors such as anti-CTLA4 (59, 60) or anti-PD1/anti-PD-L1
antibodies (61, 62), and depletion of immune-suppressor
cells such as Tregs or MDSCs (16, 17)—have been employed
as anti-cancer strategies. Such therapies can activate and
enhance effector function of existing CD8* T cells, and they
could potentially enhance the effect of ICD after NIR-PIT.

It may also be possible to selectively remove inhibitory
immune cells from the local TME with NIR-PIT. For example,
CD25-targeted or CCR4-targeted NIR-PIT can be used to
eliminate T and CXCR2-targeted NIR-PIT can eliminate

regs’
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Fig. 2. NIR-PIT-induced ICD and immunological consequences.

MDSCs from the TME. Such local suppressor cell depletion
accompanied by tumor-targeted NIR-PIT could amplify the
anti-cancer effects of NIR-PIT while minimizing systemic im-
munological side-effects compared with current therapies.
Localized Treg depletion with anti-CD25 NIR-PIT results in
cancer cell killing (63). In the treated tumor beds, CD8* T
and NK cells were fully activated, and they released IFN-y
within a few hours of Treg depletion. Interestingly, this local
Treg depletion produced therapeutic effects in non-treated
tumors of the same cell type, grown in distant sites in the
same animal, showing that anti-tumor immune activation was
systemic even though the treatment was local (Fig. 3). Since
NIR-PIT only kills local populations of T, re-population of
Tregs from the systemic circulation might hamper long-lasting
immunity. In our experience, T,egs re-populate tumor beds ap-
proximately 1 week after NIR-PIT (53). However, the CD8*
T-cell/T , ratio remains high for several weeks. Therefore, a
CD8+ T-cell dominant TME would maintain an activated anti-
cancer host immunity that could be enhanced by checkpoint
inhibitors. If necessary, repeated cycles of NIR-PIT can be
used to eliminate T, cells from the tumor bed for extended
periods because NIR-PIT is not limited in the number of times
it can be administered. Ideally, Treg-targeted NIR-PIT could be
combined with cancer-cell-targeted NIR-PIT. Animal models
of this approach have suggested superior local and sys-
temic tumor responses compared with either approach alone
(64). Similarly, when checkpoint inhibitors are combined with
cancer-targeted NIR-PIT, efficacy is also enhanced (53).
During treatment of cancer-targeted NIR-PIT, tumors
start shrinking and disappear several days after NIR light
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exposure. Initial tumor regression is a result of NIR-PIT’s
direct cytotoxicity, but the sustained response is a result of
newly primed CD8* T cells proliferating and differentiating
into cytotoxic T cells. In some cases, tumors completely
respond without recurrence, meaning long-term immune
memory was successfully established. Strong T-cell priming
by an activating cytokine is known to promote not only T-cell
activation but also the memory T-cell formation necessary for
long-term immunity (65, 66). Thus, the combination of tumor-
targeted NIR-PIT and IL-2/IL-15 cytokine therapy is predicted
to enhance both T-cell activation and long-time immunity. In
animal models, after complete tumor eradication with NIR-
PIT, it is often impossible to re-introduce the same tumor in
the mouse, indicating that long-term immunity has been es-
tablished (Fig. 4).

Imaging evaluation of NIR-PIT

The therapeutic effects of NIR-PIT can be monitored with
several imaging modalities. One method, designed for im-
aging during therapy, is IR700 fluorescence imaging, which
can be utilized to confirm that the conjugate has bound
to the tumor. Upon activation with 690nm NIR light, IR700
fluorescence disappears due to the formation of dimers and
oligomers of phthalocyanine cores and/or precipitation of
conjugated proteins after a photochemical ligand-release
reaction (24). This photobleaching leads to loss of fluores-
cence and indicates that maximal light exposure has been
achieved. Thus, IR700 fluorescence can be used during
light exposure as an indicator of proper light dosimetry
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(24). A customized system incorporating an excitation NIR
light source and a fluorescence camera system has been
designed and implemented for intraoperative imaging of
NIR-PIT (Fig. 5) (47).

Once the NIR-PIT treatment is complete, several other im-
aging methods can be used to assess efficacy. For example,
if a tumor takes up glucose before treatment, it will immedi-
ately lose that ability after treatment. This is because, within
minutes to hours of treatment, most of the cancer cells die
rapidly releasing intracellular ATP, the loss of which disables
biological functions including transporters and metabolic
pathways. Thus, '®F-fluorodeoxy glucose positron emission
tomography ("®F-FDG-PET) serves as an excellent method
of assessing acute therapeutic effects of NIR-PIT treatment.
Changes on PET occur much earlier than physically observ-
able tumor size changes (67).

For superficial lesions or where endoscopy is used, there
are two additional optical methods of assessing NIR-PIT.
Fluorescence lifetime imaging (68) and bioluminescence
imaging (BLI) (69) can be used to assess acute PIT thera-
peutic effects. For now, these methods are only used in
pre-clinical studies. By measuring fluorescence lifetime
shortening of IR700, acute necrotic cell death or ICD can be
evaluated. In the case of BLI, similar to '®F-FDG-PET, loss
of ATP and cell destruction leads to a reduced BLI signal.
However, BLI requires the transfection of tumor cells with a
luciferase gene in order to catalyze the reaction whereby the

substrate luciferin produces light. Thus, it is strictly limited to
pre-clinical applications.

NIR-PIT-induced super-enhanced permeability
and retention

Another unique aspect of NIR-PIT is that immediately after the
administration of NIR light, the vascular permeability in the
tumor bed is greatly enhanced, especially for nano-sized mol-
ecules. This phenomenon has been termed super-enhanced
permeability and retention (SUPR) to contrast it with en-
hanced permeability and retention (EPR) that is a common
feature of tumor vasculature (70). The SUPR effect dramatic-
ally increases leakage into the tumor up to 24-fold compared
with EPR effects (Fig. 6). The SUPR effect lasts only for a few
hours after NIR-PIT but then begins to normalize.

The SUPR effect is caused by killing of perivascular cancer
cells, as these are the first cells exposed to the APC. This killing
creates a space between the vessel wall and the remaining
tumor mass, reducing vascular resistance, enlarging vessels,
increasing tumor blood volume and decreasing blood vel-
ocity. Consequently, there is improved delivery of nano-sized
therapeutic agents into the treated tumor bed where they can
remain and be effective for several days. Therefore, a combin-
ation of NIR-PIT and nano-sized anti-cancer agents is more
effective than either of the therapies alone and can eliminate
tumors left over after the initial NIR-PIT treatments.
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Inastudyemploying FDA-approved liposome-encapsulated
daunorubicin (DaunoXome®) or nanoparticle aloumin-bound
paclitaxel (nab-paclitaxel; Abraxane®) in mouse xenograft
models of cancer, there were significantly better therapeutic
effects after NIR-PIT than with either therapy alone (71). The
SUPR effect also allows for enhanced delivery of antibodies
and APCs with increased leakage into tumor beds after the
initial NIR-PIT treatment. Mouse xenograft cancer models

Exposing NIR light
using an optical diffuser

showed that multiple applications of light slowed regrowth
and increased the cure rate (72). Antibody—drug conjugates
(ADCs), with photoactivatable drug-release systems can also
be incorporated in the treatments by (i) performing NIR-PIT
and inducing SUPR effects, then (ii) delivering large amounts
of ADCs through the SUPR effect and (iii) re-exposing the
tumor site to a second dose of NIR light, thus releasing the
drug (73). Low-molecular-weight anti-cancer agents that bind
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to proteins also behave similarly to nano-sized agents and,
thus, demonstrate enhanced delivery after NIR-PIT.

SUPR effects can also provide an opportunity for an im-
aging biomarker of successful NIR-PIT. For instance, by using
nano-sized imaging agents such as iron oxide nanoparticles
can be used in magnetic resonance imaging (MRI) after NIR-
PIT. Quantum dots could be used for fluorescence imaging.
Additionally protein-binding small molecular contrast agents
such as gadofosveset (Ablavar®) could be used in MRI after
NIR-PIT (74). Indocyanine Green could also be used for fluor-
escence imaging after NIR-PIT (75). Thus, the SUPR effect
can be used as a pharmacodynamic biomarker of NIR-PIT.

Summary

NIR-PIT is a new type of cancer therapy that will add to the
methods currently used to treat cancer. It features highly se-
lective cancer cell killing with ICD that activates a robust host
immune response. Although NIR-PIT is a local treatment, the
induced immune activation is potentially systemic, thus pro-
viding a greater-than-expected impact for a ‘local’ therapy.
A number of imaging methods have been developed to
monitor this therapy and assess acute tumor response.
By combining cancer-targeted and immune-suppressor-
targeted NIR-PIT, an even more robust immune response can
be generated. Adjuvant therapies such as cytokine therapy
and checkpoint inhibitors may also amplify the immune effect.

Nano-sized
drug

within 1 hr

With its wide range of flexible applications and multiple ways
of enhancing its effects, NIR-PIT has great potential to be-
come a valuable cancer therapy.
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