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Photonics immunotherapy is a novel cancer treatment strategy that combines local phototherapy
and immunotherapy. Phototherapy is a noninvasive or minimally invasive therapeutic strategy
for local treatment of cancer, which can destroy tumor cells and release tumor antigens, inducing
an n situ antitumor immune response. Immunotherapy, including the use of antibodies, vaccines,
immunoadjuvants and cytokines, when combined with phototherapy, could bring a synergistic
effect to stimulate a host immune response that effectuates a long-term antitumor immunity.
This review will focus on the development of photonics immunotherapy and its systemic anti-

tumor immunological effects.
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1. Introduction

Cancer is a major public health problem in the
world with an increased incidence rate over the past
several decades. The cancer statistics report showed
that a total of 1,658,370 new cancer cases and
589,430 cancer deaths are projected to occur in the
United States in 2015.! Cancer is currently the
second leading cause of death and is expected to
surpass heart diseases as the leading cause of death

fCorresponding author.

in the next few years. During the past several dec-
ades in the fight against cancer, many novel treat-
ment strategies have been developed, including
targeted therapy, hormonal therapy and immuno-
therapy. Significant progress has been made in
cancer immunotherapy during the past several
decades, epitomized by naming cancer immuno-
therapy as the Breakthrough of the Year in 2013 by
the journal Science.?
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Fig. 1. Schematic of the systemic antitumor immune response induced by photonics immunotherapy.

It is believed that the ultimate control of cancer
lies within the host immune surveillance and defense
system.®* Many new strategies have been proposed,
including cytokine therapy,” dendritic cell-based
vaccines,’ checkpoint inhibitors and chimeric anti-
gen receptor (CAR) T-cell therapy,” which have
begun to be used in clinical studies. The use of
vaccines is another approach to immunotherapy.®*
These vaccines are usually made from a patient’s
own tumor cells or from substances taken from
tumor cells, and are designed to treat cancers that
have already developed by strengthening the body’s
natural defenses against the cancer.®” In 2010, the
food and drug administration (FDA) approved
sipuleucel-T (Provenge), a cancer vaccine for met-
astatic hormonerefractory prostate cancer (prostate
cancer that has spread and is no longer responding to
hormone treatment).'” Unlike a preventive vaccine,
which is given to prevent disease, Provenge increases
the immune system’s ability to attack cancer cells in
the body. This treatment has been shown to help
certain men with prostate cancer live longer, though
it does not cure the disease.'! It represents an im-
portant step forward in cancer treatment.

The ideal cancer therapy should not only destroy
primary tumors, but also at the same time trigger
the host immune system to recognize, track down,

and destroy any remaining tumor cells, whether at
or near the site of the primary tumors or at distant
sites. In view of these desirable properties, some
targeted phototherapy modalities, combined with
immunotherapy, named as photonics immuno-
therapy (PIT), have been developed for metastatic
cancers, including (PIT), laser immunotherapy
(LIT) and other combinations.'? ' The schematic
of the antitumor immune response induced by
photonics immunotherapy is shown in Fig. 1.

2. Phototherapy

Phototherapy has been used for skin cancer for 3000
years.'0"'® However, a systematic understanding of
phototherapy has only been established over the
past century.'” In Denmark, at the end of the 19th
century, Niels Finsen developed phototherapy to
treat diseases. He found that exposure to red-light
prevents the formation and discharge of smallpox
pustules, and can be used as an effective therapy
against smallpox.'®?%:?! He was awarded the Nobel
Prize in Medicine and Physiology in 1903 for his
contribution to the treatment of diseases, especially
lupus vulgaris, with concentrated light radiation.?!
This was the beginning of the modern light therapy,
which has been developed for many diseases
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treatment, especially for cancer. After more a 100
years of research, photodynamic therapy (PDT)
and photothermal therapy (PTT) are the most
common used two methods of phototherapy for

cancer.?2724

2.1. Photodynamic therapy

Photodynamic therapy is a clinically approved, mini-
mally invasive therapeutic strategy for the local
treatment of cancer. It involves three major elements:
a targeted low-level visible light, nontoxic photo-
sensitizers (PSs), and oxygen in tumor tissue. The
PDT-induced photochemical reaction produces cyto-
toxicreactive oxygen species (ROS) to exert aselective
cytotoxic activity toward malignant cells.!?!%2225
PDT was the first drug-device combination approved
by the US FDA almost two decades ago.?”

Specifically, the procedure of PDT involves ad-
ministration of a photosensitizing agent followed by
irradiation at a wavelength corresponding to an
absorbance band of the sensitizer, in the presence of
oxygen; a photochemical reaction was initiated that
culminates in the generation of a highly reactive
product termed singlet oxygen ('O,). This can
rapidly cause significant toxicity leading to cell
death via apoptosis or necrosis.'®??2?° The lifetime
of 10, is very short (approximately 10-320 nano-
seconds), limiting its diffusion to approximately 10
nm to 55 nm in cells.?® Thus, the mechanism of cell
death induced by PDT depends on the intracellular
localization of the photosensitizer.?”->®

Due to the limitation of light penetration and the
targeting of the PS, novel strategies in PDT have
been developed over the past several decades. With
the development of nanotechnology, many drug-
delivery platforms have been applied to PDT, in-
cluding liposomes, nanoemulsions, micelles, polymer
nanoparticles, and silica nanoparticles.?>?°=3! In
some cases such as fullerenes and quantum dots, the
actual nanoparticle itself acts as PS.*> Gold and
silver nanoparticles can provide plasmonic en-
hancement of PDT.?* Furthermore, two-photon
excitation or optical upconversion have been in-
vestigated instead of one-photon excitation to in-
crease tissue penetration at longer wavelengths.?*3°

2.2. Photothermal therapy

Photothermal therapy (PTT) is a developed ther-
apeutic strategy for local treatment of cancer that

PIT — A novel strategy for cancer treatment

uses heat generated from photon energy to destroy
tumor cells, which could be highly specific, much
less invasive, and rather effective due to the inten-
sive light beam directly focused on the target
tumor.*% %% Heating sources, including near infrared
or visible light, radiofrequency waves, microwaves,
and ultrasound waves, have been used to induce
moderate temperature rise in a specific target region
to destroy cancer cells.*® This kind of thermal
therapy is currently used in the treatment of
patients with solid tumors affecting various organs,
such as the liver, kidney, lung, adrenal gland,
prostate and bone.*’

During irradiation on tumor tissue, the chromo-
phores in the light path can also absorb energy,
reducing the effectiveness of heat deposition within
tumor cells and increasing nonspecific injury of ad-
jacent healthy tissue.’’ To further enhance the
thermal efficacy on tumor tissue, selective photo-
thermal interaction using laser and n situ light-
absorbing dye was initially developed. Specifically,
an 805 nm laser was used in conjunction with
indocyanine green (ICG), since biological tissues
permit a deep penetrability with low absorption of
near-infrared (NIR) photons, and ICG solution has
a high absorption peak around 800 nm, which made
it an ideal candidate for selective PTT.?441:42

Recently, PTT has attracted renewed attention
in the battle against cancer because of the devel-
opment of novel photothermally sensitized agents
— nanomaterials, including gold nanoparticles,
gold nanorods, carbon nanotubes, graphene and
others.?®*3~7 With strong optical absorbance in the
NIR region, nanomaterials could transfer photo
energy of NIR laser and radiofrequency into heat
energy to enhance thermal destruction.?®"

2.3. Immune response induced by
phototherapy

The first direct effect of phototherapy (PDT and
PPT) is their cytotoxicity on tumor cells, either
induced by ROS production or by temperature in-
crease. The second but perhaps more important
effect of PDT or PPT is the increase of immuno-
genicity of the tumor due to the release of damaged
associated molecular patterns (DAMPs) and cell-
death-associated molecular patterns (CDAMPs)
that can be detected by the innate immunity alert
elements.?”** % Phototherapy has been shown to

1630001-3



J. Innov. Opt. Health Sci. 2016.09. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

F. Zhou, R. E. Nordquist € W. R. Chen

induce the release of heat shock proteins (HSP) (e.g.,
HSP47, 60, 70), stress-inducible proteins GRP78, 94
and haem oxygenase from cancer cells.”**® Antigen
presenting cells (APCs), particularly dendritic cells
(DCs), can capture these antigens, migrate to
lymph nodes, and present the antigens to T cells to
induce antitumor immune responses.??-%%:60

One of the most important cellular factors in-
duced by phototherapy is HSP70. As a chaperone,
HSP70 is effectively induced after stress, working as
an endogenous danger signal in the immune sys-
tem.:62 HSP70 can chaperon unfolded proteins
forming HSP-peptide complexes that can be re-
leased from damaged cells to promote the cross-
presentation of HSP-bound peptide antigens to
major histocompatibility complex (MHC) class I
molecules in DCs, leading to efficient induction of
antigen-specific cytotoxic T lymphocytes.0* %0
Phototherapy could enhance HSP expression in the
tumor cells, particularly on the cell surface of apo-
ptotic cells, which could be recognized by APCs
through toll like receptor (TLRs), followed by cy-
tokine release via Myd88 and NF-kB signaling
pathways.5""70

In particular, phototherapy, as a promising can-
cer treatment strategy that uses a local, selective
photothermal or photochemical interaction on tar-
get tumor to release tumor antigens, creates an
antigen source that acts as an in situ cancer vac-
cine.” The roles of HSPs in stimulating both innate
immunity and adaptive immunity can explain at
least in part the molecular mechanism by which
phototherapy bolsters the host immune system.”?

3. Photoimmunotherapy

Phototherapy can induce tumor cell death and
create an antigen source through local intervention.
Concomitantly, this target treatment strategy has
been combined with immunotherapy that can pro-
mote antigen uptake and presentation, thus trig-
gering a specific antitumor immunity. These
immunotherapies include antibodies, cytokines and
other proteins and peptides.'®!57374

3.1. Photoimmunotherapy using anti-
body for photosensitizer delivery

To overcome the limitations inherent in PDT, PIT,
using a monoclonal antibody (mAb)-targeted PS

and red-light, has been developed, as a novel target
phototherapy approches.”" PIT was developed by
Hasan et al. to treat human ovarian cancer
cells.”>76"78 The photosensitizer chlorin e6 was
conjugated to the F(ab’) 2 fragment of the murine
monoclonal antibody OC-125, which is directed
against antigen CA 125 that is expressed on 80% of
nonmucinous ovarian tumors.”” ! A chlorin deriv-
ative conjugated to OC-125 was shown to be
selectively phototoxic to ovarian cancer and other
CA 125-positive cells in vitro and ex vivo.”® PIT was
also used to treat hepatic metastases of colorectal
cancer in an orthotopic murine xenograft model
using the murine monoclonal antibody 17.1A con-
jugated to PS chlorine 6.5

Recently, a new type PIT has been developed by
Kobayashi et al. known as NIR-PIT, using a target-
specific PS based on a NIR phthalocyanine dye,
IR700, conjugated to mAb targeting epidermal
growth factor receptors (EGFR).!” The treatment
approach of NIR-PIT not only increased the target
efficacy of PS, but also improved the penetration of
PDT using NIR light. EGFRs are overexpressed on
the cell surface of several cancers including lung,
colon, head and neck, and esophageal cancers.®* ¢
The targeting monoclonal antibodies, cetuximab,
and panitumumab, have been approved by the US
FDA.®790 In the procedure of NIR-PIT, the PS,
IR700 (a silica based phthalocyanine dye), was
conjugated to an antibody and activated after cell
binding by NIR light at 690 nm. In vitro studies
have shown that mAb-IR700 conjugate is highly
cell-specific to the target cell, and nontoxic on the
nonexpressing cells immediately adjacent to tar-
geted cells.”’ When exposed to NIR light, mAb-
IR700 conjugate could quickly result in rapid and
irreversible damage to the cell membrane, leading to
necrotic cell death.!?9279?

3.2. Laser immunotherapy

Laser immunotherapy (LIT) first proposed by Chen
et al.'* is a combination therapy of phototherapy
and immunotherapy, which utilizes a local inter-
vention to induce a systemic antitumor immunity.'*
The two principles underlying this therapy are (1)
the local destruction of tumor cells resulting
from direct delivery of laser energy into the
tumor, which liberates tumor antigens and in itself
induces a local immune response, and (2) the local
administration of an immunoadjuvant to elicit a
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much stronger systemic immune response. The
fundamental mechanism behind LIT is the activa-
tion of APCs, such as DCs, and subsequent expo-
sure of the activated APCs to tumor antigens
in vivo so that a tumor-specific T cell response is
induced. LIT may therefore be considered an in situ
autologous cancer vaccine (trademarked as
inCVAX) that utilizes whole tumor cells as the
source of tumor antigens without the need for
ex vivo preparations.”®

The early LIT approach combined three major
components: a NIR laser (805 nm), a light-absorb-
ing agent (ICG) to enhance light absorption in the
tumor tissue, and an immunoadjuvant to further
enhance immune response after the photothermal
treatment.'>?" 1% LIT has shown great promise in a
number of preclinical studies.”'%192 Tt has con-
sistently demonstrated immediate photothermal
destruction of cancer cells, as well as an immune
response against the treated primary tumors and
untreated distant metastases.!® 1037105 In a met-
astatic rat mammary tumor model known as
DMBA-4, rats treated with LIT reached a 38%
long-term (more than 120 days) survival rate, while
all animals in the untreated control died within 40
days with multiple metastases.'’® Among the cured
animals, untreated metastases also disappeared.'??
LIT cured animals demonstrated memory in
that they could withstand repeated rechallenge by
tumor cells of the same origin at up to 10 times
the initial cell number.” Neither prior surgical re-
moval nor immunization with tumor lysate could
provide protection against tumor rechallenge,'’!
suggesting that LIT is capable of enhancing tumor
immunogenicity.

LIT has been applied in clinical trials for late-
stage, metastatic melanoma and breast cancer
patients. The data indicate that local LIT treat-
ment is capable of reducing and eliminating
treated primary tumors as well as untreated me-
tastases in the lungs, significantly prolonging pa-
tient survival 07110

Researchers also combined PDT with immu-
noadjuvant, such as Photofrin-PDT with zymosan
and methyl aminolevulinate (PPIX)-PDT with
imiquimod in cancer treatment.''''? To overcome
the obstacles of deeper tumors and highly pig-
mented skins, the procedure of LIT has been im-
proved by removing the ICG component and
performing interstitial laser irradiation intratu-
moral for direct photothermal application.''?

PIT — A novel strategy for cancer treatment

Recently, immunologically modified nano-sys-
tems have been developed using immunoadjuvants
and nanomaterials to enhance the therapeutic
effects of LIT, %1% such as the new structure sys-
tem formed with immunoadjuvant, glycated chit-
osan (GC), as a surfactant of single-walled carbon
nanotubes (SWNTSs), ¥ and chitosan-coated hollow
copper sulfide nanoparticles, using CuS nano-
particles coated with immunoadjuvant, cytosine-
guanine (CpG) motifs.'!® These new nano-systems
could retain both optical properties of nanomater-
ials and immunological function of adjuvants,
representing promising treatment modalities com-
bined with laser irradiation to induce systemic an-
titumor response through a local intervention.!''*!1?

3.3. Combination of
immunostimulation
and phototherapy

Other immunostimulatory agents combined with
phototherapy can be mainly divided into two clas-
ses: microbial vaccines and cytokines.

The first class of agents derived from microbial,
such as OK-432 that was derived from penicillin
killed streptococcal bacteria and corynebacterium
parvum (CP) which is a killed bacterial vaccine, has
been used to combine with PDT.!'¢ Haematopor-
phyrin derivative (HPD)-mediated PDT has been
used in combination with OK-432 to treat NR-S1
mouse squamous cell carcinoma, or with CP to treat
mouse subcutaneous bladder cancer.!'”''® Both
0OK-432 and CP combined with HPD-PDT resulted
in similar results showing that the administration of
OK-432 or CP, prior to PDT, lead to significantly
improved outcomes; however, no significant differ-
ences occurred after PDT.''"''® Korbelik et al.
combined Bacillus Calmette-Guérin (BCG) with
PDT using six different PSs (Photofrin, benzopor-
phyrin derivative (BPD), mTHPC, ce6, ZnPC, and
lutetium texaphyrin), or combined mycobacterial
cell wall extract (MCWE) with PDT using four
different PSs (Photofrin, BPD, mTHPC, and
ZnPC), in the treatment of murine subcutaneous
EMT6 tumor model. Their results showed that the
cure rates were significantly higher in mice either
treated with BCG or MCWE combined PDT, re-
gardless of which PS was used.!!?-!20

The second class of combination therapies
concerns the administration of cytokines with
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Photofrin-PDT, such as granulocyte colony stimu-
lating factor (G-CSF) on colo 26 and Lewis lung
carcinomas tumor models, granulocyte-macrophage
colony stimulating factors (GM-CSF) on SCCVII
tumor models, and tumor necrosis factor (TNFa)
on SMT-F adenocarcinoma tumor model.'?'7123 All
administration of cytokines can enhance the thera-
peutic effects. Other phototherapies also have been
developed in combination with cytokines, such as
radiofrequency with interleukin 12 (IL-12) in the
treatment of murine colon adenocarcinoma, or with
IL-17 and IL-15 in the treatment of murine breast
tumors. 2412

4. Prospect

Phototherapy, a medicinal method with a history of
more than 3000 years, has been given a new life with
the technological breakthroughs of a modern era,
such as using lasers as the light sources, PS and
nanoparticles as the in situ executors. Today, pho-
totherapy has been widely used in either diagnosis
or therapeutics. The future of phototherapy in
biomedicine continues to brighten.

Riding high on the new wave of immunotherapy,
phototherapy shows great promise in targeting the
root cause of many diseases by immunologically
delivering and chronically releasing diagnostic and
therapeutic agents, and by inducing tissue immu-
nological response and enhancing synergizing im-
munotherapy. Phototherapy itself can initiate
immunological responses, selective photothermal
and photochemical interactions to eliminate tumor
cells and release tumor antigens, and create an
in situ cancer vaccine; whereas immunotherapy
endeavors to stimulate a host immune response that
effectuates long-lived tumor destruction. The syn-
ergistic effects of PIT raise the possibility to
improve clinical outcomes. We believe that in the
coming years there will be great advances in the
area of PIT, with better understanding of the in-
duction of antitumor immune response by photo-
therapy and further development of
immunotherapy.

What we learned from PIT is only the tip of the
iceberg; more exploration is needed. Particularly
interesting to researchers is how to increase the ef-
fectiveness of photophysical effects, immunological
responses, and how to optimize the synergy between
phototherapy and immunotherapy. While many

challenges are ahead, the promising clinical out-
comes of PIT remain as exciting facts to researchers,
physicians and entrepreneurs for years to come.
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