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Abstract

Immunotherapy, including immune checkpoint inhibitors, has revolutionized cancer treatment,
but only a minor fraction of patients shows durable responses. A new approach to overcome

this limitation is yet to be identified. Recently, we have shown that photobiomodulation (PBM)
with near-infrared (NIR) light in the NIR-I1 window reduces oxidative stress and supports the
proliferation of CD8* T cells, suggesting that PBM with NIR-I1 light could augment anti-cancer
immunity. Here we report a novel approach to support tumor-infiltrating CD8* T cells upon PBM
with NIR-I1 laser with high tissue penetration depth. Brief treatments of a murine model of breast
cancer with dual 1064 and 1270 nm lasers reduced expression of the programmed cell death
protein 1 (PD-1) in CD8" T cells in a syngeneic mouse model of breast cancer. The direct effect
of the NIR-II laser treatment on T cells was confirmed by the enhanced tumor growth delay by
the adoptive transfer of laser-treated CD8" T cells ex vivo against a model tumor antigen. We
further demonstrated that specific NIR-11 laser parameters augmented the effect of the immune
checkpoint inhibitor on tumor growth. PBM with NIR-I1 light augments the efficacy of cancer
immunotherapy by supporting CD8* T cells. Unlike the current immunotherapy with risks of
undesirable drug-drug interactions and severe adverse events, the laser is safe and low-cost. It
can be broadly combined with other therapy without modification to achieve clinical significance.
In addition, our study established a path to develop a novel laser-based therapy to treat cancer
effectively.
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Photobiomodulation with 1064 and 1270 nm near-infrared laser in the NIR-I1 window reduces
the expression of the programmed cell death receptor 1 (PD-1) in tumor-infiltrating CD8* T cells
and enhances the effect of the immune checkpoint inhibitor on tumor progression in a mouse
model of breast cancer, showing the potential of this approach to develop a novel laser-based
immunotherapy for cancer.

Keywords

Immunotherapy; multispectral near-infrared 11 laser; T cell exhaustion; photobiomodulation; tumor
microenvironment

1. Introduction

Monoclonal antibodies that block immune regulatory checkpoint receptors or their ligands
have displayed remarkable effects and revolutionized the treatment of diverse cancers (1,

2). It is now believed that augmentation of anti-cancer immune responses would lead to

the control of cancer and improve the long-term survival of cancer patients. However, tumor-
specific adaptive responses can be inhibited by multiple immunosuppressive mechanisms
within the tumor (1). As a result, only a minor fraction of cancer patients shows durable
responses to the current immunotherapies (3). In addition, many tumor types are minimally
responsive to this approach (3). To overcome this limitation, further efforts to improve

the effects and breadth of immunotherapy through various multimodal approaches are
underway. Human tumors are recognized by CD4* and CD8* T cells that target neoantigens
(mutated proteins within the tumor) (4). The generation of neoantigen-specific T cells

is a multistep system involving the processing and presentation of neoantigen by antigen-
presenting cells (APCs) (5), which offers multiple opportunities for the tumor to escape
immunosurveillance. Therefore, the development of immunotherapy that can reverse these
immunosuppressive mechanisms is of considerable interest.

The adoptive transfer of ex vivo expanded autologous lymphocytes that specifically target
proteins encoded by somatically mutated genes has induced durable responses and shown
regressions in patients with the metastatic bile duct, colon, cervical, and breast cancers (6—
11), which suggests that spontaneous responses are insufficient to clear established tumors
and activation of tumor-specific T cells is the most critical step in immunotherapy. On the
other hand, chimeric antigen receptor (CAR) T cell therapy, targeting CD19, successfully
induced durable remissions of B cell leukemias and lymphomas (12, 13). In this approach,
autologous T cells are isolated from the patient, genetically modified to express the

CAR, which recognizes neoantigens independently of the major histocompatibility complex
(MHC) presentation (13), and returned to the patient. These studies suggest that stimulation
of neoantigen-specific T cells is a method to bypass the endogenous steps and augment
anti-tumor immunity.

There are solid pieces of evidence for diverse biological effects of the treatment with
low-power near-infrared (NIR) light in the NIR-1 window between 630-900 nm, including
analgesia, tissue regeneration, and reduction of inflammation (14-18), which are broadly
defined as photobiomodulation (PBM) (16). Recently, we have demonstrated that NIR
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laser between 1061-1301 nm in the NIR-Il window (1000-1700 nm) also displays PBM
by activating mitochondrial retrograde signaling (19-26), suggesting that a broader range
of NIR light is useful for PBM. This discovery is significant for therapeutic intervention
as NIR-11 laser shows reduced scattering, minimal tissue absorption with high tissue
penetration depth compared with NIR-I, and therefore suitable for therapeutic purposes
(27-29). We have further demonstrated that dual NIR-11 laser of 1064 and 1270 nm
modulates calcium signaling and redox status of T cells /n vitro via activation of
mitochondrial cytochrome ¢ oxidase (COX) at multiple absorption peaks (22). Since anti-
oxidation has been established to confer T cells resistance to functional suppression in the
immunosuppressive tumor microenvironment (TME) with excessive reactive oxygen species
(ROS) (30), this laser-based technology could support T cell functions and anti-tumor
immune response.

Here we report a new approach to support tumor-infiltrating T lymphocytes (TILs) with
brief treatments of non-tissue damaging dual NIR-I1 laser. This laser-based, safe, and
low-cost approach was shown to improve functions of TILs in a syngeneic mouse model
of breast cancer. We have further demonstrated that the dual NIR-11 laser treatment can
enhance the effect of the immune checkpoint blockade suppressing tumor growth.

2 Material and Method

2.1. Animals

Eight-week-old female C57BL/6J (stock# 000664) and OT-1 TCR-transgenic female
B6.129S6- Rag2™1Fwa Tg(TcraTcrb)1100Mjb (stock# 2334-F) mice were purchased from
Jackson Laboratories (USA) and Taconic Biosciences (USA), respectively. All mice were
acclimated for at least two weeks at Massachusetts General Hospital (MGH). All animal
procedures were approved by the Massachusetts General Hospital IACUC (protocol number
2009N000103) and performed under the Public Health Service Policy on Human Care of
Laboratory Animals.

2.2. The design and assembly of a laser system

A continuous-wave (CW) Nd:YAG laser (A = 1064 nm, Ventus, Laser Quantum, UK)

and indium phosphide (InP) semiconductor diode laser (A = 1270 nm, spectral width =

8 nm/3dB, 202-000, Veralase LLC, USA) were used as sources of NIR-1I light. CW

Indium gallium arsenide (InGaAs) semiconductor laser diodes (A = 1064 or 1270 nm,

LDX Optronics Inc., USA) were used as sources of NIR-11 light for tissue damage study.
The 1064 nm and 1270 nm laser beams were merged through a short-pass dichroic mirror
(DMSP1200, Thorlabs, USA) and directed to a multimode optic fiber (Core = 200 um, NA =
0.22, Thorlabs, USA) by an achromatic lens (AC127-025-C, Thorlabs, USA). The diverging
laser was collimated by a plano-convex lens (LA1074-C, Thorlabs, USA). To obtain a
homogenized flat-top intensity distribution of the beam, a holographic diffuser (47-680,
Edmund Optics, USA) was used in the optical path. The beam diameter was then set to be

5 mm by adjusting the diameter of an aperture (Thorlabs, USA) and the distance between
the iris and the irradiation plane of an animal (Supplementary Fig. S1). The optical system
produced a circular target of 5 mm in diameter and 0.2 cm? in size, which was confirmed
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by the infrared (IR) images of the spot as described previously (20). Different parameter
settings are summarized in Table 1.

2.3. T Cell Harvesting

To obtain T cell culture, splenocytes were harvested from the mouse spleen. The spleen was
mechanically disaggregated and passed through 70 um and 40 pm mesh filters (Corning,
USA). Then T cells were negatively selected from the splenocytes using magnetic beads
(19851A, EasySep™ T cell isolation kit, STEMCELL Technologies, Canada). The purified
T cells were suspended at a concentration of 1 x 106 cells/mL and incubated overnight

in RPMI1640 (Thermo Fisher Scientific, USA) containing 10% fetal bovine serum (FBS,
Thermo Fisher Scientific), 100 units/ml penicillin/streptomycin (Thermo Fisher Scientific),
0.1% 2-mercaptoethanol (Thermo Fisher Scientific) and 10 mM HEPES buffer (Thermo
Fisher Scientific) in 37°C 5% CO, incubator.

2.4. T cell in vitro proliferation assay

2.5,

To trace proliferation, isolated T cells were stained with carboxyfluorescein succinimidyl
ester (CFSE, C34554, Thermo Fisher Scientific). Then the T cells were stimulated by
magnetic beads covalently coupled to anti-CD3 and anti-CD28 antibodies (11453D, Thermo
Fisher Scientific), and incubated in RPM11640 containing 10% FBS, 100 units/ml penicillin/
streptomycin, 0.1% 2-mercaptoethanol, 10 mM HEPES buffer, and 2.4 pg/mL Interleukin-2
(IL-2, 402-ML, R&D systems, USA). Flat clear bottom 96-well black plates (Corning) were
used for the incubation and following laser treatment.

CW Nd:YAG laser (A=1064 nm, 300 or 350 mW/cm?) and diode laser (A=1270 nm, 50
mW/cm?2) were used as illumination sources separately or simultaneously. The laser power
was adjusted to obtain an indicated irradiance at the cell surface using a power meter.
These laser lights were illuminated to the cells through the bottom of the well plate for 1
min. The parameters of the laser irradiance for /n vitro studies were selected based on the
previous report (22). The laser treatment was commenced daily for 4 consecutive days (4
times in total). At day 5, T cells were washed and labeled for CD3 (145-2C11, BioLegend,
USA), CD4 (RM4-4, BioLegend), CD8 (53-6.7, eBioscience, USA), programmed cell
death protein 1 (PD-1, 29F.1.A12, BioLegend) and Live/Dead Fixable Aqua (L34957, Life
Technologies, USA). Data were acquired using a Fortessa flow cytometer (BD Bioscience,
USA) and analyzed with FlowJo software version 10 (Flowjo Co. USA). Live T cells were
identified by Live/Dead Aqua and CD3, and then the proliferation of CD4" and CD8* T
cells was assessed by measuring CFSE dilution.

Measurement of intracellular ROS generation and mitochondrial activity in T cells

Isolated T cells were allocated into 96 well plates at 1 x 108 cells/well. CW Nd:YAG laser
(A=1064 nm, 150 or 300 mW/cm?2) and diode laser (A=1270 nm, 50 or 100 mW/cm?) lights
were illuminated for 1 min followed by 2 h incubation at 37°C. The cells were then labeled
for CD3, CD4, CD8 antibodies and CellROX Green (C10444, Invitrogen, USA), MitoSOX
Red (M36008, Invitrogen) for 30 min. Flow cytometry analysis was performed immediately
after the staining.
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2.6. NIR-Il laser treatment of T cells for adoptive transfer

CD8™ T cells were isolated from OT-1 TCR-transgenic mouse spleen as described in section
2.3. The source OT-I transgenic mice were obtained from Taconic Biosciences. Then the

T cells were stimulated by magnetic beads covalently coupled to anti-CD3 and anti-CD28
antibodies after isolation and incubated in RPMI1640 containing 10% FBS, 100 units/ml
penicillin/streptomycin, 0.1% 2-mercaptoethanol, 10 mM HEPES buffer, and 2.4 ug/mL
IL-2 in the glass-bottom 96-well black plate. CW Nd:YAG laser (A=1064 nm, 300mW/
cm?) and diode laser (A=1270 nm, 50mW/cm?2) were simultaneously illuminated for 1

min for 5 consequent days. The parameters of the laser irradiance for in vitro studies

were selected based on the previous report (22). Host C57BL/6J mice were obtained from
Jackson Laboratory. The host mice were first subcutaneously injected with 2 x 108 murine
medullary mammary adenocarcinoma (E0771) tumor cells (31-33) expressing ovalbumin
(OVA) on day 1. For the EQ771 cell line expressing OVA, E0771 cells were transduced with
membrane-bound ovalbumin (Addgene 25099, USA) using a lentiviral vector that contains a
mCherry reporter (AddGene 27362) as previously described elsewhere (34, 35). Cells with
high mCherry expression were sorted out by flow cytometry and pooled. The isolated and
ex vivostimulated CD8" OT-1 T cells (1 x 108 per mouse) were then injected retro-orbitally
into mice on day 7. Transfer of equal numbers of no laser-treated OT-1 T cells served as the
control.

2.7. NIR-Il laser treatment on breast cancer model

EO0771 tumor cells syngeneic with C57BL/6 mice (31-33) were kept in RPM11640 media
with 10% FBS and 100 units/ml penicillin/streptomycin antibiotic cocktail. The cells

were tested negative for adventitious mouse pathogens, including mycoplasma, at VRL
Diagnostics (USA). For tumor injection, cells were harvested with 0.25% trypsin/EDTA
(Thermo Fisher Scientific), centrifuged, re-suspended in sterile PBS, and kept on ice until
injection. Congenic female C57BL/6J mice were used for EQ771 tumor implantation at eight
weeks of age. Animals were anesthetized with ketamine/xylazine (90/9 mg/kg), followed

by implantation of 5 x 10° EQ771 cells into the left and right flank skin using a 27-gauge
needle. After the injection, caliper-measured tumor sizes were recorded at indicated time
points in a blind manner for the observer.

Mouse hair was removed one day prior to tumor injection using a commercial depilatory
cream (Nair, Church & Dwight Co., USA). 5 x 10° E0771 cells were injected into mice’s
left and right back sides subcutaneously on day 1. The tumors were then treated by dual
NIR-II laser illumination with different parameters (1064 nm: 1.5-6 W/cm2, 1270 nm:
0.25-1 W/cm?, time: 30-120 s) for 5 consecutive days, from day 3 to 7, as shown in
Supplementary Fig. S1. The laser power was adjusted to obtain an indicated irradiance at the
skin surface using a power meter.

2.8. Combination treatment between dual NIR-1l laser and immune checkpoint inhibitor in
a breast cancer model

To determine the synergistic effect between dual NIR-11 laser and immune checkpoint
inhibitor treatment, 100 ug of anti-mouse PD-1-specific monoclonal antibody (clone RMP1-
14, Bio X Cell, USA) or isotype control (clone 2A3, Bio X Cell) was intraperitoneally
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injected on day 3 and 7 with or without laser treatment. The tumor volumes (length x width?
x 0.5) were measured from day 7 to 39. For histology and flow cytometry studies, the laser
was illuminated on both sides of the mouse tumors. The tumors were dissected on day 16,
two weeks after the first laser treatment.

2.9. Histology study

To determine the impact of laser treatment on TILs, tumor tissues were fixed in

4% paraformaldehyde, dehydrated and paraffin-embedded, and sectioned at 3 pm

thickness. Staining with hematoxylin and eosin (H&E) followed regular procedures. For
immunohistochemistry of TILs and their phenotypic markers, primary antibodies against the
following targets were used: CD4 (EPR19514, Abcam, UK), CD8 (4SM16, eBioscience,
USA), and FOXP3 (FJK-16s, eBioscience). Sections were counterstained with hematoxylin.

To quantify TILs, slides were digitally scanned using Aperio GT2 (Leica Biosystems,
Germany) at 40x magnification (0.253 pm/pixel resolution) to obtain brightfield images.
The scanned whole-slide images were uploaded to the Aiforia image management and
analysis platform (Aiforia Technologies, Finland) and then analyzed with a deep learning
model developed with a deep convolutional neural network (CNN) and supervised learning.
The CNN algorithm was trained to recognize cells from the digital images in Aiforia®
Cloud. The algorithm was trained with 4 gigapixels of image data and a total of 5952 cells
(4,818 cells for CD4 and CD8, 1,134 cells for FOXP3) to recognize TILs. The algorithm
performance was validated against manual cell counts by one or two observers in 5 image
regions that were not included in the training data. The tumor was divided into four areas:
necrotic areas, peritumor, peripheral and central regions by hand. The necrotic areas were
removed from the analysis.

2.10. Tissue damage study

To determine the adverse effect of exposures with dual NIR-11 lasers, the depilated skin

of anesthetized mice was exposed to various combinations of 1064 nm (1.5-6.0 W/cm?)
and 1270 nm (0.25-1.0 W/cm?) NIR laser. Blood was drawn 24 h after the treatment

and stained for May-Grunwald-Giemsa staining. Mice organs (skin, liver, kidney, bone
marrow in the femur, spleen) were dissected and harvested with 4% paraformaldehyde. Five
pum-thick paraffin sections were H&E-stained and examined for microscopic tissue damage
and polymorphonuclear (PMN) infiltration.

Phototoxicity by exposures with dual NIR-11 laser was also determined by immunoblot
analysis (36). The depilated skin of anesthetized mice was exposed to various combinations
of 1064 nm (1.5-6.0 W/cm?2) and 1270 nm (0.25-1.0 W/cm?) NIR laser for 1 min. The
treated skin was isolated 24 h after the completion of the laser exposure and lysed with RIPA
lysis buffer (Thermo-Fisher Scientific) supplemented with cOmplete Protease Inhibitor
Cocktail (Roche, Switzerland). The lysates were centrifuged, and the protein concentration
was determined using a Pierce™ BCA Protein Assay Kit (Thermo-Fisher Scientific) using
albumin as a standard. 20 ug of protein were suspended in a supplemented 4 x Laemmli
Sample Buffer (Bio-Rad, USA) diluted in dH,0 (final concentration: 62.5 mM Tris-HCI,
10% glycerol, 0.0045% bromophenol blue, 1% LDS, and 355 mM 2-mercaptoethanol),
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incubated for 10 min at 85°C. 25-40 pL of diluted samples and 10 uL of Precision Plus
Protein™ Kaleidoscope™ Prestained Protein Standards (Bio-Rad, USA) were loaded in
NOVEX WedgeWell 8-16% Tris-Glycine Gel 1.0 mm x 15 well (XP08165BOX, Invitrogen,
USA). Resolved proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore Immobilon-P Transfer membrane; Millipore Corp., USA). Following the transfer,
the membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline
(TBS) with 1% Tween-20 (TBST) overnight at 4°C. Blocked membranes were then probed
with the following primary antibodies for ATF-4 (ab1371, Abcam, USA), HSP70 (4872S,
Cell Signaling Technology, USA), HSP90 (clone C45G5, 4877S, Cell Signaling); and
GAPDH (clone 14C10, 2118L, Cell Signaling Technology) diluted with 1% BSA/TBST for
2 h at room temperature. Next, membranes were washed with TBST and incubated with the
appropriate secondary antibody conjugated to horseradish peroxidase-conjugated anti-rabbit
1gG (111-035-144 Jackson ImmunoResearch, USA) for 1 h at room temperature. Antibody
binding was visualized using the Pierce™ ECL Western Blotting Substrate (Thermo Fisher
Scientific) and imaged using the ChemiDoc MP imaging system (Bio-Rad). Densitometry
data were quantified using Image J following established methods (37).

Flow Cytometry analysis

For the analysis of T cells in the tumor /n vivo, dissected tumors were digested by freshly
prepared collagenase | (1 mg/mL, 17100-017, Thermo Fisher Scientific), collagenase 1V
(250 U/mL, 17100-019, Thermo Fisher Scientific), DNase (100 U/mL, Sigma-Aldrich,
USA) solution for 60 min. Dissociated cells were filtered through a 40 um mesh and
separated by Ficoll gradient media (17-1440-02, GE Healthcare, USA) to obtain TILs.
The isolated cells were then labeled for CD3 (145-2C11, BioLegend), CD4 (RM4-4,
BiolLegend), CD8 (53-6.7, eBioscience), CD45 (30-F11, BioLegend), PD-1 (29F.1.A12,
BioLegend), FOXP3 (MF23, BD Bioscience), Interferon-y (IFN-y, XMG1.2, BioLegend)
and Live/Dead Fixable Aqua Dead cell stain kit (L34957, Invitrogen) to identify and
characterize T cell subsets in tumors. The fluorescence data were acquired on a Fortessa
flow cytometer and analyzed with FlowJo software ver. 10.

2.12. Statistical Analysis

One-way Analysis of Variance (ANOVA) followed by Tukey’s multiple comparison tests
was performed for flow cytometry analysis unless stated otherwise. Mixed model analysis
with Geisser-Greenhouse correction or two-way ANOVA followed by Tukey’s multiple
comparison tests was performed for /n vivotumor growth analysis, and the Gehan-Breslow-
Wilcoxon test was performed for the comparison of Kaplan-Meier survival curves. All the
statistical analyses were carried out using GraphPad Prism version 8. The mean + s.e.m. (the
standard error of the mean) were displayed for all figures. An adjusted P value of less than
0.05 was regarded as statistically significant.

3 Results

3.1 Dual NIR-Il laser treatment increased T cell proliferation in vitro

We have previously shown that dual NIR-II laser (1064 + 1270 nm) treatment shows PBM
and temporally modulates intracellular calcium and ROS signaling in T cells in vitro (22),
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which plays a critical role in regulating diverse T cell functions (38-42). Based on this
data, we hypothesized that dual NIR-II laser treatment could have a long-term impact on
the phenotype of T cells via modulation of calcium and ROS. To prove this hypothesis,

we further determined the effect of dual NIR-I1 laser treatment on T cell proliferation

and differentiation /n vitro. I1solated T cells from the spleen were labeled with CFSE and
stimulated by anti-CD3 and anti-CD28 antibodies. T cells were treated with either CW 1064
or 1270 nm only, or a mixture of 1064 nm (300 mW/cm?) and 1270 nm (50 mW/cm?2)

for 1 min per day for 4 consecutive days. On day 5, cell proliferation was analyzed by
flow cytometry. As shown by representative flow cytometry gates (Fig. 1A), the levels of
T-cell proliferation were assessed by percentages of CFSE-low cells among total CD4™ or
CDS8™* T cells (Fig. 1B). Percentages of CFSE-low cells with more than three proliferation
cycles among CD4* T cells were not significantly changed with any laser treatment (Fig.
1C). Interestingly, while the percentages of proliferating CD8* T cells treated with the
laser of a single wavelength were marginally increased, those treated with dual NIR-II laser
were significantly increased (Fig. 1D, £=0.0048). Laser treatment did not induce any
notable change in the CD4/CD8 T cell ratio (Fig. 1E). Consistent with our previous study
(22), this dose of dual NIR-I1 laser reduced cytosolic ROS generation in CD4" (Fig. 2A,
P=0.0429) and CD8* T cells (Fig. 2B, P=0.0429) in the acute phase. These results
suggest that sustained reduction of ROS improved T cell function. The dual NIR-II laser
did not significantly affect the expression of the exhaustion marker PD-1 in CD8* T cells
(Supplementary Fig. S2A). At the same time, it induced a statistically marginal increase in
the expression of the activation marker CD69 (Supplementary Fig. S2B). In our previous
study (22), we identified multiple absorption peaks of a putative photoreceptor COX in
the NIR-11 region. Together, these results suggest that dual NIR-II laser treatment has the
potential to show a superior effect to single NIR-I1 laser treatment in modulating T cell
function and inducing T cell proliferation.

3.2 Dual laser treatment modestly suppressed tumor growth in vivo

Cancer is known to produce high amounts of ROS, which modulate the immune function of
T cells (43). A recent study has shown that central memory T cells with higher antioxidant
levels survive longer in a tumor and are able to suppress tumor growth (30). Based on

our previous result that dual NIR-11 laser treatment modulated ROS signaling (22), we
hypothesized that treatment of solid tumors with dual laser treatment could improve the
function of TILs and augment anti-tumor immunity. To test this hypothesis, we determined
the impact of dual NIR-I1 laser treatment on tumor growth in a mouse model of breast
cancer.

First, we determined if dual NIR-II laser exposures show any adverse effects. The depilated
skin was exposed to various combinations of 1064 nm (1.5-6.0 W/cm?) and 1270 nm
(0.25-1.0 W/cm?) dual NIR-I1 laser. Non-tissue damaging combinations were determined

to be those at which skin temperatures did not exceed 43°C and for which no visible or
microscopic damage or changes were detected (20). We identified a combination of 1064 nm
up to 3 W/ecm?2 and 1270 nm up to 1 W/cm? as the maximum safe irradiance for one minute
(Fig. 3A). Since phototoxicity by exposures to NIR laser could be mediated by heat or ROS,
we next determined tissue damage markers by immunoblot analysis as established elsewhere
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(36). The depilated skin was exposed to various combinations of NIR laser, isolated 24 h
after the completion of the laser exposure, and analyzed. Levels of activating transcription
factor-4 (ATF-4), heat shock protein 90 (HSP90), and HSP70, which are established markers
for tissue damage, were determined by immunoblot analysis. The non-invasive doses used

in this study did not induce appreciable change in the expression of ATF-4, HSP90, or
HSP70 (Fig. 3B). Consistently with the published study (36), the tissue-damaging dose of
dual NIR-II laser with 1064 nm at 6.0 W/cm? and 1270 nm at 1.0 W/cm? decreased HSP70
and ATF-4 expression due to extensive tissue damage (Fig. 3B). With these combinations of
non-tissue damaging doses, neither tissue damage nor inflammatory response was detected
in the treated skin, blood, and other major vital organs (Supplementary Fig. S3).

We next determined the impact of dual NIR-I1 laser treatment on tumor growth in the
E0771 syngeneic mouse model of breast cancer. In order to assess the involvement of the
immune system, tumors were established on both sides of the flank skin, but only the
tumors on the right side were treated with lasers. The tumors were treated with various
combinations of 1064 nm (1.5-6.0 W/cm2) and 1270 nm (0.25-1.0 W/cm?) for 30-120 s
for 5 consecutive days to seek an optimal dose for /n7 vivo applications (Supplementary Fig.
4A). Any treatment resulted in modest tumor growth delay on both treated and non-treated
sides of the tumor (Supplementary Fig. 4B). Noteworthy, some of the parameters slightly
suppressed tumor growth (Supplementary Fig. 4B—C). Mice treated with the dual NIR-II
laser did not prolong the time to a defined clinical endpoint (Supplementary Fig. 4D).
Together, these results indicate that the dual NIR-II laser treatment alone has little impact on
tumor growth.

3.3 Dual NIR-Il laser treatment decreased the expression of PD-1 on CD8* T cells

We next determine the effect of the dual NIR-I1 laser on T cells in tumor tissue. We isolated
TILs treated by the NIR-II laser and analyzed their subpopulations and effector functions
by flow cytometry (Fig. 4A). In this study, we treated tumors with various combinations

of 1064 nm and 1270 nm, as established above. Laser treatment did not affect FOXP3
positive regulatory T cell (Treg) subpopulations to CD4* T cells, which play a critical role
in suppressing anti-tumor immune responses (Fig. 4B). Intriguingly, specific combinations
of dual NIR-II laser treatment led to a decrease in exhausted PD-1* CD8* T cells compared
to non-treated tumors (Fig. 4C). In particular, the dual NIR-1I laser treatment with 1064 nm
at 3 W/cm?2 combined with 1270 nm at 1 W/cm? for 1 min induced a marginal decrease in
PD-1* CD8" T cells compared to the no laser control (Fig. 4C, £= 0.0663). Importantly, a
smaller dose of the dual NIR-11 laser treatment with 1064 nm at 1.5 W/cm?2 combined with
1270 nm at 0.25 W/cm? for 1 min induced a significant decrease in PD-1* CD8" T cells
(Fig. 4C, P=0.0354). However, these effects did not lead to improved effector function of
CD8* T cells with no apparent changes in IFN-y expression levels (Fig. 4D) or granzyme B
levels (data not shown). These results indicate that dual NIR-11 laser treatment modulates the
functions of TILs /n vivo.

To determine the impact of dual laser treatment, we evaluated CD4*, FOXP3* and
CDS8™ T cells by immunohistochemistry (Supplementary Fig. S5). For quantitation of
TILs, the tumor was divided into three areas: peritumor, peripheral and central regions
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(Supplementary Fig. S5A) (44, 45). The necrotic areas were removed from the analysis
(44, 45). Combinations of 1064 nm and 1270 nm had minor effects on CD4*and FOXP3*
cells in peritumor (Supplementary Fig. S5B) and central (Supplementary Fig. S5D) areas.
In contrast, the specific combinations of 1064 nm and 1270 nm (1064 nm 3 or 1.5 W/cm?
+ 1270 nm 1 or 0.25 W/cm? for 1 min), which decreased PD-1* CD8" T cells (Fig. 4C),
also showed a marginal increase in CD8" T cells in peripheral (Supplementary Fig. S5C)
and central (Supplementary Fig. S5D) areas compared to the non-treated tumor, which is
consistent with the /n vitro data showing its positive effect on CD8* T cell proliferation
and negative impact on PD-1 expression. Together, these results implicate that only specific
combinations of laser parameters, namely 1064 nm 3 or 1.5 W/cm?2 + 1270 nm 1 or 0.25
W/cm? for 1 min, could support augmentation of anti-tumor immunity.

3.4 Dual NIR-Il laser treatment enhanced the efficacy of adoptive transfer therapy

Although the dual NIR-11 laser treatment was able to modulate T cell function /n vitro

and /n vivo, it induced only modest suppression of tumor growth in a mouse model of
breast cancer (Supplementary Fig. S4). These observations suggest that the dual NIR laser
treatment could improve the effector function of T cells, but it may not be sufficient to
overcome the immunosuppressive TME. To test this hypothesis, we next performed adoptive
T cell transfer (46-48). In this system, if direct laser treatment of isolated T cells ex vivo
still shows positive effects, the effect of dual NIR laser on T cells is proven to mediate the
beneficial effect of dual NIR-II laser on tumor progression. In addition, such an observation
would further indicate that the immunosuppressive TME diminishes the effect of dual
NIR-11 laser treatment. To this end, we also used E0771 cells, which were engineered to
express OVA as a model tumor antigen (Fig. 5A). Transfer of CD8* OT-1 T cells treated with
no laser provided no benefit in suppressing tumor growth over no adoptive transfer control
(Fig. 5B—C), suggesting that CD8" OT-I T cells have little impact on tumor growth without
proper support mechanisms in this model. On the other hand, the transfer of CD8* OT-I

T cells treated with dual laser treatment significantly suppressed tumor growth compared

to the transfer of untreated CD8" OT-I T cells (Fig. 5B—C, £=0.0245 at day 39) or no
transfer (P=0.0248). Consistently, mice that were adoptively transferred with laser-treated
CD8* OT-I T cells survived longer than those that received untreated CD8* OT-1 T cells
(Fig. 5D, P=0.0358) or untreated cells (P= 0.0135). These data indicate that dual NIR-II
laser treatment has direct effects on CD8* T cell functions and is able to contribute to the
suppression of tumor growth /n vivo.

3.5 Dual NIR-Il laser treatment enhanced the efficacy of the immune checkpoint blockade
on tumor growth

Since our data suggest that dual NIR-11 laser treatment modulates PD-1 expression on CD8*
T cells, which is established to inhibit T-cell receptor signaling, proliferation, and activity
and induce adaptive immune resistance (49, 50), the laser treatment could further augment
the effect of immunotherapy with anti-PD-1 or anti-PD-L1 antibody to reactivate cytotoxic T
cells. To test this hypothesis, we determined the therapeutic efficacy of combination therapy
of the dual NIR-II laser treatment with anti-PD-1 antibody. Tumors were established on both
sides of the flank skin, and then tumors on the one side were treated with the dual NIR-II
laser for 5 consecutive days and anti-PD-1 antibody at the beginning and end of the laser
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treatment (twice in total). Two effective parameters in the TIL study /n vivo (1064 nm at 3
W/cm? and 1270 nm at 1 W/cm? for 1 min, 1064 nm at 1.5 W/cm?, and 1270 nm at 0.25
W/cm? for 1 min) were selected for this study (Fig. 6A). As expected, anti-PD-1 and dual
NIR-1I laser treatment alone showed modest effects on tumor growth on both laser-treated
and non-laser-treated tumors (Fig. 6B). The combination therapy showed significant tumor
growth delay on the laser-treated side of tumors compared to no therapy or anti-PD-1
antibody treatment alone (Fig. 6B, no laser vs. 1064 nm at 3 W/cm?2 and 1270 nm at 1
W/cm? + aPD-1: P=0.0403, PD-1 vs. 1064 nm at 1.5 W/cm? and 1270 nm at 0.25 W/cm?
+ aPD-1: £=10.0020 at day 33) and a significant prolongation of survival of tumor-bearing
mice (Fig. 6C, no laser vs. 1064 nm at 3 W/cm? and 1270 nm at 1 W/cm? + aPD-1: P

= 0.0315). These results suggest that the NIR-I1 laser treatment synergistically suppressed
tumor growth when combined with the immune checkpoint blockade.

3.6 Dual NIR-Il laser treatment enhanced the efficacy of the immune checkpoint blockade
on CD8* T cells

We next determined the effect of the combination therapy on T cells in the TME. To

this end, we isolated TILs from tumors treated with the NIR-1I laser and analyzed their
subpopulations and effector functions by flow cytometry. The combination therapy did not
affect FOXP3* regulatory T cells (Fig. 7A). Specific combinations of the dual NIR-1I laser
treatment with the immune checkpoint inhibitor led to a decrease in exhausted PD-1* CD8*
T cells compared to no therapy or anti-PD-1 or dual NIR-I1 laser treatment alone (Fig. 7B).
In particular, anti-PD-1 treatment combined with the dual NIR-II laser treatment with 1064
nm at 1.5 W/cm?2 and 1270 nm at 0.25 W/cm? for 1 min induced a significant decrease in
PD-1high CD8* T cells as compared to the no laser control (Fig. 7B, 2= 0.0087) or control
IgG treatment only (P= 0.0488). However, these effects led to minor changes in IFN-y
expression levels in CD8" T cells (Figure 7C) or PD-1 or IFN-y expression levels in CD4*
T cells (Supplementary Fig. S7). These results support evidence of synergy between the dual
NIR-II laser treatment and immune checkpoint blockade on CD8* T cell function.

4 Discussion

In the current study, we have, for the first time, established a laser-based technology to
support TILs using a specific combination of NIR laser wavelengths in the NIR-11 window.
We have also demonstrated the efficacy of the dual NIR-II laser in augmenting the effect
of cancer immunotherapy when combined with an immune checkpoint inhibitor in a mouse
model of breast cancer. The impact of the NIR-1I laser treatment on CD8* T cells was
further validated by the enhanced tumor growth delay with the adoptive transfer of ex vivo
laser-treated CD8* T cells against a model cancer antigen. It has been well established

that anti-tumor T-cell responses can control tumors (51). The use of an immune checkpoint
inhibitor or adoptive cellular transfer may be able to overcome the immunosuppression

of T cells in the TME. Our data have clearly shown that the dual NIR-II laser treatment

is one way to overcome the immunosuppressive effects of the TME, decreasing PD-1
expression of CD8* T cells and augmenting anti-cancer immune responses. Importantly, our
approach does not require any additional agents to achieve this goal. Unlike most of the
current immunotherapy with risks of undesirable drug-drug interactions, which could limit
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the choice of therapy and negatively impact the efficacy and safety of therapy, the laser

can be broadly combined with other therapeutics without modification to achieve clinical
significance. Thus, the laser-based approach can be broadly combined with other modalities
and could be used to further improve the efficacy of the current and candidate cancer
therapies.

Interestingly, we have found that specific combinations of 1064 and 1270 nm were effective.
In our previous study, we have shown that a putative photoreceptor for NIR light, COX,

in mitochondria could absorb multiple wavelengths of NIR-II light, which would result

in the release of nitric oxide (NO) (22). Each absorption would have distinct effects and
promote or inhibit a particular function of the molecule. Modulation of interactions between
COX and NO in mitochondria has been linked to the modulation of mitochondrial ROS
generation (52, 53). NIR light in the NIR-I window has been shown to alter cell metabolism
by mitochondrial ROS generation via modulating interactions between COX and NO (54—
57). We further demonstrated that a combination of 1064 and 1270 nm laser in the NIR-11
window modulated mitochondrial retrograde signaling, including intracellular calcium and
ROS (22). However, the use of this signaling for therapy needs close attention to a selection
of laser parameters that will be applied. For example, brief exposure of the skin of human
subjects with 1064 nm NIR light at an irradiance of 250 mW/cm? has been reported

to improve COX and hemoglobin oxygenation (58). In contrast, COX activity has been
suppressed by dual laser treatment with 750 and 950 nm lasers (59, 60). In the current
study, the treatment with the dual NIR-11 of 1064 nm at 1.5 W/cm? and 1270 nm at 0.25
W/cm? for 1 min decreased PD-1 expression in CD8* T cells, while the treatment with the
same wavelengths at the same power density for 2 min did not show such an effect (Fig.

4). Although the details on molecular mechanisms and pathways for the reduction remain
elusive and need to be defined, these results suggest that an optimal combination of NIR
light parameters can be identified for the desired outcome. Further investigation is warranted
to explore such a combination of wavelength, irradiance, pulse width, and treatment time of
this laser technology to effectively suppress the tumor growth of a particular type of tumor.

In the current study, the optimized dual CW NIR-I1I treatment led to a slight improvement
in the effector function of CD8™* T cells. At the same time, it was able to suppress

the expression of PD-1 /n vivo (Fig. 4, 7, Supplementary Fig. S7) and tumor growth

when combined with an immune checkpoint inhibitor (Fig. 6, Supplementary Fig. S6).
ROS are known to modulate the differentiation and effector functions of T cells. High
environmental ROS lead to the development of T helper (Ty) 2 cells with increased IL-2
and IL-4 production, which is not favorable for shaping anti-cancer responses (61, 62).

In contrast, a low level of ROS may promote Tyl and T17 cell differentiation, and the
use of antioxidants has been reported to increase IFN-y production and skew the immune
response to a Tyl phenotype, which would be favorable for anti-cancer responses (61, 63,
64). Cancer is known to produce high amounts of ROS and modulate the immune function
of T cells (43). Thus, cellular antioxidant levels are critical for the anti-tumor function

of T cells in the TME. A recent study demonstrated that central memory T cells with
higher cytosolic glutathione, surface thiol, and intracellular antioxidant levels survive longer
in the TME to control tumor growth than effector memory T cells with less antioxidant
levels and that antioxidant treatment improved the function of TILs and prolonged survival
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of cancer patients (30). TILs are known to kill multiple cancer cells once they enter the
TME (65, 66). These results indicate that longevity of TILs is critical to controlling tumor
growth. Although our approach per se did not improve effector function, it contributed

to the longevity of TILs in the TME and an increase of cell killing activity per CD8* T
cells. Further investigation is warranted to determine the longevity of T cells in the TME
and measure tumor cell killing per CD8* T cells upon the treatment using an optimized
combination of NIR-II laser parameters in the future.

The NIR-II light-based immunotherapy has numerous advantages as a therapeutic
intervention, including deep penetration into tissues (29) and the absence of carcinogenic
or mutagenic properties (67). With the correct settings, the NIR laser poses little or no risk
of side effects (Fig. 3, Supplementary Fig. S3). The laser-based approach is safe, effective,
low-cost, and can be combined with not only other modalities of cancer immunotherapy
toward the eradication of cancer but also other therapies for autoimmune diseases, allergies,
and infectious diseases to augment further the therapeutic efficacy beyond cancer therapy.

5 Conclusion

In the current study, we have demonstrated that 1 min exposure of solid tumor and ex vivo
CD8™ T cell with a specific combination of 1064 nm and 1270 nm NIR lasers in the NIR-1I
window at low irradiances improves CD8* T cell functions and suppresses tumor growth
when being combined with another immunotherapy. These results indicate that a parameter
of NIR light beyond 1000 nm can be used to augment the efficacy of cancer immunotherapy.
This study provides a rationale for the clinical combination of the dual NIR-1I laser therapy
and immune checkpoint blockade.
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Non-standard abbreviations:

APC
ATF-4
BSA
CAR
CFSE
CNN
COX
CWwW
FBS
H&E
HSP

| FN-y
IL-2
InGaAs
InP
IR
MHC
NIR
NO
OVA
PBM
PD-1
PMN
PVDF
ROS
TBS
Thl

TIL

antigen-presenting cell
activating transription factor 4
bovine serum albumin

chimeric antigen receptor
carboxyfluorescein succinimidyl ester
convolutional neural network
cytochrome c oxidase
continuous-wave

fetal bovine serum

hematoxylin and eosin

heat shock protein

interferon-y

interleukin-2

indium gallium arsenide

indium phosphide

infrared

major histocompatibility complex
near-infrared

nitric oxide

ovalbumin

photobiomodulation
programmed cell death protein 1
polymorphonuclear
polyvinylidene difluoride
reactive oxygen species
Tris-buffered saline

T helper cell type 1

tumor-infiltrating T lymphocyte
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Figure 1. Dual laser illumination induced T cell proliferation in vitro.
Splenocytes from naive mice were labeled with CFSE and treated with near-infrared (NIR)

lasers daily for 4 consecutive days in the presence of magnetic beads covalently coupled

to anti-CD3 and anti-CD28 antibodies to activate T cells. On day 5, the cells were stained
for CD3, CD4, CD8 and analyzed by flow cytometry. (A) Gating strategy. (B) T cell
proliferation assessed by flow cytometry. Percentages of proliferated CD4" and CD8* T
cells were measured. Note that dual laser treatment (red) enhanced the proliferation of CD8*
T cells as compared to no laser control (gray). The percentages of (C) CD4*and (D) CD8*

T cells that proliferated more than three times. (E) The ratio of CD4* / CD8* T cells that
proliferated more than three times. (C-E) **£< 0.01 and N.S., not significant by one-way
ANOVA followed by Tukey’s multiple comparisons test. 7= 6 for each group.
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Figure 2. Dual laser illumination decreased reactive oxygen species (ROS) generationin T cellsin
vitro.

Splenocytes from naive mice were treated with dual laser (1064 nm + 1270 nm) for 1

min followed by 2 h incubation. Cells were then labeled for CD3, CD4, CD8 antibodies,
incubated with CellROX Green or MitoSOX Red for 30 min, and analyzed by flow
cytometry. Representative histograms and percentages of CellROX Green- and MitoSOX
Red-positive (A) CD4* and (B) CD8" T cells are shown. (A-B) 7= 3 for each group. *P<
0.05 by the Friedman test followed by Dunn’s multiple comparisons test.
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Figure 3. Safety of dual laser treatment.
(A) The depilated skin was exposed to various combinations of 1064 nm (1.5-6.0 W/cm?2)

and 1270 nm (0.25-1.0 W/cm?) NIR laser for up to 2 min. Dose-temperature responses

of the dual laser treatment in mouse skin. n7=3 for each group. Error bars show means +
s.e.m. (B) The depilated skin was exposed to various combinations of 1064 nm and 1270 nm
NIR laser for 1 min. The exposed tissue was collected 24 h post-treatment and assessed by
immunoblot analysis of HSP70, HSP90, and ATF-4 levels. GAPDH was used as the loading
control. Top, Representative micrographs of the immunoblot analysis. Bottom, Quantitative
measurements by densitometric analysis using ImageJ. Results were pooled from three
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independent experiments. 7= 3 tissue preparations for each group. B, Error bars denote
s.e.m. A Pvalue less than 0.05 was considered significant: * £< 0.05 by one-way ANOVA
followed by Tukey’s multiple comparison test.
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Figure 4. Dual laser treatment decreased the expression of PD-1 on tumor-infiltrating T

lymphocytes (TILSs).
EO0771 murine breast cells were injected into the flank of C57BL/6J mice. The tumors

were then treated by various combinations of 1064 nm (1.5-3 W/cm?2) and 1270 nm

(0.25-1 W/cm?) laser for 30-120 s for 5 consecutive days, from day 3 to 7. On
day 16, tumor-infiltrating T lymphocytes (TILs) were purified from tumors. Single-cell
suspensions of TILs were stained for surface markers and cytokines, and then analyzed

by flow cytometry. (A) Gating strategy. (B) Percentages of FOXP3* CD4* T cells. (C)
Representative histograms and percentages of programmed cell death protein 1 (PD-1) and
(D) IFN-y expression in CD8* T cells are shown. (A-D) /=6, 7, 6, 7, 5, 7 for no laser, 1064
nm 3 W/cm? + 1270 nm 1 W/cm? for 1 min, 1064 nm 3 W/cm? + 1270 nm 0.5 W/cm? for 1
min, 1064 nm 6 W/cm? + 1270 nm 1 W/cm? for 30 s, 1064 nm 1.5 W/cm? + 1270 nm 0.25
W/cm? for 1 min, 1064 nm 1.5 W/ecm?2 + 1270 nm 0.25 W/cm? for 2 min, respectively. *P<
0.05 by one-way ANOVA followed by Tukey’s multiple comparisons test.
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Figure 5. Dual laser treatment enhanced the efficacy of adoptive transfer therapy for a mouse

model of breast cancer.

(A) A schematic demonstrating the experimental design. Splenocytes from OT-1 mice were
isolated and treated with the dual laser daily for 4 consecutive days in the presence of
anti-CD3 and anti-CD28 antibodies ex vivo. On day 5, the cells were adoptively transferred
to mice OVA-expressing EO771 tumors. (B) Average and (C) individual growth curves of
s.c. OVA-EQ771 tumors are shown. Error bars show means * s.e.m. n=25, 26, 24 for no
adoptive transfer, adoptive transfer of non-laser treated cell, adoptive transfer of laser-treated
cell group, respectively. *£< 0.05 by two-way ANOVA followed by Tukey’s test. (D)
Kaplan-Meier survival plots to a defined clinical endpoint (either side of tumor reached 300
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mm?3 in volume) are shown. 7= 14, 14, 12 for no adoptive transfer, adoptive transfer of
non-laser treated cell, adoptive transfer of laser-treated cell group, respectively. *P < 0.05 by
Gehan-Breslow-Wilcoxon test.

FASEB J. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Katagiri et al.

Page 29

(A)

EO0771 tumors

No Laser Laser

Day 1

E0771 inoculation
: Day 3-7 Laser Treatment

-e No laser
v v ¢ ¢ ¢ Day 7-33 o No laser + 1gG
< Day3,7  Tumor 2 No laser + aPD-1
anti-PD-1 injection " measurement -+ Dual 1064 nm 1.5 W /cm2 + 1270 nm 0.25 W /cm?
“# Dual 1064 nm 1.5 W /cm2+ 1270 nm 0.25 W /cm?2 + IgG
7 Dual 1064 nm 1.5 W /cm? + 1270 nm 0.25 W /cm? + aPD-1
(B) = Dual 1064 nm 3 W /cm? + 1270 nm 1 W /cm?
- Dual 1064 nm 3 W /cm? + 1270 nm 1 W /cm? + aPD-1
2500 No laser side 2500+ Laser treated side
2000+ 2000+
mE mE
£ 1500 E 1500
® o
5 5
S E
S 1000 5 i
£ g 1000
= =
500+ 500
i ; . .
0 40 0 40
(C) Days after inoculation
— No laser

No laser + IgG
— Nolaser + aPD-1
Dual 1064 nm 1.5 W /cm?2 + 1270 nm 0.25 W /cm? %
— Dual 1064 nm 1.5 W /cm2 + 1270 nm 0.25 W /cm?2 + IgG
-~ Dual 1064 nm 1.5 W /cm?2 + 1270 nm 0.25 W /cm? + aPD-1
——- Dual 1064 nm 3 W /cm? + 1270 nm 1 W /cm?
—.- Dual 1064 nm 3 W /cm? + 1270 nm 1 W /cm? + oPD-1

Percentage survival

0 10 20 30 40
Days after inoculation

Figure 6. Dual NIR-I1 laser treatment enhanced the efficacy of theimmune checkpoint blockade
on tumor growth of a mouse model of breast cancer.

(A) A schematic showing the experimental design. EO771 murine breast cells were injected
into the flank of C57BL/6J mice. The laser treatment was performed for 5 days in a row at
day 3-7 at an irradiance of 1.5-3 W/cm? for 1064 nm laser and 0.25-1 W/cm? for 1270 nm
laser. Anti-PD-1 antibody was injected at day 3 and 7 (100 ug each), two times in total. (B)
Average growth curves of s.c. EO771 tumors in the (left) non-laser treated side and (right)
laser-treated side are shown. Error bars show means + s.e.m. n=14, 9, 11, 5-7, 4-5, 5-7,
6-7, 7 for no laser, no laser + 19G, no laser + aPD-1, dual 1064 nm 1.5 W/cm?2 + 1270

nm 0.25 W/cm?, dual 1064 nm 1.5 W/cm?2 + 1270 nm 0.25 W/cm? + IgG, dual 1064 nm
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1.5 W/cm? + 1270 nm 0.25 W/cm? + aPD-1, dual 1064 nm 3 W/cm?2 + 1270 nm 1 W/cm?,
dual 1064 nm 3 W/cm?2 + 1270 nm 1 W/cm? + aPD-1, respectively. *£< 0.05, **P< 0.01
for no laser vs. dual 1064 nm 1.5 W/cm? + 1270 nm 0.25 W/cm?; #< 0.05 for no laser

vs. dual 1064 nm 3 W/cm?2 + 1270 nm 1 W/cm?, 1£< 0.05, 11,< 0.01 for no laser vs.

dual 1064 nm 1.5 W/cm? + 1270 nm 0.25 W/cm? + aPD-1; T£< 0.05, 1TP< 0.01, TTTP<
0.001, 1717 £< 0.0001 for no laser vs. dual 1064 nm 3 W/cm? + 1270 nm 1 W/cm?2 + aPD-1
groups, respectively, by two-way ANOVA with Geisser-Greenhouse correction followed by
Tukey’s test. (C) Kaplan-Meier survival plots to a defined clinical endpoint (either side of
tumor reached at 600 mm3 in volume) are shown. 7=6, 4, 4, 5, 4, 5, 6, 6 for no laser, no
laser + IgG, no laser + aPD-1, dual 1064 nm 1.5 W/cm? + 1270 nm 0.25 W/cm?, dual 1064
nm 1.5 W/cm?2 + 1270 nm 0.25 W/ecm? + IgG, dual 1064 nm 1.5 W/ecm?2 + 1270 nm 0.25
W/cm? + aPD-1, dual 1064 nm 3 W/cm? + 1270 nm 1 W/cm?, dual 1064 nm 3 W/cm? +
1270 nm 1 W/cm? + aPD-1, respectively. *P < 0.05 by Gehan-Breslow-Wilcoxon test.
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Figure 7. Dual laser treatment combined with the immune checkpoint blockade decreased the
expression of PD-1in TILs.

EO0771 murine breast cells were injected into the flank of C57BL/6J mice. The laser
treatment was performed for 5 days in a row at day 3—-7. Anti-PD-1 antibody was injected
at day 3 and 7. At day 16, TILs were purified from tumors and stained for surface markers
and cytokines, and then analyzed by flow cytometry. (A) Percentages of FOXP3* CD4* T
cells. (B) Representative histograms and percentages of PD-1 and (C) IFN-y expression in
CDS8™* T cells are shown. (A-C) =5, 5, 4,5, 4,5, 5, 4 for no laser, no laser + IgG, no laser
+ aPD-1, dual 1064 nm 1.5 W/cm? + 1270 nm 0.25 W/cm?, dual 1064 nm 1.5 W/cm? +
1270 nm 0.25 W/cm? + 19G, dual 1064 nm 1.5 W/cm?2 + 1270 nm 0.25 W/cm?2 + aPD-1,
dual 1064 nm 3 W/cm? + 1270 nm 1 W/cm2, dual 1064 nm 3 W/cm?2 + 1270 nm 1 W/cm?
+ aPD-1, respectively. *£< 0.05, **P< 0.01 by one-way ANOVA followed by Tukey’s
multiple comparisons test.
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