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ABSTRACT
Near-infrared photoimmunotherapy (NIR-PIT) is a newly developed cancer treatment that utilizes an 
antibody-photoabsorber-conjugate (AbPC) combined with NIR light. The AbPC is injected and binds to 
the tumor whereupon NIR light irradiation causes a photochemical reaction that selectively kills cancer 
cells. NIR-PIT is ideal for surface-located skin cancers such as melanoma. However, there is concern that 
the pigment in melanoma lesions could interfere with light delivery, rendering treatment ineffective. We 
investigated the efficacy of CD29- and CD44-targeted NIR-PIT (CD29-PIT and CD44-PIT, respectively) in the 
B16 melanoma model, which is highly pigmented. While CD29-PIT and CD44-PIT killed B16 cells in vitro 
and in vivo, CD29-PIT suppressed tumor growth more efficiently. Ki67 expression showed that cells 
surviving CD29-PIT were less proliferative, suggesting that CD29-PIT was selective for more proliferative 
cancer cells. CD29-PIT did not kill immune cells, whereas CD44-PIT killed both T and NK cells and most 
myeloid cells, including DCs, which could interfere with the immune response to NIR-PIT. The addition of 
anti-CTLA4 antibody immune checkpoint inhibitor (ICI) to CD29-PIT increased the infiltration of CD8 T cells 
and enhanced tumor suppression with prolonged survival. Such effects were less prominent when the 
anti-CTLA4 ICI was combined with CD44-PIT. The preservation of immune cells in the tumor microenvir-
onment (TME) after CD29-PIT likely led to a better response when combined with anti-CTLA4 treatment. 
We conclude that NIR-PIT can be performed in pigmented melanomas and that CD29 is a promising target 
for NIR-PIT, which is amenable to combination therapy with other immunotherapies.
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Introduction

Near-infrared photoimmunotherapy (NIR-PIT) is a newly 
developed cancer therapy that utilizes an antibody- 
photoabsorber-conjugate (AbPC) and NIR light. The photo-
absorber dye IRDye700DX (IR700) is conjugated to 
a monoclonal antibody (mAb) directed against overexpressed 
tumor receptors on the cancer cell surface. AbPCs are intrave-
nously injected and bind to target antigens on the cancer cell 
surface. After an appropriate amount of time for accumulation 
(typically 24 hours), NIR light (at 690 nm) is applied. IR700 is 
unique in that prior to light exposure it is highly hydrophilic 
but after light exposure, photoinduced ligand release causes 
a dramatic change in solubility and the remaining molecule 
becomes highly hydrophobic. This, in turn, leads to aggrega-
tion of the antibody-antigen complex causing damage to the 
cell membrane. Within a minute of the exposure of NIR light 
cells begin to swell, bleb and rupture, leading to necrotic/ 
immunogenic cell death. The process is highly selective with 
minimal or no damage to non-expressing normal cells.1

One of the advantages of NIR-PIT is that it is relatively 
noninvasive. Although light can be delivered interstitially 
through light fibers, the ideal lesion is one that is on the skin 
surface and can be irradiated directly. For this reason, NIR-PIT 
is thought to be ideal for the treatment of skin cancers such as 

melanoma. However, there is concern that the pigment within 
most melanomas could absorb light interfering with NIR-PIT. 
While non-pigmented melanoma has been treated with NIR- 
PIT2 preclinically, there is no experience with pigmented 
lesions. Although the absorption of NIR light by melanin 
pigment is relatively small3 and not likely to largely affect the 
treatment, this question is of translational relevance since the 
majority of melanoma cases are pigmented.4 Thus, in this 
study, we employed the B16 melanoma model, which is highly 
pigmented. We also used MOC2 (mouse oral cancer 2) tumor 
model, which is not pigmented, as a comparison.

Another advantage of cancer-cell targeted NIR-PIT is that 
the therapy induces anti-cancer immune activation. The rapid 
destruction of cancer cells by NIR-PIT releases intact antigens 
in the treatment site, which induces dendritic cell (DC) 
maturation followed by DC-mediated CD8 T cell activation.5 

In order to maximize such immune activation, the targets for 
NIR-PIT have to be chosen carefully considering its expression 
on the immune cells in the tumor microenvironment (TME) as 
well as on cancer cells.

There are a limited number of tumor antigens on melano-
mas suitable for targeting with NIR-PIT. In this study, we 
tested the efficacy of CD44- and CD29- targeted NIR-PIT 
(CD44-PIT and CD29-PIT, respectively). CD44 is a non- 
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kinase transmembrane glycoprotein known to be overex-
pressed in many kinds of cancers such as pancreatic cancer6,7 

and breast cancer.8 The overexpression of CD44 is associated 
with a poor prognosis.6 CD44 expression is known to be 
associated with stemness9,10 and drug resistance.7 CD44-PIT 
has been shown to be effective in multiple murine tumor 
models.11–13 However, many tumor models have very little or 
no CD44 expression.12 Also, CD44 is highly expressed in 
immune cells in the TME such as activated T cells and DCs14 

which activates T cells, and our previous study showed that 
CD44-PIT killed both T cells and cancer cells15 thus, interfer-
ing with the immune response to NIR-PIT. Damaging immune 
cells in the TME is counterproductive as it interferes with the 
overall response to NIR-PIT. Nonetheless, CD44-PIT has been 
combined with other immunotherapies such as immune 
checkpoint inhibitors (ICIs) which improve overall 
efficacy.12,15–17 However, damage to immune cells in the 
TME is clearly a disadvantage of using CD44 as a target. 
Therefore, we sought an additional target candidate for NIR- 
PIT which is commonly expressed in cancer cells but is not 
highly expressed in immune cells.

CD29, also known as Integrin beta-1 (Itgb1), is one of 
the integrin family trans-membrane proteins which is 
involved in multiple cellular events such as cell adhesion 
and migration.18 CD29 expression is associated with cancer 
cell proliferation and migration,19,20 and is also associated 
with poor prognosis in breast cancer patients.21 CD44 and 
CD29 are known to be co-expressed in some cancers 
including synovial sarcoma22 and squamous cell 
carcinomas19 and melanomas.23,24 Although CD29 is 
known to be expressed in cytotoxic T cells,25 its expression 
in other immune cells is relatively low.26 Even when cyto-
toxic CD8 T cells are killed locally in the treatment site, if 
the rest of the immune cell populations such as DCs and 
CD4 T cells are intact, anti-tumor immune activation is 
expected to be unaffected, and newly activated T cells 
would fill the loss. Thus, in this study, we investigated the 
effect of CD29- and CD44-PIT on cancer cells and on TME 
cells. Specifically, we investigated; (1) the efficacy of NIR- 
PIT against a pigmented melanoma model and (2) 
Compared the treatment efficacy of CD29-PIT and CD44- 
PIT with and without a commonly available immune 
checkpoint inhibitor, anti-CTLA4 antibody.

Materials and methods

Synthesis of AbPC

One milligram (6.7 nmol) of anti-CD29 and anti- 
CD44 antibodies (clone KM16 and IM7, respectively, pur-
chased from Bio X Cell) were incubated with 66.8 μg 
(34.2 nmol) of IR700 NHS ester (Li-Cor) in 0.1 M Na2HPO4 
solution (pH 8.5) for 1 hour at room temperature. The mixture 
was purified using a PD-10 Desalting Column with Sephadex 
G-25 resin (Cytiva) and eluted with PBS. The resulting AbPC 
solution was diluted to make 1.675 nmol/mL. AbPCs were 
analyzed by SDS-PAGE with a 4–20% gradient polyacrylamide 
gel (Life Technologies). The same amount of unconjugated 
antibodies were loaded next to the AbPCs as controls. The 

gel was imaged with a Pearl Imager (LI-COR Biosciences) 
using a 700 nm fluorescence channel. The gel was stained 
with Colloidal Blue staining to determine the molecular weight 
of AbPCs.

Cell culture

B16-F10 (abbreviated as B16) was a kind gift from Dr. Samuel 
Hwang (NCI, Dermatology Branch), MOC2 was purchased 
from Kerafast. B16 cells were cultured in RPMI1640 media 
(Thermo Fisher Scientific) supplemented with 10% fetal bovine 
serum (FBS, Thermo Fisher Scientific) and 100 I.U./mL peni-
cillin and 100 μg/mL streptomycin (Thermo Fisher Scientific). 
MOC2 cells were cultured in the 1:1 mixture of IMDM med-
ium and Ham’s Nutrient Mixture F12 Media (GE Health 
Healthcare Life Sciences) supplemented with 5% FBS, 100 I. 
U./mL penicillin and 100 μg/mL streptomycin, 5 ng/mL insulin 
(MilliporeSigma), 40 ng/mL hydrocortisone (MilliporeSigma), 
and 3.5 ng/mL human recombinant EGF (MilliporeSigma). All 
cells were cultured in a humidified incubator at 37°C in an 
atmosphere of 95% air and 5% CO2 for no more than 30 
passages.

In vitro expression analysis by flow cytometry

B16 cells were seeded in a 24 well plate at 0.1 × 106 cells/well 
(dilution 1), 0.025 × 106 cells/well (dilution 4), at 0.00625 × 106 

cells/well (dilution 16). After 2 days of culture when the dilu-
tion 1 culture was fully confluent, cells were collected with 
trypsin and stained with either anti-CD29-PE (clone 
HMβ1-1, Thermo Fisher Scientific), anti-CD44-PE (clone 
IM7, Thermo Fisher Scientific), Armenian hamster IgG-PE 
(clone eBio299Arm, eBiosciences) or rat IgG2bκ-PE (clone 
RTK4530, Biolegend) then fixed and permeabilized with 
Foxp3/Transcription Factor Staining Buffer Set (Thermo 
Fisher Scientific) and stained with anti-Ki67-APC (clone 
10A8, Biolegend). Cells were analyzed with flow cytometry 
(FACSLyric, BD Biosciences) and Flowjo software (BD 
Biosciences).

FACS analysis of AbPC binding to B16 cells

B16 cells were cultured in tissue culture flasks (182 cm2; 
CELLTREAT Scientific Products) and collected when cells 
were approximately 80% confluent. 0.2 × 106 cells were col-
lected in 100 μL PBS and incubated with 1 μg AbPCs at 4°C for 
1 hour. For the blocking controls, 10 μg (10 × excess amount of 
AbPC) unlabeled antibodies were added 1 hour prior to the 
incubation with AbPC. The stained cells were analyzed with 
flow cytometry (FACSLyric, BD Biosciences) and Flowjo soft-
ware (BD Biosciences).

In vitro NIR-PIT and MTT assay

B16 cells were seeded in a 24 well plate at 0.1 × 106 cells/well 
a day before the experiment, 1 µg AbPC was added to each well 
and incubated at 37°C for 1 hour. Media was replaced with fresh 
phenol-red-free RPMI medium. The cells were irradiated with 
NIR light with an ML7710 laser system (Modulight) at 150 mW/ 
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cm2 for various lengths of time so that the total light dose was 0, 
5, 20, 50 J/cm2. The cells were incubated for another 3 hours 
then media was replaced with 500 μL of 3-(4,5-Dimethyl-2-thia-
zolyl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) reagent 
(0.5 mg/mL, SIGMA Aldrich) and incubated for 1 hour at 
37°C. The supernatant was discarded, and the crystal formazan 
dye was dissolved in 500 μL of 2-propanol. The absorbance was 
measured at 570 nm on a microplate reader (800 TS; BioTek).

Animal models

B6 albino 6–10 week old female mice were purchased from 
Charles River Laboratories. All procedures were performed in 
compliance with the Guide for the Care and Use of Laboratory 
Animals and approved by the local Animal Care and Use 
Committee. One million B16 cells or MOC2 cells were sub-
cutaneously injected into the upper thigh of the animals. The 
hair around the injection site was removed prior to the tumor 
inoculation. Mice were monitored each day, and tumor 
volumes were assessed 3 times a week by caliper and calculated 
using the following formula: tumor volume (mm3) = length 
× width2 × 0.5. The mice were euthanized with CO2 when the 
tumor volume reached 2000 mm3. Tumor-bearing mice were 
used seven days after the inoculation.

In vivo NIR-PIT

For the comparison of CD29-PIT and CD44-PIT, B16 tumor- 
bearing mice were grouped as follows: (i) no treatment (control), 
(ii) anti-CD29-IR700 i.v. injection only (AbPC only), (iii) anti- 
CD29-IR700 i.v. injection followed by NIR light irradiation 
(CD29-PIT) (iv) anti-CD44-IR700 i.v. injection followed by NIR 
light irradiation (CD44-PIT). For the AbPC only and PIT groups, 
AbPCs (0.335 nmol in 200 μL PBS) were intravenously injected 
a day prior to NIR light irradiation (day −1). For testing the 
combination of anti-CTLA4 administration and CD29-PIT or 
CD44-PIT, the B16 tumor bearing mice were grouped as follows: 
(i) no treatment (control), (ii) anti-CTLA4 (clone 9D9, Bio X Cell) 
i.p. injection only (aCTLA4 only), (iii) anti-CTLA4 administration 
plus CD29-PIT (aCTLA4+ CD29-PIT), (iv) anti-CTLA4 admin-
istration plus CD44-PIT (aCTLA4+ CD44-PIT). NIR light was 
irradiated with an ML7710 laser system (Modulight) at either 50 J/ 
cm2 at 150 mW/cm2 or 20 J/cm2 at 70 mW/cm2, for either one 
time (at day 0) or two times (at day 0 and 1). The mice were 
covered with aluminum foil with an approximately 10 mm dia-
meter hole through which NIR light was irradiated. For Kaplan– 
Meier survival analysis, the endpoint was set as tumor size above 
2000 mm3 at which point the mice were euthanized.

Histology analysis

The PIT-treated tumors were harvested either 1 hour or 1 day 
after the NIR light irradiation. The FFPE sections were stained 
with hematoxylin and eosin (H-E).

Multiplex immunohistochemistry (IHC)

Multiplex IHC was performed as previously described,17 using 
Opal Automation IHC Kit (Akoya Bioscience) and Bond RXm 
autostainer (Leica Biosystems). The following antibodies were 

used: anti-CD29 (EPR16895; Abcam; 1:1000 dilution), anti- 
CD44 (clone IM7, Bio X Cell; 1:1000 dilution), anti-gp100 
(clone EP4863(2); Abcam; 1:1000 dilution), anti-MelanA 
(clone EPR20380; Abcam, 1:1000 dilution), anti-CD8 (clone 
EPR20305; Abcam; 1:500 dilution), anti-CD4 (clone 
EPR19514; Abcam; 1:1000 dilution), anti-Foxp3 (clone 
1054 C; Novus Biologicals; 1:1,000 dilution), anti-Ki67 (clone 
D3B5; Cell Signaling Technology; 1:1000 dilution), anti-DIG 
(clone 9H27L19; Thermo Fisher Scientific; 1:500 dilution), anti- 
CD31 (clone D8V9E; Cell Signaling Technology; 1:500 dilu-
tion). Stained slides were mounted with ProLong Diamond 
Antifade Mountant (Thermo Fisher Scientific) and imaged 
with Mantra Quantitative Pathology Workstation (Akoya 
Biosystems). The images were analyzed with inForm Tissue 
Finder software and phenoptrReports (Akoya Biosystems). For 
T cell counting, the tissue area was segmented into “Stroma” 
and “Tumor” based on the expression of gp100 and MelanA. 
Cell phenotypes were identified via machine-learning algo-
rithms based on the following criteria: cancer cells (gp100+, 
MelanA+, CD45-), CD8 T cells (CD45+, CD3+, CD8+), 
endothelial cells (CD31+, CD45-). At least five images were 
obtained for each specimen, and tissue area and cell count 
were summed for each tissue category. Cell density was calcu-
lated as cell counts per square millimeter. For the Ki67 positive 
percentage calculation, the area of PIT survivor tumor tissue 
and the edge region of control tumors were manually segmen-
ted and the Ki67 positive percentage among cancer cells was 
calculated using the scoring function of inForm.

DIG-labeled antibody detection by IHC

The labeling of antibodies with digoxigenin (DIG) was per-
formed similarly as IR700 conjugation using 1 mg of anti- 
CD29, anti-CD44 or isotype rat IgG2b (clone KM16, IM7, and 
LTF-2, respectively, all purchased from Bio X Cell) and 50 μg of 
digoxigenin succinimidyl ester (Thermo Fisher Scientific). The 
resulting DIG-labeled antibodies were abbreviated as anti-CD29 
-DIG, anti-CD44-DIG, and isotype-DIG, respectively. Each 
DIG-labeled antibody (0.335 nmol in 200 μL PBS) was injected 
intravenously into tumor-bearing mice, tumors and contralat-
eral skin ware harvested a day later. The distribution of labeled 
antibodies was detected in FFPE sections by anti-DIG IHC 
using anti-DIG (clone 9H27L19; ThermoFisher Scientific).

In situ TUNEL assay

In situ TUNEL assay was performed with Click-iT Plus 
TUNEL Assay with Alexa488 (Thermo Fisher Scientific). The 
FFPE sections of tumors were processed per manufacturer- 
recommended protocol. DAPI was used to stain nuclear DNA.

Ex-vivo NIR-PIT

Single-cell suspension from one tumor was split into five tubes 
(for control, CD29-PIT, CD44-PIT, IgG2a-PIT, and IgG2b- 
PIT) and incubated with 2.5 μg of either AbPC in 1 mL 
media in 37°C for one hour. Cells were then washed and 
moved to 12 well plates in 1 mL phenol red-free RPMI 
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media. 20 J/cm2 NIR light was applied at 70 mW/cm2, then 
cells were immediately stained with antibodies and analyzed by 
flow cytometry.

FACS analysis of tumor and LN

Single-cell suspension was obtained as previously described.15 

The cells were stained with the following antibodies: anti-CD3e 
(145–2 C11), anti-CD8α (53–6.7), anti-CD11b (M1/70), anti- 
CD11c (N418), anti-CD25 (PC61.5), anti-F4/80 (BM8), anti- 
CD45 (30-F11), anti-Ly-6G (1A8), anti-Ly-6C (HK1.4), anti- 
CD31 (390), anti-I-A/I-E (M5/114.15.2), anti-ratIgG2aκ 
(RTK2758) and anti-ratIgG2bκ (RTK4530) from Biolegend or 
anti-CD4 (RM4-5), anti-CD69 (H1.2F3), anti-Klrg1 (2F1), 
anti-CD80 (16–10A1) and anti-NK1.1 (PK136) from 
ThermoFisher Scientific. Cells were also stained with Fixable 
Viability Dye (Thermo Fisher Scientific) and dead cells were 
gated out from the analysis. The stained cells were analyzed 
with flow cytometry (FACSLyric, BD Biosciences) and Flowjo 
software (BD Biosciences). Cell types were determined as fol-
lowing; CD8 T cells: CD45+/ CD3+/ CD8+, CD4 T cells: CD45 
+/ CD3+/ CD4+, NK cells: CD45+/ CD3-/ NK1.1+, DC1: 
CD45+/ CD11b-/ CD11c+, DC2: CD45+/ CD11b+/ CD11c+, 
EC: CD45-/ CD31+, CC: ssc high/ fsc high/ CD45-, MDSC: 
CD45+/ CD11b+/ Ly6G+ or Ly6C+, TAN: CD45+/ CD11b+/ 
Ly6G+, TAM: CD45+/ CD11b+/ F4/80 +.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
(GraphPad Software). n = number of independent experi-
ments. A P-value of less than 0.05 was considered significant.

Result

CD29 and CD44 targeted PIT kill B16 melanoma cells

We tested the surface expression of CD29 and CD44 in B16 
melanoma cells cultured at various densities. Flowcytometry 
was performed when the highest density culture (dilution 1) 
was fully confluent and lower density cultures (dilution 4 and 
16) were in a growing phase. Ki67 expression level was nega-
tively correlated with cell density, showing that cells were 
actively proliferating in lower density cultures. CD29 expres-
sion negatively correlated with cell density, whereas CD44 
expression positively correlated with cell density (Figure 1 
(a)). This expression pattern suggested that CD29 expression 
was higher in the more proliferative subset of B16 cells, while 
CD44 expression was higher in the less proliferative subset of 
B16 cells. Next, anti-CD29 and anti-CD44 were conjugated 
with IR700 to generate AbPCs (anti-CD29-IR700 and anti- 
CD44-IR700, respectively). The conjugation of IR700 was vali-
dated by SDS-PAGE (Figure 1(b)). Both AbPCs showed similar 
fluorescent intensity in 700 nm fluorescence, suggesting the 
conjugation efficiency was similar for these AbPCs. The bind-
ing of each AbPC to B16 cells was analyzed by flowcytometry 
(Figure 1(c)). When bound to the target, there was 
a fluorescence shift in the IR700 signal and this shift was 
diminished when the AbPC was blocked with excess unlabeled 

antibody showing the binding capability of antibodies to the 
target cells was not altered due to IR700 conjugation. In 
order to see if the AbPC binding is cell type specific, we 
also tested AbPC binding to BALB/3T3 fibroblast cell line 
(Supplemental Fig. 1). CD29-IR700 did not bind to BALB/ 
3T3 cells, whereas CD44-IR700 bound to BALB/3T3 cells, 
suggesting that anti-CD29 binding to B16 was cell type 
specific, and anti-CD44 may also bind to fibroblasts besides 
B16 melanoma cells.

In order to test the efficacy of cell killing by CD29 and CD44 
targeted NIR-PIT (CD29-PIT and CD44-PIT, respectively), 
cell viability was tested by the MTT assay 3 hours after in vitro 
NIR-PIT (Figure 1(d)). Both agents killed B16 melanoma cells 
in a light dose-dependent manner. CD44-PIT completely killed 
B16 cells at 20 J/cm2, whereas CD29-PIT killed about half the 
B16 cells with 50 J/cm2 NIR light.

In vivo cancer cell killing with CD29-PIT and CD44-PIT in 
established tumors

We tested the expression of CD29 and CD44 in established 
B16 melanomas using multiplex IHC (Figure 2(a)). CD29 
expression was typically uniform throughout the entire 
tumor, including the edge, whereas CD44 was usually 
expressed in a gradient that diminished toward the tumor 
edge. CD29 expression was seen both in the cytoplasm and 
on the cell membrane, whereas CD44 expression was seen 
only on the cell membrane. To assess the antibody delivery to 
the target cells, digoxigenin (DIG) was conjugated to anti- 
CD29, anti-CD44, and isotype control rat IgG2bκ (anti-CD29 
-DIG, anti-CD44-DIG, and isotype-DIG, respectively) which 
were injected into B16 tumor-bearing mice. The tumors were 
collected one day later and the distribution of antibodies was 
analyzed by anti-DIG IHC (Figure 2(b)). Anti-CD29-DIG 
and anti-CD44-DIG were detected on the cell surface of 
B16 cells showing that AbPCs were successfully delivered to 
the tumor tissue and bound to cancer cell surfaces. Isotype- 
DIG was not detected on B16 tumor cells, showing that AbPC 
binding on cancer cells was specific for CD29 and CD44.

Next, we examined tissue histology by H-E staining in B16 
tumors after in vivo CD29-PIT and CD44-PIT. AbPCs were 
injected 1 day prior to NIR light irradiation, which was 
delivered at 150 mW/cm2, 50 J/cm2, and treated tumors 
were harvested 1 hour or 1 day post NIR light irradiation. 
In the case of tumors evaluated 1 hour post NIR light irradia-
tion, B16 tumor cells from both CD29-PIT and CD44-PIT 
treated samples showed condensed nuclei and ruptured 
membranes which are the typical morphology of necrotic 
cells.27 The affected areas spanned approximately 3–4 mm 
deep from the surface (Supplemental Fig. 2). Within the 
affected area, dilation of blood vessels and gapping between 
cells were observed. These features have been previously 
described28 after successful NIR-PIT treatment in other 
tumors. One day post PIT, PIT-treated tumor cells appeared 
nearly completely necrotic, with a small portion of surviving 
cells at the farthest side from the surface, showing both 
CD29-PIT and CD44-PIT successfully killed B16 tumor 
cells in vivo. Tumors exposed to NIR light alone showed 
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normal morphology, suggesting that the cancer cell killing by 
CD29-PIT and CD44-PIT were PIT-target specific, not by 
NIR light alone.

Besides histology, we also tested cell death by detecting 
damaged DNA using TUNEL staining (Figure 2(c)). In the 
untreated control tumor, only occasional brightly labeled 
nuclei representing apoptotic cells were observed. On the 
other hand, both CD29-PIT and CD44-PIT treated tumors 
showed dimly stained nuclei representing necrotic cells 
throughout the tumor and only a small portion of TUNEL- 
negative live cells on the tumor edge. We did not detect 
TUNEL staining at 1 hour post PIT (data not shown), suggest-
ing that DNA damage was not apparent even though cell 
membrane damage had already occurred.

In order to evaluate the effect of NIR light dose, CD29-PIT and 
CD44-PIT were performed with different light doses and tissue 
histology was examined with H-E staining (supplemental table 1). 
With a high dose of NIR light, (50 J/cm2 NIR light using 150 mW/ 
cm2 laser), the majority of CD29- and CD44-PIT treated tumors 
were entirely necrotic. However, at this light dose, we observed 
occasional adverse events such as paralysis of the extremity (data 
not shown). With one-time irradiation of low-dose NIR light with 
low power laser output (20 J/cm2 using 70 mW/cm2 laser), none of 
the tumors showed diffuse necrosis. However, with two times 
irradiation of low-dose NIR light, half of CD29-PIT treated tumors 
were entirely necrotic and the remainder were partially necrotic 
while CD44-PIT resulted mostly in partial tumor cell death. 
Although this degree of cell damage may not be enough to shrink 

Figure 1. CD29 and CD44 targeted PIT kill B16 melanoma cells in vitro. (a) Surface expression of CD29 and CD44, and nuclear expression of Ki67 were tested in B16 cells 
cultured in various densities. Cells were analyzed by flow cytometry when dilution 1 (0.1 × 106 cells /well) culture was full confluent and dilution 4 and 16 (0.025 × 106 

cells /well and 0.0625 × 106 cells /well) cultures were rapidly dividing. The bar graphs show MFI (median fluorescent intensity) from 3 replicate wells and are shown as 
mean ± SEM. The histograms show the representative CD29 and CD44 expressions compared to isotype controls. (b) Validation of IR700 conjugation to anti-CD29 and 
anti-CD44 by SDS-PAGE. The left panel shows colloidal Blue staining, the right panel shows 700 nm fluorescence of IR700. The same amount of unconjugated antibody 
was used as control. (c) The binding of anti-CD29-IR700 (aCD29-700) or anti-CD44-IR700 (aCD44-700) to B16 cells was tested by flow cytometry. B16 cells were 
incubated with IR700-labeled anti-CD29 or anti-CD44 with or without blocking (blk) with excess unlabeled antibody. The experiments were repeated twice, the 
representative histograms are shown. (d) MTT assay to test the cell-killing efficacy of CD29-PIT and CD44-PIT against B16 cells. CD29 and CD44 targeted in vitro PIT was 
performed on B16 cells, NIR light was irradiated at 150 mW/cm2 in indicated doses. Cell metabolic activity was measured by MTT assay 3 hours after NIR light irradiation, 
shown as % vs control (ab-/0 J). The representative example from 3 experiments was shown. (5 replicate wells, shown as mean ± SEM).
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tumors, it should be enough to induce anti-tumor immune activa-
tion. Therefore, we used 2 × 20 J/cm2 NIR light for both CD29- 
and CD44-PIT in vivo for survival analysis. In order to test if the 
tumor cell death induced by NIR-PIT is affected by the pigment of 
the tumor, we also tested CD29-PIT and CD44-PIT on the MOC2 
tumor model (Supplemental Fig. 3). MOC2 tumor has a similar 
expression pattern of CD29 and CD44 as B16 melanoma but does 
not have pigment in its cells (Supplemental Fig. 3A). In MOC2 
tumors, necrosis was observed after CD29-PIT and CD44-PIT. 
The affected area often extended 3–4 mm deep from the surface, 
which was similar to the result in the B16 model. These results 
suggested that the pigment in the cells does not diminish the cell 
killing efficacy of NIR-PIT.

The effect of CD29-PIT and CD44-PIT on non-cancer tissues

Next, we evaluated cell surface expression of CD29 and CD44 
in non-cancer tissues such as the vasculature and normal skin 
surrounding the B16 tumor. CD29 is known to be expressed in 

endothelial cells (ECs).29 We observed that CD29 is highly 
expressed in CD31-positive ECs in both large blood vessels 
and capillaries (Supplemental Fig. 4A). Although vascular 
expression of CD44 was not detectable by IHC in B16 tumors 
in this study (Supplemental Fig. 4A), CD44 is known to be 
expressed in ECs and has a role in vasculature 
development.29,30 Vascular EC death was assessed by TUNEL 
staining after CD29-PIT and CD44-PIT with 50 J/cm2 NIR 
light at 150 mW/cm2. In the affected tumor area, TUNEL- 
positive dead cells were detected in the blood vessels in both 
CD29-PIT and CD44-PIT treated tumors (Supplemental 
Fig. 4B). However, the frequency of TUNEL-positive blood 
vessels was not high and notable bleeding was not detected, 
suggesting that the physical structure of blood vessels was 
maintained after CD29- and CD44-PIT.

Next, we tested the effect of CD29-PIT and CD44-PIT 
on normal skin. Both CD29 and CD44 are known to be 
expressed in the epidermis in both humans and mice.31–36 

IHC showed that CD29 and CD44 are expressed in the 

Figure 2. Expression of CD29 and CD44 in established B16 tumors and cell killing by NIR-PIT. (a) Representative example of CD29 and CD44 expression in B16 tumor 
detected with multiplex IHC. Insets (a and b) are enlarged on the bottom. (b) The distribution of DIG-labeled anti-CD29 and anti-CD44 was detected by anti-DIG IHC in 
B16 tumors. BV = blood vessel. (c) Cell death was detected by TUNEL staining 1 day after CD29-PIT and CD44-PIT with 2 × 20 J/cm2 70 mW/cm2 NIR light. Arrows with 
solid line indicate TUNEL-negative live (L) tissue, arrows with dotted line indicate TUNEL-positive dead (D) tissue. The red arrows indicate the direction of NIR light 
irradiation (from left to right). AF = autofluorescence, scale bar = 100 µm.
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epidermis and hair follicles, while CD44 was more widely 
expressed in the epidermis (Supplemental Fig. 5A). The 
antibody delivery was confirmed with DIG-labeled antibo-
dies. In both anti-CD29-DIG and anti-CD44-DIG injected 
mice, DIG was rarely detected in the epidermis nor in the 
hair follicle despite the expression of the antigens at these 
sites (Supplemental Fig. 5B). This indicated that the anti-
bodies did not penetrate deeply into the epidermis. All the 
tested antibodies including isotype-DIG were detected in 
the dermis. This was thought to represent a nonspecific 
accumulation of antibodies in the extracellular matrix. 
This nonspecific antibody accumulation in the dermis was 
observed in the normal skin (non-tumor bearing skin) as 
well. We also performed CD29-PIT and CD44-PIT against 
normal skin. TUNEL staining showed no increase in cell 
death (Supplemental Fig. 5C). These results suggested that 
both CD29-PIT and CD44-PIT are safe against normal 
skin.

In vivo CD29 and CD44 targeted NIR-PIT

Next, we performed in vivo CD29- and CD44-PIT in the B16 
mouse tumor model to assess treatment efficacy. In vivo experi-
ments delivered two doses of NIR light (20 J/cm2, 70 mW/ 
cm2). After CD29-PIT, B16 tumors shrunk, and the subsequent 
growth was significantly suppressed whereas CD44-PIT 
slightly flattened tumor growth, but subsequent tumor growth 
was comparable to non-treatment controls (Figure 3(b,c)). 
Either of the IR700 conjugated antibodies i.v. injection alone 
did not affect tumor size (Figure 3(c), Supplemental Fig. 6). All 
the CD29-PIT treated tumors eventually grew back and none 
achieved complete remission (CR), so its impact on survival 
was minimal (Figure 3(d)). Treated tumors often developed 
scab-like structures that eventually either fell off after the skin 
underneath healed or stayed on top of the re-growing tumor. 
There was no detectable damage of the skin adjacent to the 
treated tumor within the treatment site (Figure 3(b)).

The proliferation of surviving tumor cells following NIR- 
PIT

While tumor cells were killed throughout the tumor after CD29- 
PIT and CD44-PIT, there often was a small layer of live cells left 
on the far surface. IHC showed that CD29 expression in CD29- 
PIT surviving cells was scattered and often missing surface 
expression, whereas CD44 expression in CD44-PIT surviving 
cells was often low (Figure 4(a)). These expression patterns 
suggested us that combined PIT targeting both CD29 and 
CD44 may lead to more complete tumor cell death. In vivo 
CD29 + CD44 combined PIT did not improve tumor suppres-
sion compared to CD29-PIT (Supplemental Fig. 7), implicating 
that the PIT survivor cells cannot be completely eradicated by 
these two targets. These survivor cells eventually grew back, and 
CD29-PIT treated tumors grew back more slowly. We tested if 
there was a difference in proliferation in CD29-PIT and CD44- 
PIT survivor cells by testing for Ki67 expression. We observed 
less Ki67 staining in CD29-PIT survivor cells than in CD44-PIT 
survivor cells or untreated tumors (Figure 4(b,c)), suggesting 
that CD29-PIT surviving tumor cells were less proliferative 
than cells surviving CD44-PIT.

CD29-PIT does not damage immune cells at the treatment 
site, whereas CD44-PIT kills CD4, NK and DCs

Because an intact TME is essential for the immune effects of 
NIR-PIT, we assessed the effect of CD29-PIT and CD44-PIT 
on TME cell populations which have roles in anti-cancer 
immunity including CD4 and CD8 T cells, NK cells, and 
DCs. CD29 and CD44 expression were tested in B16 tumors 
and the expression intensity was compared to B16 cancer cells. 
Immune cells arrive in the tumor via the vasculature, so the 
expression of the targets on ECs was also tested. CD29 was 
highly expressed in cancer cells, ECs, and DC2, and expression 
in T cells, NK cells, and DC1 were low. CD44 was also highly 
expressed in cancer cells and DC2, but low in EC. The CD44 
expression in immune cells was relatively higher compared to 

Figure 3. In vivo CD29- and CD44-PIT against B16 tumor model. (a) Scheme of the treatment. NIR light (20 J/cm2) was applied one and two days after APC i.v. injection. 
Pictures of tumors were taken at days 0, 2, 6, and 8. (b) representative images of tumors. (c) Tumor growth curve. aCD29 iv = anti-CD29-IR700 i.v. injection only, n = 10 
(individual mice), *p < 0.05; **p < .01; ***p < .001 (vs control, one-way ANOVA followed by Tukey test) (d) Survival curve n = 10 (individual mice); n.s. not significant (vs 
control, log-rank test).
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CD29 (Figure 5(a)). Next, we performed an ex-vivo NIR-PIT to 
test if CD29-PIT and CD44-PIT killed the cells that expressed 
these targets. In order to test nonspecific IgG on cell killing by 
NIR-PIT, IR700 conjugated isotype control (rat IgG2a and rat 
IgG2b as isotype control for anti-CD29 and anti-CD44, respec-
tively) were also tested. Flow cytometry analysis showed that 
a large portion of CD45+ hematopoietic cells were lost after 
CD44-PIT, especially, the CD11b+ myeloid population has 
nearly completely disappeared (Figure 5(b)). None of the cell 
types were significantly killed after CD29-PIT or IgG2a-PIT. 
On the other hand, after CD44-PIT, CD4 T cells, NK cells, and 
cDC2 were significantly reduced. NK cells and DC2 were also 
significantly reduced after IgG2b-PIT but the reduction was 
smaller than after CD44-PIT (Figure 5(c,d)).

These results suggest that CD29-PIT can selectively destroy 
cancer cells without damaging immune cells within the treat-
ment site, whereas CD44-PIT destroys both cancer cells and 

immune cells. Slight cell reduction after IgG2b PIT suggested 
that nonspecific binding of AbPC, probably via the Fc receptor, 
can lead to cell killing and the degree of the nonspecific binding 
depends on the isotypes employed.

Combination therapy of CD29-PIT or CD44-PIT and 
anti-CTLA4 administration

Next, we tested the combination of CD29-PIT and CD44-PIT 
with an anti-CTLA4 immune checkpoint inhibitor (ICI). 
Anti-CTLA4 ICI is known to promote anti-cancer T cell 
activation by blocking the suppression pathway. We expected 
that a combination of cancer-cell targeted NIR-PIT and anti- 
CTLA4 ICI would augment the anti-tumor immune activa-
tion. Anti-CTLA4 was administrated on days −1, 1 and 3 
(Figure 6(a)). With anti-CTLA4 ICI alone, tumor growth 
was slightly suppressed. With the combination of anti- 

Figure 4. Proliferation marker analysis in cells surviving NIR-PIT. (a-c) CD29-PIT and CD44-PIT were performed with 1 × high dose NIR light (1 × 50 J/cm2, 150 mW/cm2), 
tumors were harvested 1 day after the PIT. (a) Representative IHC images of CD29 and CD44 expression in PIT-treated B16 tumor. The areas flanked by dotted lines 
indicate the PIT-surviving tumor tissue. Scale bar = 100 µm. (b-c) Cell proliferation of tumor cells surviving PIT was analyzed based on Ki67 expression. b. Representative 
IHC pictures for Ki67 expression in surviving tumor cells. The areas flanked by dotted lines indicate the PIT-surviving tumor tissue after CD29-PIT and CD44-PIT or normal 
tumor edge tissue in control. Arrows with solid line indicate live (L) tissue, arrows with dotted line indicate dead (D) tissue. The red arrows indicate the direction of NIR 
light irradiation (from left to right). (c) Percentage of Ki67+ cells in the PIT-surviving tissue and normal tumor edge. n = 5 (individual tumors), *p < .05 one-way ANOVA 
followed by Tukey test.
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CTLA4 ICI and CD29-PIT, tumor growth was clearly sup-
pressed compared to control and anti-CTLA4 ICI alone 
(Figure 6(b,c)). The combination of anti-CTLA4 ICI and 
CD44-PIT did not show any additional effects compared to 
anti-CTLA4 ICI alone. The combination therapy of anti- 
CTLA4 ICI and CD29-PIT significantly extended survival. 
However, none of the mice achieved CR (Figure 6(d)). We 
also tested anti-PD-1 ICI in combination with CD29-PIT 
(supplemental Fig. 8). Although it was not statistically signif-
icant, this combination therapy also showed a similar trend of 
improved tumor growth suppression. However, it did not 
extend the long-term survival.

The combination of anti-CTLA4 ICI and CD29-PIT 
enhanced T cell activation and tumor infiltration

The cancer cell antigens released by immunogenic cell death 
after cancer cell targeted NIR-PIT induces DC maturation, fol-
lowed by T cell activation, a process that often takes place in the 
draining lymph node (LN). We tested DC maturation, T cell 
activation, and effector differentiation marker expression after 
each treatment on day 2 (a day after the 2nd NIR light irradia-
tion) within the draining LN (Figure 7(a)). There was no differ-
ence in CD80 expression in DCs between control and CD29- 
PIT, whereas CD80 expression was reduced with CD44-PIT. On 

Figure 5. CD29 and CD44 expression in non-cancer cells in tumor tissue and ex-vivo NIR-PIT. (a) The surface expression of CD29 and CD44 on non-cancer cells and B16 
cancer cell in B16 tumor was analyzed by flow cytometry. The expressions are shown as MFI (median fluorescent intensity). n = 3 (independent tumors), bars represent 
the average, dots represent individual samples. CD4 = CD4 T cells; CD8 = CD8 T cells; NK = NK cells; DC1 = conventional DC1; DC2 = conventional DC2; EC = endothelial 
cells; CC = cancer cells. (b-d) Immune cell populations in the B16 tumors were analyzed after ex-vivo PIT with anti-CD29, anti-CD44, rat IgG2a or rat IgG2b isotype 
control. n = 5 (individual tumors), *, p < .05;**, p < .01;****, p < .0001; n.s., not significant (one-way ANOVA followed by Tukey test). (b) percentage of live CD45+ and 
CD11b+ cells in all cells. c. percentage of live DC1 and DC2 in all cells. d. Percentage of live CD4 T cells and NK cells in all cells.

Figure 6. In vivo NIR-PIT combined with anti-CTLA4 immune checkpoint inhibitor (ICI). (a) Scheme of the treatment. NIR light (20 J/cm2) was applied one and two days 
after APC iv injection. anti-CTLA4 ICI (aCTLA4) was administrated on days −1, 1, and 3. Images of tumors were taken on days 0, 2, 6, and 8. (b) Representative images of 
tumors. (c) Tumor growth curve. n = 10 (individual mice); **p < .01; ***p < .0001 (vs control, one-way ANOVA followed by Tukey test) (d) Survival curve. n = 10 
(individual mice); *p < .05; **p < .01 (log-rank test).
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the other hand, the combination of anti-CTLA4 and CD29-PIT 
increased CD80 expression. These results suggested CD44-PIT 
led to impaired DC maturation, whereas anti-CTLA4 ICI 
+ CD29-PIT promoted DC maturation, an important prelimin-
ary step to immune activation. Monotherapy of CD29-PIT and 
CD44-PIT both increased CD69 positive-activated CD8 T cells. 
Anti-CTLA4 ICI alone also increased CD69 positive activated 
CD8 T cells, and the combination with CD29-PIT or CD44-PIT 
further increased the activation of CD8 T cells (Figure 7(a) and 
Supplemental Fig. 9). The percentage of Klrg1 positive CD8 
T cells increased after CD29-PIT monotherapy and anti- 
CTLA4 ICI + CD29-PIT, suggesting that CD29-PIT promoted 
the effector differentiation of CD8 T cells.

Next, tumor infiltration of T cells was tested 7 days after PIT. 
IHC showed that the number of CD8 T cells within the tumor 
increased after anti-CTLA4 ICI alone and anti-CTLA4 + CD29- 
PIT, whereas the increase was not significant after anti-CTLA4 

+ CD44-PIT (Figure 7(b,c)). Cell proliferation marker expres-
sion in tumor cells revealed fewer Ki67 positive cancer cells after 
anti-CTLA4 ICI alone and anti-CTLA4 + CD29-PIT (Figure 7 
(d)). These results suggested that the anti-CTLA4 ICI and anti- 
CTLA4 + CD29-PIT effectively activated anti-tumor immunity 
and suppressed cancer cell proliferation.

Discussion

We used two low doses of NIR light irradiation for most of the 
in vivo experiments. Delivered in this way, both CD29-PIT and 
CD44-PIT resulted in much more cell killing than with a single 
dose of light. This may be related to increased permeability of 
the vessels after the first PIT session which allows better dis-
tribution of the AbPC prior to the 2nd light application. This is 
a well-known effect of NIR-PIT and is known as the super- 
enhanced permeability and retention (SUPR) effect. With the 

Figure 7. Immuno-activation after CD29-PIT and CD44-PIT in B16 tumor model. (a) The expressions of immune activation markers were analyzed by flow cytometry in 
tumor-draining lymph nodes on day 2 (1 day after 2nd NIR light irradiation). Expression of DC maturation marker CD80 in DC cells are shown in MFI, T cell activation 
marker CD69 and effector T cell differentiation marker Klrg1 in CD8 T cell are shown as a positive percentage. Control = no treatment; aCTLA4 = anti-CTLA4 
administration only; CD29PIT+aC4 and CD44PIT+aC4 = anti-CTLA4 administration plus CD29-PIT or CD44-PIT. n = 5 (individual tumors), *p < .05; **p < .01; ***p < .001; 
****p < .0001 (vs control, one-way ANOVA followed by Tukey test) (b-d) Tumor microenvironment was analyzed by IHC on day 7 (6 days after 2nd NIR light irradiation). 
(b) Representative images of CD8 T cell distribution. The B16 melanoma cells were stained with gp100 IHC (shown in cyan) to mark the tumor tissue. Scale bar = 100 µm. 
(c) CD8 T cell count in tumor and stroma counted from IHC, shown as count/mm2. n = 5 (individual tumors), *p < .05 (vs control, one-way ANOVA followed by Tukey test) 
(d) Ki67 positive percentage in B16 melanoma cells. n = 5 (individual tumors), *p < .05 (vs control, one-way ANOVA followed by Tukey test).
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SUPR effect, the part of tumor tissue, which did not have 
enough AbPC bound on the cell surface at the time of the 1st 

irradiation could receive “fresh” AbPC by the time of the 2nd 

irradiation. Also, keeping NIR light dose low would be bene-
ficial to avoid nonspecific tissue damage because high-dose 
NIR light (above 600 mW/cm2) by itself is known to cause 
tissue damage.37 Even with two exposures of NIR light, CD44- 
PIT rarely destroyed tumors far from the surface. This is likely 
because the expression of CD44 on the B16 tumor was the 
weakest on the surface, and the first NIR light irradiation of 
CD44-PIT did not result in a sufficient SUPR effect to allow for 
deeper AbPC penetration within the tumor prior to the 2nd 

exposure of NIR light. In addition to robust tumor shrinkage 
immediately after the CD29-PIT, regrowth of tumors treated 
with CD29-PIT was slower. This was thought to be because 
CD29-PIT preferentially killed the most proliferative subpopu-
lation of cancer cells. Since cancer cells in tumors are hetero-
geneous, targeting the most proliferative subset is beneficial for 
prolonging intervals between treatments. Nonetheless, there 
were often surviving tumor cells, which eventually regrew, 
after CD29- and CD44-PIT in B16 tumor. Based on the expres-
sion pattern of the target antigen in the PIT-surviving tumor 
cells, this may be the result of the heterogeneity of antigen 
expression, including cellular localization. Targeting multiple 
targets, ideally, both not expressed in immune cells, by NIR- 
PIT might help achieve complete cancer cell killing.

This study also showed that while CD29 was expressed 
on ECs in the vasculature, both CD29-PIT and CD44-PIT 
killed ECs to some extent. It was unclear if the EC death 
observed after CD44-PIT was due to direct cell killing or 
a secondary effect from nearby tissue necrosis. Probably 
there was low expression of CD44 that was not detectable 
by IHC but enough to induce cell death by CD44-PIT. 
While EC death was observed, the blood vessels were main-
tained on histology and seemed to be functional based on 
a marked SUPR effect. This probably is because blood 
vessels are not solely composed of ECs but are supported 
by basal membrane and pericytes. There have been several 
examples of vascular-targeted NIR-PIT which were 
intended to shut down intra-tumoral blood supply and 
while reducing blood flow did not eliminate it.38,39 Tumor 
vasculature is an important source of activated immune 
cells. Therefore, in the cases in which anti-tumor immune 
activation is included in the therapy mechanism like in this 
study, leaving intra-tumoral vessels intact may be of benefit. 
Also, when high-dose NIR light was applied, we observed 
some adverse events such as paralysis of the limb on the 
treated side, which might be a sign of vascular or nerve 
damage. For these reasons, we concluded it is beneficial to 
perform CD29-PIT with low-dose NIR light. Since we 
observed the increase of newly activated CD8 T cells in 
the tumor after CD29-PIT combined with anti-CTLA4 ICI, 
the vessels were likely to be functional enough to support 
the transport of newly activated T cells to the treated 
tumor.

NIR-PIT did not cause damage to adjacent normal skin. 
Intravenously administrated mAb rarely penetrated the epi-
dermis, and CD29-PIT and CD44-PIT showed no effect on 
normal skin, providing a margin of safety for its use. However, 

a caveat is that NIR-PIT may not be effective against early-stage 
melanomas that do not penetrate into the dermis as AbPC 
delivery to the epidermis is limited. For such early-stage skin 
cancers, other methods of AbPC administration, for instance, 
topical ointments, might be necessary. NIR-PIT is expected to 
be more effective against advanced-stage melanomas, which 
penetrate the dermis.

Although DIG-labeled antibodies were widely distributed in 
the dermis, no notable increase in cell death was observed. This 
antibody distribution was thought to be nonspecific, likely 
representing trapping in the extracellular matrix. These 
unbound AbPC are expected to have no biological effect and 
do not affect treatment.

A consequence of direct cell killing by NIR-PIT is induced host 
cell immunity, which increases the effectiveness of the treatment. 
CD8 T cell activation relies on DCs, which capture antigens 
released from killed cancer cells, migrate to the LNs and undergo 
maturation, whereupon cDC1 cells activate CD8 T cells and cDC2 
activate CD4 T cells, which together have a profound anti-cancer 
effect40 in combination with NK cells that also attack cancer cells. 
Ideally, a treatment intended to rely on an immune response 
should not damage these immune cells. The ex-vivo PIT showed 
that CD29-PIT does not damage intratumoral immune cells while 
CD44-PIT significantly reduced CD4 T cells, NK cells, and cDC2 
due to their expression of CD44. Our previous study showed 
CD44-PIT destroyed CD44-positive activated CD8 T cells15 work-
ing counter-productively against the intent of the treatment. In 
this study, there was no significant reduction of CD8 T cells, likely 
because few CD8 T cells were activated upon the treatment in the 
B16 tumor model. Even if some T cells were killed at the treatment 
site, this might not be critical because newly activated T cells will be 
supplied from the tumor-draining LNs, which are outside the 
treatment zone. However, DCs capture antigens released from 
destroyed cancer cells then carry them to the LNs and present 
the antigen to activate T cells, so, the loss of DCs by CD44-PIT 
might be more critical than the loss of CD8 T cells.

Besides CD44-PIT, its isotype control IgG2b-PIT also 
slightly reduced NK cells and cDC2. This may be because 
these cells express Fc receptors to which the antibody binds. 
The isotype control of anti-CD29, rat IgG2a PIT did not kill 
these cells. The difference in properties, such as the affinity of 
FcR binding or amount of nonspecific binding might be dif-
ferent between the two isotypes and, therefore, affect the NK 
and cDC2 killing efficacy by NIR-PIT.

Since CD29-PIT keeps immune cell populations intact, we 
hypothesized that the anti-tumor efficacy of CD29-PIT might be 
augmented by ICI, especially by anti-CTLA4 which prevents the 
blocking of DC-mediated T cell activation.41,42 Two days after 
the first NIR light irradiation, although the number of tumor- 
infiltrating CD8 T cells was not significantly different between 
anti-CTLA4 ICI alone and CD29-PIT + anti-CTLA4 ICI,  
CD29-PIT + anti-CTLA4 ICI did increase the expression of 
the DC maturation marker, CD69 positive activated CD8 
T cells, Klrg1 positive effector CD8 T cells while CD8 T cell 
infiltration was also increased. This result suggests that the 
combination of CD29-PIT with anti-CTLA4 ICI augmented 
T cell activation and effector differentiation, which would lead 
to more effective tumor suppression. In comparison, CD44-PIT 
slightly reduced DC maturation marker expression. Although 
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CD8 T cell activation occurred similarly as after the CD29-PIT, 
no increase in effector marker expression nor significant 
increase of T cell infiltration was observed after CD44-PIT. 
These results suggest that initial CD8 T cell activation occurred, 
but effector differentiation was less successful after CD44-PIT 
than it was for CD29-PIT. Whereas CD29-PIT preserved 
immune cells that support CD8 T cell activation, CD44-PIT 
largely reduced these cells. While the tumor could replenish 
these cells from nearby tissue, however, even transient loss 
might have affected the T cell activation after the CD44-PIT. 
Despite the partial loss of immune cells, our previous study in 
other tumor models showed that CD44-PIT could increase the 
CD8 T cell infiltration in combination with ICI. However, 
targets such as CD29 that directly kill tumor cells but do not 
affect immune cells are more effective and can be more success-
fully combined with other immunotherapies such as immune 
checkpoint inhibitors.

This study had several limitations. Only one melanoma cell 
line was used to test the efficacy of CD29-PIT and CD44-PIT. 
Additional cell lines will be tested in the future. Additionally, 
while the anti-CTLA4 ICI and CD29-PIT combination signifi-
cantly extended survival, it was not efficient enough to achieve 
cures. In this study, we administered anti-CTLA4 ICI during the 
first one week of treatment, extending this period may improve 
anti-tumor efficacy. For the later phase of treatment, anti-PD-1 
ICI which upregulates effector function and is widely used for 
melanoma treatment may help improve long-term survival. 
Alternatively, combining both anti-CTLA4 and anti-PD-1 ICIs 
with NIR-PIT would be interesting since this combination is 
commonly used in clinical settings. Additional combination 
therapies such as activation cytokine IL-15 or CTLA4-PIT that 
can eliminate suppressor cells43,44 may also lead to improved 
efficacy, however, these remain to be tested.

Conclusion

In this study, we showed NIR-PIT is effective against pigmented 
melanomas and shows no difference when compared to non- 
pigmented tumors with similar target expression profiles. CD29- 
PIT was more effective than CD44-PIT in shrinking B16 melano-
mas. Unlike CD44-PIT, CD29-PIT did not destroy immune cells 
at the treatment site, enabling a more robust immune response. 
Moreover, the combination of CD29-PIT with anti-CTLA4 ICI 
was highly effective. CD29 is expressed in various cancers, so it 
may be a promising treatment against a wide variety of cancers 
besides melanoma, especially in combination with other immu-
notherapies such as checkpoint inhibitors to maximize its treat-
ment effect.
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