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A B S T R A C T

Background: near-infrared photoimmunotherapy (NIR-PIT) is a cancer treatment that uses antibody-photo-
absorber (IRDye700DX, IR700) conjugates (APCs) which bind to target cells and are photoactivated by NIR
light inducing rapid necrotic cell death. NIR-PIT targeting human epidermal growth factor receptor (hEGFR)
has been shown to destroy hEGFR expressing human tumor cells and to be effective in immunodeficient
mouse models. NIR-PIT can also be targeted to cells in the tumor microenvironment, for instance, CD25-tar-
geted NIR-PIT can be used to selectively deplete regulatory T cells (Tregs) within a tumor. The aim of this
study was to evaluate the combined therapeutic efficacy of hEGFR and CD25-targeted NIR-PIT in a newly
established hEGFR expressing murine oropharyngeal cell line (mEERL-hEGFR).
Methods: panitumumab conjugated with IR700 (pan-IR700) was used as the cancer cell-directed component
of NIR-PIT and anti-CD25-F(ab0)2-IR700 was used as the tumor microenvironment-directed component of
NIR-PIT. Efficacy was evaluated using tumor-bearing mice in four groups: (1) non-treatment group (control),
(2) pan-IR700 based NIR-PIT (pan-PIT), (3) anti-CD25-F(ab0)2-IR700 based NIR-PIT (CD25-PIT), (4) combined
NIR-PIT with pan-IR700 and anti-CD25- F(ab0)2-IR700 (combined PIT).
Findings: the combined PIT group showed the greatest inhibition of tumor growth. Destruction of cancer cells
likely leads to an immune response which is amplified by the loss of Tregs in the tumor microenvironment.
Interpretation: combined hEGFR and CD25-targeted NIR-PIT is a promising treatment for hEGFR expressing
cancers in which Treg cells play an immunosuppressive role.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Near-infrared photoimmunotherapy (NIR-PIT) is a newly devel-
oped cancer therapy in which an antibody-photoabsorber conjugate
(APC) is activated by NIR light at the tumor site [1]. The photoab-
sorber used in NIR-PIT is a water-soluble silica-phthalocyanine dye,
IRDye700DX (IR700), which is readily conjugated to antibodies. After
intravenous administration, the APC binds to its target antigen on the
cell surface, and subsequent NIR light exposure induces rapid cell
specific immunogenic cell death [2,3]. Human epidermal growth fac-
tor receptor (hEGFR) is overexpressed on the surface of a variety of
cancers, including head and neck, breast, lung, colorectal, prostate,
kidney, pancreas, ovary, brain, and bladder cancers [4], and is there-
fore a good target for NIR-PIT. NIR-PIT not only causes direct cancer
cell killing but also induces a strong immune response in the tumor
microenvironment (TME) which contributes to effective tumor rejec-
tion [5]. A global phase III human clinical trial of NIR-PIT targeting
hEGFR in patients with inoperable head and neck cancer is now
underway (https://clinicaltrials.gov/ct2/show/NCT03769506). The
first drug cetuximab-IR700 (ASP1929) for NIR-PIT has recently been
conditionally approved and registered for clinical use by the Pharma-
ceuticals and Medical Devices Agency (PMDA) in Japan.

Immunosuppressive cells within the TME are particularly promis-
ing targets for NIR-PIT. For instance, regulatory T cells (Tregs) play a
major role in creating an immune-permissive environment for tumor
growth [6]. Selective depletion of intra-tumoral Tregs has been
achieved with CD25-targeted NIR-PIT in preclinical models and is
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Research in context

Evidence before this study

Near-infrared photoimmunotherapy (NIR-PIT) is a cell-selective
cancer treatment, which uses antibody-photoabsorber conju-
gate and NIR light. Human epidermal growth factor receptor
(hEGFR) targeted NIR-PIT against head and neck cancer was
conditionally approved in Japan in September 2020. With
appropriate antibody, NIR-PIT could be applied to other types
of cells besides cancer cells. In preclinical settings, intratumoral
depletion of regulatory T cells (Tregs) has been achieved with
CD25-targeted NIR-PIT. Concurrent destruction of cancer cells
and intratumoral Tregs by CD44- and CD25-targeted NIR-PIT
have been shown to induce superior antitumor efficacy to
either monotherapy in mouse models.

Added value of this study

We established a new mouse derived cancer cell line but
expressing hEGFR, which is the target molecule for approved
NIR-PIT in human patients. Using this cell line and anti-hEGFR
antibody, we successfully analyzed the therapeutic efficacy and
the immune response of combined NIR-PIT targeting hEGFR
and CD25. We showed that the immune response after cancer
cell-targeted NIR-PIT and Treg-targeted NIR-PIT were different,
yet worked synergically, resulting in potential induction of
antitumor immune response, when those two therapies were
concurrently performed.

Implications of all the available evidence

This study demonstrated strong antitumor efficacy and feasibil-
ity of NIR-PIT concurrently targeting cancer cells and inratu-
moral Tregs. Combined hEGFR and CD25-targeted NIR-PIT is a
promising treatment for hEGFR expressing cancers in which
Tregs sufficiently infiltrate.
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associated with tumor growth delay or abrogation [7]. CD25 is a com-
ponent of the IL-2 receptor complex (IL-2Rs) and is expressed on
Tregs and activated effector cells, such as CD8+ T cells and natural
killer (NK) cells [8�10], though various tumor models have shown
that most intra-tumoral CD25+ cells are Tregs [7,11]. Thus, CD25-tar-
geted NIR-PIT selectively depletes Tregs from the TME, resulting in
activation of effector cells and upregulation of antitumor immunity
[7,12]. As there is concern about depletion of effector T cells due to
antibody-dependent cellular cytotoxicity (ADCC)/complement-
dependent cytotoxicity (CDC), the Fc region of anti-CD25-IgG was
removed and a truncated antibody [anti-CD25-F(ab0)2] was used in
the APC. The smaller size of the F(ab0)2 also results in more rapid
clearance and less blocking of IL-2/IL-2R binding on effector cells,
which contribute to improved effector T cell proliferation [12].

Near-infrared photoimmunotherapy can concurrently destroy
multiple cell types if multiple APCs are injected. For example, com-
bined CD44- and CD25-targeted NIR-PIT has been shown to kill both
cancer cells and Tregs, resulting in greater immune activation and
inhibition of tumor growth than either therapy alone [13]. However,
CD44 is expressed on both cancer cells and immune cells [5], thus,
CD44-targeted NIR-PIT might reduce antitumor immunity and is,
therefore, not an ideal model to analyze the additional effect of
CD25-targeted NIR-PIT.

In this study we established mEERL-hEGFR cells which are a modi-
fied mEERL cell line. The parental mEERL (mEERL-WT) cells are trans-
duced with the human papillomavirus 16 (HPV16) E6 and E7
oncogenes and the mEERL-hEGFR line is further transduced with
hEGFR. hEGFR is not expressed on natural murine cells, therefore,
hEGFR-targeted NIR-PIT against mEERL-hEGFR tumor does not cause
off-target effect to other murine cells. The aim of this study was first
to evaluate the efficacy of hEGFR-targeted NIR-PIT in this new synge-
neic model of head and neck cancers, mEERL-hEGFR. Subsequently,
the anti-cancer effects of combined hEGFR- and CD25-targeted NIR-
PIT in the same model were evaluated in immunocompetent mice.

2. Methods

2.1. Reagents

IR700 NHS ester was obtained from LI-COR Biosciences (Lincoln,
NE, USA; cat # 929-70011). Panitumumab was purchased from
Amgen (Thousand Oaks, CA, USA; RRID AB_2459650). Anti-mouse
CD25 antibody (clone PC-61.5.3; cat # BE0012) was purchased from
Bio X Cell (West Lebanon, NH, USA). Anti-CD25-F(ab0)2 was manufac-
tured from anti-CD25-IgG as previously described [7]. All other
chemicals were of reagent grade.

2.2. Synthesis of antibody-photoabsorber conjugate (APC)

Panitumumab (1mg, 6.8 nmol) or anti-CD25-F(ab0)2 (1mg,
9.1 nmol) was incubated with 5-fold molar excess of IR700 NHS ester
in phosphate buffer (pH 8.5) at room temperature for 1 h. The mix-
ture was purified with a Sephadex G25 column (PD-10; GE Health-
care, Piscataway, NJ, USA). The APCs are referred to as pan-IR700 and
anti-CD25-F(ab’)2-IR700, respectively.

2.3. Cell lines

mEERL-WT cells were established by transduction of HPV
16 E6/E7 and hRAS to C57BL/6-derived oropharyngeal epithelial cells
[14�16]. mEERL-hEGFR cells were established by stable transforma-
tion of mEERL cells with hEGFR as follows. Briefly, hEGFR from a plas-
mid stock was cloned utilizing the In-Fusion HD Cloning Kit
(Clontech; cat # 102518) into a previously generated pBabe plasmid
construct with a zeocin resistance cassette. After sequence verifica-
tion of the pBabe hEGFRzeo construct, retrovirus was generated from
Phoenix-AMPHO cells (ATTC CRL-3213) by transfection with polyfect
(Qiagen; cat # 301107) per the manufacturer’s directions. Parental
mEERL cells were then transduced with the retrovirus and placed
under zeocin selection (500mg/mL), uninfected control cells died and
clonal lines were derived from single cells in the retrovirus infected
population. A clonal mEERL-hEGFR cell line was selected based on
hEGFR messenger RNA expression, protein expression, and growth in
vivo. Reverse transcription polymerase chain reaction (RT-PCR) was
performed with the primers, (Fwd: ACACCTGCCCCCCACTCATG and
Rev: CGCCACTGATGGAGGTGCAG) identifying a hEGFR product of
318 bp. In vitro surface expression of hEGFR was evaluated with
immunofluorescence staining using Erbitux (Eli Lilly &Co., Indianapo-
lis, IN, USA) and AlexaFluor 488 (Invitrogen; cat # A11013) secondary
antibody. DAPI was used for counter staining nuclei. In vivo hEGFR
expression was assessed by immunohistochemical staining with
anti-hEGFR (clone EGFR.1; BD biosciences; cat # 555996) and anti-
activated hEGFR (clone 13/EGFR; BD biosciences; cat # 610025).
These cells were newly made by our own and authenticated with
mouse short-tandem repeat profiling service by ATCC. Both cell lines
were cultured in DMEM/F-12 medium (Thermo Fisher Scientific, Wal-
tham, MA, USA; cat # 1320033) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific; cat # 16000044), 1% penicillin/
streptomycin (Thermo Fisher Scientific; cat # 15140122) and 1£
human keratinocyte growth supplement (Thermo Fisher Scientific;
cat # S0015), which was modified from a previous report [17]. Cells
were cultured in a humidified incubator at 37 °C in an atmosphere of
95% air and 5% CO2.
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2.4. Cell-specific binding analysis

mEERL-WT/hEGFR cells were collected with trypsin (Thermo
Fisher Scientific; cat # 15400054) and two hundred cells were ali-
quoted in 100 mL volume PBS. To test panitumumab binding, cells
were incubated with 1 mg of panitumumab in 100 mL PBS for 1 h at
4 °C followed by incubation with anti-human IgG-PE (Thermo Fisher
Scientific; cat # 12-4998-82, 1:100 dilution) for 30 minutes at 4 °C.
To test pan-IR700 binding, cells were incubated with 1 mg of pan-
IR700 in 100 mL PBS for 1 h at 4 °C. To confirm the specific binding of
the pan-IR700, 10-fold excess of panitumumab was added to some
samples 1 h prior to the administration of the pan-IR700. Fluores-
cence of the cells was analyzed with a flow cytometer (FACSLyric, BD
Biosciences, San Jose, CA, USA) and FlowJo software (BD Biosciences).

2.5. In vitro NIR-PIT

Twenty thousand cells of mEERL-WT/hEGFR were seeded into
glass bottomed 35mm dish. After one day, the cells were incubated
with 10mg/mL of pan-IR700 for 1 h at 37 °C. After washing with PBS,
phenol-red-free medium was added. The cells were then exposed to
NIR light (690 nm, 150mW/cm2, 50 J/cm2) with an ML7710 laser sys-
tem (Modulight, Tampere, Finland). Transmitted light differential
interference contrast (DIC) images were obtained before and after
the light exposure with a microscope (IX81; Olympus America, Mel-
ville, NY, USA). For quantitative assessment of the cytotoxicity, three
hundred thousand cells of mEERL-WT or mEERL-hEGFR were seeded
into 12-well plates. NIR-PIT was performed as same as above. NIR
light (690 nm, 150mW/cm2) was applied at 0, 1, 4, 16, and 64 J/cm2.
One hour after the light exposure, the cells were collected with tryp-
sin and stained with 1mg/mL propidium iodide (PI). The percentage
of PI-stained cells were analyzed with flow cytometry.

2.6. Animals and tumor models

All in vivo procedures were conducted in compliance with the
Guide for the Care and Use of Laboratory Animal Resources (1996),
US National Research Council, and approved by the local Animal Care
and Use Committee (MIP-003; project number P183735). Six- to
eight-week-old female C57BL/6 mice were purchased from The Jack-
son Laboratory (Bar Harbor, ME, USA). One million mEERL-hEGFR
cells were inoculated into the right side of the dorsum. The hair over-
lying the tumor site was removed for the light exposure and the
imaging studies. Tumor volume was calculated as (major
axis)£ (minor axis)2£ 0.5. Tumor volumes were measured twice a
week until the volume reached 1000mm3, whereupon the mice
were euthanized with CO2.

2.7. In vivo fluorescence imaging

Pan-IR700 (100mg) was injected via lateral tail vein 6 days after
inoculation of the tumor. Serial dorsal fluorescence images were
taken with the 700-nm fluorescence channel of a Pearl Imager (LI-
COR Bioscience). The images were obtained before and 1, 3, 6, 9, 12,
24, 48, 72, and 96 h after injection of the pan-IR700. The images were
analyzed with Pearl Cam Software (LI-COR Bioscience). Regions of
interest (ROIs) were drawn on the tumor and the non-tumoral region
of the contralateral side. Target-to-background ratio was calculated
as (Mean fluorescence intensity of the tumor)/(Mean fluorescence
intensity of a normal region of the contralateral side).

2.8. In vivo NIR-PIT

In order to evaluate the in vivo efficacy of hEGFR-targeted NIR-PIT,
tumor-bearing mice were randomized into 3 groups as follows: (1)
no treatment (control), (2) intravenous administration of pan-IR700
(100mg) without NIR light exposure (pan-IR700-IV), and (3) intrave-
nous administration of pan-IR700 (100mg) followed by NIR light
exposure (pan-PIT). In order to evaluate the efficacy of combined
hEGFR and CD25-targeted NIR-PIT, tumor-bearing mice were ran-
domized into 4 groups; (1) no treatment (control), (2) intravenous
administration of pan-IR700 (50mg) followed by NIR light exposure
(pan-PIT), (3) intravenous administration of anti-CD25-F(ab0)2-IR700
(50mg) followed by NIR-light exposure (CD25-PIT), and (4) intrave-
nous administration of both pan-IR700 and anti-CD25-F(ab0)2-IR700
(50mg per each) followed by NIR-light exposure (combined PIT).
Mice with ulcerating tumor were excluded from the study. The APCs
were injected 6 days after the inoculation of tumor. The exposure to
NIR light (690 nm, 150mW/cm2, 50 J/cm2) was performed at the tim-
ings indicated. Anti-mouse CD8 (clone YTS 169.4; cat # BE0117) or its
corresponding isotype control (rat IgG2b, clone LTF-2; cat # BE0090)
from Bio X Cell was intraperitonially injected (200mg, twice a
week, three weeks) to see the efficacy of NIR-PIT under the CD8+ cell
depletion.
2.9. Flow-cytometric analysis

Tumors were digested with collagenase type IV (1mg/mL;
Thermo Fisher Scientific; cat # 17104019) and DNase I (20mg/mL;
cat # 11284932001; Millipore Sigma, Burlington, MA, USA), then dis-
sociated and filtered with 70mm cell strainer (Corning, Corning, NY,
USA; cat # 431751). The cells were stained with antibodies purchased
either from Biolegend [anti-CD3e (clone 145�2C11; cat # 100306),
anti-CD8a (clone 53�6.7; cat # 100734), anti-CD31(clone 390; cat #
102420), anti-CD45 (clone 30F-11; cat # 103108), and anti-hEGFR
(clone AY13; cat # 352903) or its corresponding isotype control
(clone MOPC-21; cat # 400114)] or from Thermo Fisher Scientific
[anti-CD4 (clone RM4�5; cat # 14-0042-85), anti-CD25 (clone
PC61.5; cat # 17-0251-82), anti-CD44 (clone IM7; cat # 12-0441-83),
anti-CD62L (clone MEL-14; cat # 17-0621-82), and anti-NK1.1 (clone
PK136; cat # 45-5941-82)]. To distinguish live cells, the cells were
also stained with LIVE/DEAD Fixable Dead Cell Stain (Thermo Fisher
Scientific; cat # L-34974) or Fixable Viability Dye (Thermo Fisher Sci-
entific; cat # 65-0866-14). For the staining of Foxp3, the cells were
fixed and permeabilized with Foxp3 Transcription Factor Staining
Buffer set (Thermo Fisher Scientific; cat # 00-5523-00) followed by
the incubation with anti-Foxp3 (clone FJK-16s; Thermo Fisher Scien-
tific; cat # 17-5773-82). The stained cells were analyzed with FACS-
Calibur or FACSLyric flow cytometer and FlowJo software.
2.10. Tetramer assay

Tumor draining lymph nodes were harvested 7 days after the
treatment and processed into single cell suspensions via mechanical
crushing. After filtration (70mm), cells (1£ 106 cells) were aliquoted
for staining. Cells were incubated with anti-mouse CD16/32 (clone
93; Biolegend; cat # 101301) to reduce non-specific staining. Cells
were sequentially stained with iTag H-2Db HPV 16 E7 (RAHYNIVTF;
cat # TB-5008-1), H-2Kb p15E (KSPWFTTL; cat # TB-M507-1) or H-
2Kb Ova (SIINFEKL; cat # TB-5001-1) tetramers (MBL International,
Woburn, MA, USA) for 30 min, followed by staining with anti-mouse
CD45.2 (clone 104; cat # 109815) from Biolegend and anti-CD8
(clone KT15; cat # D271-A64) from MBL. Dead cells were excluded
on analysis following sytox blue (Thermo Fisher Scientific; cat #
S34857) staining. Isotype control antibodies and fluorescence-minus-
one approaches were used to ensure staining specificity. All analyses
were performed on a BD Fortessa analyzer running FACSDiva soft-
ware and interpreted using FlowJo (vX10.0.7r2).
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2.11. Multicolor immunofluorescence staining

Multicolor immunofluorescence staining was performed to ana-
lyze the tumor-infiltrating lymphocytes (TILs) as previously
described [12,13]. The sections were stained with DAPI and the fol-
lowing antibodies: anti-CD8 (clone EPR20305; Abcam, Cambridge,
UK; cat # ab209775; 1:500 dilution), anti-CD4 (clone EPR 19514;
Abcam; cat # ab221775; 1:1000 dilution), anti-Foxp3 (clone 1054C;
Novus Biologicals, Centennial, CO, USA; cat # MAB8214; 1:1000 dilu-
tion), and anti-pan cytokeratin (rabbit poly; Bioss Antibodies,
Woburn, MA, USA; cat # bs-1712R; 1:250 dilution). Tissue area was
divided into “Tumor” and “Stroma” based on the expression of pan
cytokeratin. Four pictures were obtained for each specimen, and tis-
sue area and cell count were summed for each tissue category. Cell
density was calculated as cell counts per square millimeter.

2.12. Statistical analysis

Data are expressed as means § SEM. Statistical analysis was per-
formed with GraphPad Prism (GraphPad Software, La Jolla, CA, USA).
For a comparison of mean fluorescence intensity of anti-hEGFR and
that of isotype control, a paired t-test was used. For multiple-group com-
parison with one-time measurement, a one-way analysis of variance
(ANOVA) followed by Tukey’s test was used. For comparison of tumor
volumes, a repeated measures two-way ANOVA followed by Sidak’s test
(two groups) or Tukey’s test (three or more groups) was used. The cumu-
lative probability of survival based on tumor volume (1000mm3) was
estimated with the Kaplan-Meier survival curve analysis, and the results
were compared with log-rank test with Bonferroni correction. p-value of
less than 0.05 was considered significant.

2.13. Role of funding source

No funding source had role in the study design, data collection,
data analysis, interpretation, or writing of the manuscript.

3. Results

3.1. Generation of hEGFR expressing murine cancer model

hEGFR was introduced into the mEERL (mEERL-WT) cell line
[14�16] using viral transduction. After single cell cloning, hEGFR
expression was evaluated with RT-PCR and immunofluorescence
staining (Supplementary Fig. 1(a) and (b)). Two selected clones, #11
and #12, were inoculated into C57BL/6 mice. Although both cell lines
established tumors, immunohistochemical staining against hEGFR
revealed that only #11 expressed hEGFR in established tumors (Sup-
plementary Fig. 1(c)). Thus, #11 was used for further experiments
and this cell line is referred to as mEERL-hEGFR.

3.2. Panitumumab NIR-PIT kills mEERL-hEGFR cells but not mEERL-WT
cells

In this study, panitumumab, a fully humanized IgG2 monoclonal
antibody binding to hEGFR, was used for cancer cell targeting. Panitu-
mumab binding to mEERL-hEGFR cell line was confirmed with flow
cytometry (Supplementary Fig. 2). Next, to verify the binding of the
panitumumab-IR700 conjugate (pan-IR700) to mEERL-hEGFR cells,
flow cytometry was performed. mEERL-WT cells showed no fluores-
cent signal after one-hour incubation with pan-IR700. On the other
hand, mEERL-hEGFR cells showed fluorescence, which was blocked
with excess non-conjugated panitumumab suggesting specific bind-
ing (Fig. 1(a)). To evaluate the in vitro cell killing efficacy of NIR-PIT
with pan-IR700 (pan-PIT), both cell lines were incubated with pan-
IR700 for one hour and then exposed to NIR light. Cell morphology
was microscopically examined. mEERL-WT showed no obvious
changes, while mEERL-hEGFR showed cellular swelling, bleb forma-
tion and rupture of cell membrane immediately after the light expo-
sure (Fig. 1(b)). The cell killing efficacy of NIR-PIT was quantitatively
assessed with flow cytometry by PI staining (Fig. 1(c)). The percent-
age of dead cells increased after pan-PIT in mEERL-hEGFR cells in a
light dose dependent manner, whereas no such increase was
observed in mEERL-WT cells. The administration of pan-IR700 alone
or exposure to NIR light alone did not affect cell viability.

3.3. hEGFR is expressed in vivo on mEERL-hEGFR tumors

To verify the in vivo expression of hEGFR, established tumors were
removed and single cell suspensions were made and then analyzed
with flow cytometry (Fig. 1(d)). Only CD31-CD45- cells, which included
mEERL-hEGFR cells, showed hEGFR expression. CD31+CD45� endothe-
lial cells or CD45+ hematopoietic cells did not express hEGFR. These
results suggested pan-PIT selectively kills mEERL-hEGFR cells, but not
endothelial cells or immune cells within the TME. To assess the accu-
mulation of pan-IR700 within the tumor, serial fluorescence images
were obtained in live tumor bearing mice (Supplementary Fig. 3(a)).
The peak average fluorescence of the tumor was shown around 6�12 h
after the injection of pan-IR700, then it gradually decreased (Supple-
mentary Fig. 3(b)). Target-to-background ratios also showed the same
trend (Supplementary Fig. 3(c)).

3.4. In vivo NIR-PIT targeting hEGFR inhibits mEERL-hEGFR tumor
growth

The treatment effect of pan-PIT in mEERL-hEGFR tumors was eval-
uated in vivo. The treatment effect was compared in three groups of
animals: no treatment (control), pan-IR700 injection without NIR
light exposure (pan-IR700-IV), and pan-IR700 injection followed by
NIR light exposure (pan-PIT). The NIR light was administered twice
to the tumor (Supplementary Fig. 4(a)). Fluorescence at 700 nm con-
firmed the accumulation of pan-IR700 within the tumor (Supplemen-
tary Fig. 4(b)). This fluorescence immediately decreased after NIR
light exposure due to photobleaching of IR700. The fluorescence reac-
cumulated by the next day and but decreased again after the second
exposure to NIR light. These changes in fluorescence demonstrated
that a sufficient light flux was administered to cause photochemical
changes in IR700. The tumor growth was significantly inhibited in
the pan-PIT group compared to the other two groups, while pan-
IR700-IV group showed no significant effect on tumor growth inhibi-
tion (Supplementary Fig. 4(c)). The pan-PIT group achieved signifi-
cantly prolonged survival compared to the control group
(Supplementary Fig. 4(d)). In order to compare histology after NIR-
PIT, the tumors were harvested 1 h after light exposure. The injection
of pan-IR700 without light exposure induced no obvious histological
changes. On the other hand, in the pan-PIT group, swelling and vacu-
olation of the tumor cells was observed, indicating necrotic death of
the tumor cells (Supplementary Fig. 4(e)).

3.5. CD25 is expressed mainly on Tregs

In order to assess what cell populations could be destroyed by
CD25-targeted NIR-PIT, expression of CD25 in established mEERL-
hEGFR tumors was analyzed with flow cytometry. Foxp3+ Tregs
accounted for 49.8% on average of CD3+CD4+ T cells, which suggested
Tregs were plentiful in the tumor (Fig. 2(a)). Conversely, 71.5% of
CD25 positive cells were CD3+CD4+Foxp3+ Tregs (Fig. 2(b)). The
expressions of CD25 on NK cells, CD8+ T cells, CD4+Foxp3� T cells,
and CD4+Foxp3+ Tregs were compared (Fig. 2(c)). Among these cells,
Tregs showed significantly higher mean fluorescence intensity (MFI)
and CD25 positive percentage than the other types of cells. These
results suggested that CD25-targeted NIR-PIT destroys mainly Tregs
within the TME.



Fig. 1. Characteristics of the mEERL-hEGFR cell line. (a)mEERL-hEGFR cells showed a fluorescent shift compared to unstained cells after incubation with pan-IR700 by flow cytome-
try. (b) Microscopic observation of the cells before and after NIR-PIT. Panitumumab based NIR-PIT killed mEERL-hEGFR cells. Scale bar, 20mm. (c) Quantitative cytotoxicity assay
with flow cytometry. Panitumumab based NIR-PIT showed no cytotoxicity to mEERL-WT cells, while it killed mEERL-hEGFR cells in a light dose dependent manner (n = 4; one-way
ANOVA followed by Tukey’s test; ****, p < 0.0001; ns, not significant). (d) In vivo hEGFR expression was assessed with flow cytometry. Gating strategy of analysis of hEGFR expres-
sion. Dead cells were removed from the analysis based on the values of FSC, SSC, and viability dye staining. The live cells were classified into endothelial cells, hematopoietic cells,
and tumor cells according to the expression of CD45 and CD31. Only the tumor cell population showed hEGFR expression (n = 4; paired t-test; ***, p < 0.001; ns, not significant; vs.
isotype control).
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3.6. Combined NIR-PIT targeting hEGFR and CD25 inhibits tumor
growth more than either therapy alone

Next, we tested the efficacy of the combined NIR-PIT targeting
hEGFR and CD25. We assessed if CD25-targeted NIR-PIT (CD25-PIT)
affects mEERL-hEGFR cells in vitro where there is no TME. For CD25-
PIT, IR700 conjugated anti-CD25-F(ab0)2 [anti-CD25-F(ab0)2-IR700]
was used. Cultured mEERL-hEGFR cells were incubated with anti-
CD25-F(ab0)2-IR700, yet the cells showed no increase of fluorescence
(Supplementary Fig. 5(a)). Also, in vitro CD25-PIT did not destroy
mEERL-hEGFR cells (Supplementary Fig. 5(b)). These results indicated
that CD25 is not expressed on mEERL-hEGFR cells therefore CD25-PIT
does not affect these cells. Then, we compared pan-PIT alone (pan-
PIT) CD25-PIT alone (CD25-PIT), and both pan-PIT and CD25-PIT
(combined PIT) in the context of in vivo NIR-PIT with non-treatment
control group. The treatment and imaging regimen are shown in
Fig. 3(a). For all NIR-PIT groups, the 700-nm fluorescence was clearly
observed at the tumor site prior to NIR light exposure. This



Fig. 2. CD25 expression on tumor-infiltrating lymphocytes. (a) Tumor-infiltrating lymphocytes were analyzed with flow cytometry. Tregs accounted for 49.8% of CD4+ T cells. (b)
71.5% of CD25 positive cells were CD3+CD4+Foxp3+ Tregs (c) Upper: Surface expression of CD25 was evaluated for NK cells, CD8+ T cells, CD4+Foxp3� T cells, and CD4+Foxp3+ Tregs.
Lower: CD4+Foxp3+ Tregs showed significantly higher mean fluorescence intensity (MFI) of CD25 (left) and CD25 positive percentage (right) (n = 4; one-way ANOVA followed by
Tukey’s test; ****, p < 0.0001).

Fig. 3. In vivo efficacy of combined NIR-PIT targeting hEGFR and CD25. (a) Treatment schedule. (b) The fluorescence of the tumor decreased immediately after light exposure. White
arrowheads represent the locations of tumors. A.U., arbitrary unit. (c) Tumor volume curves (n = 10; repeated measures two-way ANOVA followed by Tukey’s test; ****, p < 0.0001).
(d) Survival curves (n = 10; log-rank test with Bonferroni correction; *, p < 0.05, **, p < 0.01, ***, p < 0.001). The CD25-PIT and the combined PIT cleared the tumor in 1/10, 3/10
mice, respectively.
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Fig. 4. Selective cell destruction by in vivo NIR-PIT. (a) Histological evaluation with H-E stained section. Scale bar represents 100mm. Pan-PIT group and combined PIT group
induced swelling and vacuolation of the tumor cells within 1 h after the light exposure. (b) Lymphocytes within tumor and spleen were analyzed with flow cytometry 1 h after each
therapy. The dot plots show the representative expression of CD4 and Foxp3 among CD3+ T cells. The scatter plots show the percentages of Tregs in CD3+ T cells, ratios of non-regu-
latory/regulatory CD4+ T cells (CD4+Foxp3�/CD4+Foxp3+), and ratios of CD8+ T cells/Tregs (CD8+/CD4+Foxp3+). (n = 3�4; one-way ANOVA followed by Tukey’s test; *, p < 0.05; **, p
< 0.01; ns, noT significant).

R. Okada et al. / EBioMedicine 67 (2021) 103345 7
fluorescence immediately decreased after NIR light exposure, indicat-
ing that a sufficient dose of light was administered to cause photo-
bleaching of the IR700 dye (Fig. 3(b)). All the NIR-PIT groups
significantly suppressed tumor growth compared with the control
group and the efficacy was prominent in the combined PIT group,
which suppressed tumor growth more compared to either monother-
apy (Fig. 3(c), Supplementary Fig. 6). Furthermore, all the PIT groups
achieved significantly prolonged survival compared to the control
group (Fig. 3(d)). Although the survival of the combined PIT group
was not significantly prolonged compared to either monotherapy,
combined PIT cleared a larger number of the tumors (3 of 10) than
pan-PIT (0 of 10) or CD25-PIT (1 of 10) monotherapy. The histological
changes at one hour after the light exposure were compared among
the four groups (Fig. 4(a)). Both pan-PIT and combined PIT induced
tumor cell swelling and vacuolation, while no obvious histological
change was shown for CD25-PIT. To assess if the CD25-PIT and com-
bined PIT deplete the Tregs within the TME, T cell populations were
analyzed by flow cytometry at 1 h after the NIR light irradiation to
the tumor (Fig. 4(b)). In these two groups, intratumoral CD4+Foxp3+

Tregs were successfully depleted from CD3+ T cells, resulting in
increased CD4+ non-Treg/Treg ratio and CD8+/Treg ratio, which are
known to be an indicator of robust antitumor immune response
[18,19]. On the other hand, these changes were not shown in the
spleen which was not exposed to light. These results suggested that
CD25-PIT depletes the Tregs only at the targeted site receiving light
exposure. To assess if the combined PIT shows abscopal effect, bilat-
eral tumor model was used. mEERL-hEGFR cells were inoculated into
the both dorsi but only the right side was exposed to NIR light (Sup-
plementary Fig. 7(a�c)). Combined PIT against the right sided tumor
induced the tumor growth suppression of the contralateral tumor,
suggesting combined NIR-PIT induces abscopal effect (Supplemen-
tary Fig. 7(d)). The antitumor efficacy of combined PIT group was sig-
nificantly attenuated by CD8+ cell depletion indicating this effect is
CD8+ cell dependent (Supplementary Fig. 8), therefore, we further
analyzed the immune reaction after the therapy.
3.7. CD25-PIT leads to accumulation of CD8+ T cells in tumor tissue

The infiltration of CD8+ T cells in tumor is an important indicator
of antitumor immune reaction. To assess the accumulation of CD8+ T
cells in TME after each therapy, tumor tissue was extracted one week
after the treatment and stained with multiplex immunohistochemi-
cal staining (Fig. 5(a)). CD8+, CD4+Foxp3�, and CD4+Foxp3+ cells were
counted for each specimen. CD8+ cells showed a significantly higher
density in the CD25-PIT group and in the combined PIT group com-
pared to the control group (Fig. 5(b)), resulting in higher CD8+/Treg
ratios (Fig. 5(c)).
3.8. CD25-targeted NIR-PIT causes CD8+ T cells to differentiate into
memory T cells

To assess the differentiation of the CD8+ T cell in the regional
lymph node, ipsilateral inguinal lymph nodes were extracted one
week after the treatment. CD8+ T cells were classified into naïve T
cells + stem cell memory T (TSCM) cells, central memory T (TCM) cells,
effector memory T (TEM) cells, and effector T cells according to their
expression of CD44 and CD62L (Supplementary Fig. 9(a)) [20,21]. All
the PIT groups (i.e. pan-PIT group, CD25-PIT group, and combined PIT
group) showed a significantly higher percentage of TCM than the non-
treatment control group, and the percentage of TCM in the CD25-PIT
group and the combined PIT group was significantly higher than that
of the pan-PIT group (Supplementary Fig. 9(b)). These results suggest
CD25-PIT induces CD8+ T cells in tumor draining lymph nodes to dif-
ferentiate into memory T cells.



Fig. 5. CD8+ cell accumulation into the tumor. (a) Multiplex immunohistochemical staining of the tumors 7 days after the therapy. Top: cytokeratin staining to mark tumor tissue.
Middle: lymphocyte marker staining; CD8 (magenta), CD4 (cyan) and Foxp3 (orange). The inset in the picture of CD25-PIT shows examples of CD8+ cell (gray filled arrowhead),
CD4+Foxp3� cell (white filled arrowhead) and CD4+Foxp3+ cell (open arrowhead). bottom: merged image. Scale bar, 100mm. (b) intratumoral CD8+ cell density was significantly
higher in the CD25-PIT group and the combined PIT group than the control group (n = 5; one-way ANOVA followed with Tukey’s test; *, p < 0.05, **, p < 0.01). (c) intratumoral
CD8+/CD4+Foxp3+ (Treg) ratio was also increased in these two groups compared with the control group (n = 5; one-way ANOVA followed with Tukey’s test; *, p < 0.01; **, p < 0.05).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.9. Tumor-targeted NIR-PIT prompts host immunity to recognize
tumor-associated antigens

To assess if proliferated CD8+ T cells recognize tumor-associated
antigens, ipsilateral inguinal lymph nodes were harvested one week
after the treatment. The percentage of CD8+ T cells among CD45+ cells
was significantly higher in nodes from the combined PIT group com-
pared with the other groups (Fig. 6(a)). Tumor-specificity was evalu-
ated with tumor specific tetramers (Fig. 6(b)). mEERL is transduced
by HPV 16 E7 with retrovirus so that HPV 16 E7 tetramer and retrovi-
rus protein p15E tetramer were used as known tumor antigens. Ova
tetramer was used for negative control. In the control group, few
CD8+ T cells bound to E7 tetramer and CD25-PIT group showed no
evidence of an increase T cells binding E7. However, the Pan-PIT
group significantly increased the population of E7 binding T cells and
this was further increased in the combined PIT group (Fig. 6(c)). The
same trend was also demonstrated in p15E tetramer, though even
control groups showed measurable binding. These results suggest
that tumor-targeted NIR-PIT prompts recognition of tumor-associ-
ated antigens by the host immune system and it is enhanced by com-
bination with Treg-targeted NIR-PIT.

3.10. Combined NIR-PIT results in immunologic memory

To assess the presence of immunologic memory, mice rejected the
tumor by combined NIR-PIT were re-inoculated with the mEERL-
hEGFR cells ten weeks after the therapy on the contralateral dorsum
(Supplementary Fig. 10(a) and 10(b)). Although control mice were
engrafted, the mice once completely cleared the tumor by the com-
bined NIR-PIT rejected re-engrafment (Supplementary Fig. 10(c) and
(d)). These results suggest immunologic memory was developed after
the combined NIR-PIT.

4. Discussion

We established a unique immunocompetent mouse tumor model
for simulating the effects of hEGFR-targeted NIR-PIT and demon-
strated that the combination of hEGFR- and CD25-targeted NIR-PIT is
more effective than either treatment alone. Although a previous
study has shown that CD44- and CD25-targeted NIR-PIT was highly
effective in mouse models [13], that result was clouded by the fact
that CD44- is expressed on both cancer cells and lymphoid cells. The
mEERL-hEGFR model with hEGFR and CD25 targeting is ideal because
there is no overlap between the cell types to which the two antibod-
ies bind. The mEERL-hEGFR cells were verified to express hEGFR but
not CD25 on their surface by flow cytometry. hEGFR-targeted in vitro
NIR-PIT induced rapid cell death. Based on flow cytometry of estab-
lished tumors, only the CD45�CD31� population, which includes
mEERL-hEGFR cells, demonstrated cell-surface hEGFR expression,
while CD31+ CD45� endothelial cells or CD45+ hematopoietic cells
showed no evidence of its expression. Thus, hEGFR-targeted NIR-PIT
selectively destroyed mEERL-hEGFR cells without cytotoxicity to
endothelial cells or hematopoietic cells. Meanwhile CD25-targeted
NIR-PIT mainly targeted Tregs. The combination appeared to be more
successful than either method alone.

Currently, three monoclonal antibodies targeting hEGFR, cetuxi-
mab, panitumumab, and necitumumab, have been approved by the
FDA for hEGFR-expressing cancers. Among these, cetuximab and pan-
itumumab have been widely used for over 10 years [22]. In the mouse
model, panitumumab has a longer half-life than cetuximab, and thus
panitumumab based NIR-PIT showed greater antitumor effect than
cetuximab based therapy [23]. Panitumumab was therefore used in
this study for targeting tumor cells. In the in vivo fluorescence study
to assess the biodistribution, the fluorescent signal derived from pan-
IR700 was clearly detected as early as one hour after the injection
and had its peak within 24 h after intravenous administration, which
matches the data of pan-IR700 for hEGFR-expressing human cancers
in athymic nude mice [23]. Therefore, approximately one day after
injection is the most appropriate time to apply NIR light to the
tumor.

It is important to note that the anti-hEGFR antibody alone did not
have a therapeutic effect on the tumor because the transfected hEGFR
is not thought to be biologically active and therefore its inhibition is
not therapeutic [24,25]. Also, ADCC induced by pan-IR700 is likely
weaker in mice than in humans. Human IgG2, which is the isotype of
panitumumab, has been reported to bind murine FcgRIIb and FcgIII



Fig. 6. Tetramer assay for tumor draining lymph node. (a) Tumor draining lymph nodes were analyzed 7 days after each therapy. The percentage of CD8+ cells among CD45+ cells
was assessed with flowcytometry (n = 5; one-way ANOVA followed with Tukey’s test,;**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). (b) Tetramer binding population among CD8+ cell
was evaluated. Ova tetramer was used for negative control. (c) HPV 16 E7 tetramer biding percentage was significantly higher in pan-PIT group compared with control and CD25-
PIT group. In the combined PIT group, it was higher than in the pan-PIT group. Similarly, p15E tetramer binding percentage was significantly higher in the pan-PIT group than in the
control group and it was further higher in the combined PIT group (n = 5; one-way ANOVA followed with Tukey’s Test; **, p < 0.01; ****p < 0.0001).
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inducing ADCC with murine NK cells and polymorphonuclear leuko-
cytes (PMNs), and less so with macrophages [26,27]. However, bind-
ing affinity to the activating FcgIII and inhibitory FcgRIIb are similar
[26] so that ADCC induced by panitumumab tends to be weak in
mice. Moreover, the drug dose used in this study was probably not
high enough for antitumor effects. In this study, 100mg of APC was
administrated, which is lower than previous reports that showed the
efficacy of panitumumab against hEGFR-expressing human carci-
noma using the athymic nude mice [28,29]. In this study, panitumu-
mab was used only for targeting the cancer cell; neither inhibition of
the hEGFR signaling pathway nor ADCC was necessary for the ther-
apy to be effective, and this selective cancer cell destruction was
achieved with low dose of the drug.

It is challenging to simulate the human TME in mouse models. The
mEERL-hEGFR model is useful because most CD25 expressing cells
were CD4+Foxp3+ Tregs, and Tregs expressed CD25 at a frequency of
over 80%. In contrast, few effector cells (e.g., NK cells, CD8+ T cells,
and CD4+Foxp3� T cells) overexpressed CD25. This agrees with the
literatures in which effector cells tend to express less CD25 than
Tregs within most tumors [7,11]. Moreover, CD25-targeted NIR-PIT
had no impact on the peripheral Treg population outside the range of
NIR light exposure, which was confirmed with splenocyte analysis.
Systemic administration of anti-CD25-IgG reportedly depletes
peripheral Tregs [30], which may induce autoimmune adverse events
[31�33]. CD25-targeted NIR-PIT depletes Tregs only at the tumor site
where NIR light is exposed and could therefore be a safer method
than systemic Treg depletion.

NIR-PIT targeting both hEGFR and CD25 successfully killed both
cancer cells and Tregs within the TME, as confirmed by histological
analysis and flow cytometry, resulting in improved tumor growth
suppression. These results suggest that concurrent destruction of the
cancer cells and Tregs induces a stronger immune reaction than
either NIR-PIT monotherapy (Fig. 7). Multiplex immunohistochemical
staining of tumor tissue 7 days after the therapy supported this
conclusion. CD25-targeted NIR-PIT and combined NIR-PIT led to the
accumulation of CD8+ T cells in the TME, resulting an increased CD8+/
Treg ratio. CD8+ T cells in tumor draining lymph nodes were also ana-
lyzed. Naïve T cells differentiate into stem cell memory T (TSCM) cells,
followed, in order, by central memory T (TCM) cells, effector memory
T (TEM) cells, and then effector T cells [34,35]. Naïve T cells, TSCM cells,
and TCM cells express lymphoid homing receptors, such as CD62L and
CCR7, and localize to secondary lymphoid organs, whereas, TEM cells
and effector T cells which lack these receptors accumulate in periph-
eral tissues [35�37]. TCM cells could be distinguished from Naïve T
cells and TSCM cells using their high expression of CD44 [38]. In this
study, all three PIT groups (pan-PIT, CD25-PIT, and combined PIT
group) showed a significantly higher percentage of TCM cells among
CD8+ T cells than the untreated control group, and the increase in
CD25-PIT group and combined PIT group were significantly greater
than the pan-PIT group. These results suggest that the cancer cell-tar-
geted NIR-PIT prompts CD8+ T cells to differentiate into memory T
cells and Treg-targeted NIR-PIT promotes this differentiation stronger
than the cancer cell-targeted NIR-PIT. The establishment of memory T
cell population is favorable for long-term antitumor immunity.
According to the results of the tetramer assay, T cells with tumor-
associated tetramer binding, which specifically react to mEERL-
hEGFR cells, was significantly greater in pan-PIT group and was fur-
ther enhanced by combination with CD25-PIT whereas CD25-PIT
alone did not show such increase. These results indicate that the can-
cer cell-targeted NIR-PIT induced specific antitumor immune reaction
and Treg-targeted NIR-PIT enhanced it. Also, immunogenic memory
was developed by combined NIR-PIT resulted in rejection of re-
engraftment. We believe cancer cell-targeted NIR-PIT induces not
only direct cancer cell killing but also an antitumor immune reaction
by releasing many kinds of tumor-associated antigens that are recog-
nized by host immune cells. The effects of cancer cell-targeted NIR-
PIT and Treg-targeted NIR-PIT are different but complementary to
each other, resulting in an effective antitumor immune reaction



Fig. 7. Scheme indicates the proposed mechanism of combined NIR-PIT concurrently targeting hEGFR and CD25 against mEERL-hEGFR tumor. hEGFR-targeted NIR-PIT induces
immunogenic cell death of mEERL-hEGFR cancer cells, promoting tumor-associated antigen presentation to dendritic cells. CD25-targeted NIR-PIT attenuates the intratumoral
immunosuppression mediated by Tregs, inducing proliferation and activation of cytotoxic T cells.
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when those therapies are concurrently combined. hEGFR is overex-
pressed on the surface of a variety of cancers. Therefore, hEGFR-tar-
geted NIR-PIT has therapeutic potential against a broad array of
tumors. However, there are many other target molecules overex-
pressed on cancer cells, such as human epidermal growth factor
receptor 2 (HER2), mesothelin, programmed death-ligand 1 (PD-L1),
CD20, prostate-specific membrane antigen (PSMA) that are amenable
to NIR-PIT [39�43]. Therefore, combined cancer cell/Treg targeted
NIR-PIT could be applied broadly to various kind of tumors.

There are several limitations to this study. First, hEGFR expression
is not very high in the mEERL-hEGFR cell line. Higher expression of
the hEGFR might have led to greater efficacy for panitumumab-based
NIR-PIT monotherapy. Second, hEGFR itself may serve as a tumor
neoantigen in the murine system. However, tumor growth suggested
it is not highly reactive. Third, we used only one cell line in this study
largely because such murine models are very unique and difficult to
develop. The results may be different in other cancers. Nonetheless
mEERL-hEGFR tumor is successfully established as a mouse tumor
model for simulating the clinical setting of hEGFR-targeted NIR-PIT.
NIR-PIT targeting both hEGFR and CD25 successfully killed cancer
cells and Tregs inducing a strong immune reaction which was highly
effective. Due to the selective expression of the targets, the effects
were independent but complementary to each other. Therefore,
selective destruction of cancer cells and immunosuppressive
cells with NIR-PIT could be successfully applied to a wide variety of
cancers.
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