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Abstract

Near-infrared photoimmunotherapy (NIR-PIT) is a cell-specific cancer therapy that uses an antibody-photoabsorber
(IRDye700DX, IR700) conjugate (APC) and NIR light. Intravenously injected APC binds the target cells, and subsequent
NIR light exposure induces immunogenic cell death only in targeted cells. Panitumumab and cetuximab are antibodies that
target human epidermal growth factor receptor (hEGFR) and are suitable for NIR-PIT. In athymic nude mouse models,
panitumumab-based NIR-PIT showed superior therapeutic efficacy compared to cetuximab-based NIR-PIT because of the
longer half-life of panitumumab-IR700 (pan-IR700) compared with cetuximab-IR700 (cet-IR700). Two light exposures on
two consecutive days have also been shown to induce superior effects compared to a single light exposure in the athymic
nude mouse model. However, the optimal regimen has not been assessed in immunocompetent mice. In this study, we com-
pared panitumumab and cetuximab in APCs for NIR-PIT, and single and double light exposures using a newly established
hEGFR-expressing cancer cell line derived from immunocompetent C57BL/6 mice (nEERL-hEGFR cell line). Fluorescence
imaging showed that the decline of pan-IR700 was slower than cet-IR700 confirming a longer clearance time. Among all the
combinations tested, mice receiving pan-IR700 and double light exposure showed the greatest tumor growth inhibition. This
group was also shown to activate CD8* T lymphocytes in lymph nodes and accumulate CD8* T lymphocytes to a greater
extent within the tumor compared with the control group. These results showed that APCs with longer half-life and double
light exposure lead to superior outcomes in cancer cell-targeted NIR-PIT in an immunocompetent mouse model.
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Introduction (hEGFR) is commonly overexpressed in a wide variety of

human cancers, including head and neck, breast, lung, colo-

Near-infrared photoimmunotherapy (NIR-PIT) is a new
cancer treatment that enables highly selective cancer cell
destruction [1, 2]. Antibody-photoabsorber (IRDye700DX,
IR700) conjugate (APC), which is intravenously injected,
binds to the target molecule on the cancer cells within a day
after APC administration. Subsequent NIR light exposure
causes rapid cell death in APC-bound cells, which induces
a necrotic/immunogenic cell death with minimal off-target
effects [3—5]. Human epidermal growth factor receptor
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rectum, prostate, kidney, pancreas, brain, and bladder, and
thus, is a good target for NIR-PIT [6]. A global phase-3
clinical trial in inoperable head and neck cancer is cur-
rently underway (https://clinicaltrials.gov/ct2/show/NCT03
769506). In September 2020, the first APC for clinical use,
cetuximab-IR700 conjugate (Akalux™, Rakuten Medical
Inc.), and a NIR laser system (BioBlade™, Rakuten Medical
Inc.) were approved for clinical use by the Pharmaceuticals
and Medical Devices Agency (PMDA) in Japan.

Among the several parameters that might impact treat-
ment efficacy of NIR-PIT is choice of antibody. Currently,
three antibodies against hEGFR have been approved by the
US Food and Drug Administration (FDA) for cancer treat-
ment: cetuximab, panitumumab, and necitumumab. Among
these three antibodies, cetuximab, a chimeric IgG1 antibody,
and panitumumab, a fully humanized IgG2 antibody, have
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been widely used for more than 10 years [7]. These anti-
bodies recognize similar epitopes on hEGFR and therefore
compete with each other for binding to hEGFR, and they are
remarkably similar to each other. However, panitumumab
has a higher binding affinity and longer half-life in serum
compared to cetuximab [8]. On the other hand, cetuximab
has higher ADCC activity but also stronger potential immu-
nogenicity than panitumumab due to its chimeric IgG1 sub-
type. In tumor-bearing athymic nude mice, panitumumab
demonstrates a longer serum half-life which is considered
desirable for NIR-PIT [9].

Another factor that affects the NIR-PIT therapeutic effi-
cacy is the NIR light exposure schedule. While single light
exposures one day after APC injection show efficacy, when
a second light exposure is applied, there are enhanced ther-
apeutic effects [10]. This is likely due to the temporarily
increased permeability of the tumor vasculature following
the first NIR-PIT treatment, which allows better microdis-
tribution of the APC prior to the second light exposure [11].
NIR-PIT is a cell selective treatment that kills almost exclu-
sively cancer cells but leaves other cells, including blood
vessel endothelial cells, intact [12]. Selective destruction
of perivascular cancer cells by NIR-PIT leads to immediate
and dramatic increases in vascular permeability, resulting
in an increase in APC delivery up to 24-fold compared with
untreated tumors [13]. Unlike non-targeted small molecule
photosensitizers, IR700-based APCs stay longer in the
body after the initial light exposure and therefore could re-
accumulate into the tumor to bind to the cancer cells, which
allows the second light exposure to be highly effective [10].
Therefore, successful NIR-PIT favors longer-lived APCs in
the circulation and double light doses.

Although the impact of antibody selection and num-
ber of light exposures on the efficacy of hEGFR-targeted
NIR-PIT have been well studied in immunodeficient mice,
there is little experience in immunocompetent mice because
hEGFR-expressing tumor models in immunocompetent
mice had not been available. The mEERL-hEGFR cell line
is a newly developed murine cancer cell line derived from
parental mEERL (mEERL-WT) cells [14]. mEERL-WT
cells were made by transduction of human papillomavirus
(HPV) E6/7 oncogenes and hRas to oropharyngeal epithe-
lial cell from immunocompetent C57BL/6 mouse [15-17].
mEERL-hEGEFR cells are further transduced with hEGFR.
mEERL-hEGFR cells establish tumor when they are trans-
planted to C57BL/6 mice, and no host murine cells express
hEGFR; therefore, mEERL-hEGEFR is an ideal model sim-
ulating the clinical setting of hEGFR-targeted NIR-PIT to
assess the therapeutic efficacy and immune reaction after
therapy. Therefore, the aim of this study was to assess how
the choice of antibody and number of light exposures could
affect the therapeutic effects of hREGFR-targeted NIR-PIT in
immunocompetent mice.
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Materials and methods
Reagents

IR700 NHS ester was obtained from LI-COR Biosciences
(Lincoln, NE, USA). Cetuximab was purchased from Bris-
tol-Meyers Squibb (Princeton, NJ, USA). Panitumumab was
purchased from Amgen (Thousand Oaks, CA, USA). All
other chemicals were of reagent grade.

Synthesis of antibody-photoabsorber conjugate

Either cetuximab or panitumumab (1 mg) was incubated
with fivefold molar excess of IR700 NHS ester in phos-
phate buffer (pH 8.5) at room temperature for 1 h. The
mixture was purified with a Sephadex G25 column (PD-10;
GE Healthcare, Piscataway, NJ, USA). IR700-conjugated
cetuximab and panitumumab were referred to as cet-IR700
and pan-IR700, respectively. The quality of each conjugate
was assessed with sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) with a 4-20% gradient
polyacrylamide gel (Life Technologies, Gaithersburg, MD,
USA). Non-conjugated cetuximab and panitumumab were
used for the controls. The APCs were also assessed with size
exclusion chromatography (SEC) by the method previously
described [18].

Cell culture

mEERL cells were established from oropharyngeal epithe-
lial cells of C57BL/6 mouse by transduction of human papil-
lomavirus E6/7 and hRAS [15-17]. mEERL-hEGFR cells
were established by further transduction of hEGFR to paren-
tal mEERL cells (kind gift from Dr. William C. Spanos,
Sanford Research, SD, USA) [14]. The cells were cultured
by DMEM/F-12 (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific), 100 U/mL penicillin and 100 pg/mL
streptomycin (Thermo Fisher Scientific), and 1 X human
keratinocyte growth supplement (Thermo Fisher Scientific)
in a humidified incubator at 37 °C in an atmosphere of 95%
air and 5% CO, [14].

Cell-specific binding analysis

Cetuximab or panitumumab was conjugated with Alexa
Fluor 647 NHS Ester (Thermo Fisher Scientific). The con-
jugation was performed with the same method as that used
in IR700 conjugation. Alexa647-conjugated cetuximab and
panitumumab are abbreviated as cet-Alexa647 and pan-
Alexa647, respectively. mEERL-hEGFR cells (5x 10°) were
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incubated with 10 pg/mL of cet-Alexa647 or pan-Alexa647
for 1 h at 37 °C. After washing with PBS, the cells were
stained with Fixable Viability Dye (Thermo Fisher Scien-
tific) for 30 min at 4 °C. To confirm the specific binding of
the Alexa 647-conjugated antibodies, onefold, tenfold, or
100-fold molar excess of either cetuximab or panitumumab
was added to some samples 1 h prior to the administration
of the cet-Alexa647 or pan-Alexa647. The cells were then
analyzed with FACSLyric (BD Biosciences) and FlowJo
software (BD Biosciences).

In vitro NIR-PIT

mEERL-hEGEFR cells (2 x 10%) were seeded into each corner
well of 12-well plate. After one day, the cells were incubated
with 10 pg/mL of each APC for 1 h at 37 °C. After washing
with PBS, the cells were exposed to NIR light (690 nm, 100
mW/cmz) at 0, 15, or 30 J/cm? using an ML7710 laser sys-
tem (Modulight, Tampere, Finland). After 1 h, the cells were
collected with trypsin and stained with 1 pg/mL propidium
iodide (PI). PI-stained cell percentage was analyzed with a
flow cytometer (FACSCalibur, BD Biosciences) and FlowJo
software (BD Biosciences).

Animals and tumor models

All in vivo procedures were conducted in compliance
with the Guide for the Care and Use of Laboratory Ani-
mal Resources (1996), US National Research Council, and
approved by the local Animal Care and Use Committee. All
in vivo procedures were performed under anesthesia by inha-
lation of 2-4% isoflurane and/or intraperitoneal injection of
0.75 mg of sodium pentobarbital (Ovation Pharmaceuticals,
Deerfield, IL, USA). Six- to eight-week-old female C57BL/6
mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). mEERL-hEGFR cells (2% 10°) were
inoculated into the right dorsum of the mice. The hair on
the tumor area was removed for NIR light exposure and fluo-
rescence imaging studies. Tumor volume was calculated as
(major axis) X (minor axis)?x 0.5, based on caliper measure-
ment. Tumor volume was measured twice a week until the
volume reached the endpoint (1000 mm?), whereupon the
mice were euthanized with CO,.

In vivo fluorescence imaging

Each APC (100 pg) was injected via lateral tail vein 6 days
after tumor transplantation. Serial dorsal and ventral fluo-
rescence images were obtained with the 700-nm fluores-
cence channel of a Pearl Imager (LI-COR Bioscience). The
images were taken before and 1, 3, 6, 9, 12, 24, 48, 72, and
96 h after APC administration. The images were analyzed
with Pearl Cam Software (LI-COR Bioscience). Regions of

interest (ROIs) were drawn on the tumor/liver and the non-
tumot/liver region (background) on the same picture. Target-
to-background ratio was calculated as (mean fluorescence
intensity of the target)/(mean fluorescence intensity of the
background).

In vivo NIR-PIT

mEERL-hEGER cells (2 x 10%) were inoculated on day 0.
Tumor-bearing mice were randomized into five experimental
groups as follows: (1) no treatment (control), (2) intravenous
administration of cet-IR700 (100 pg) followed by single-
NIR light exposure (cet-single-NIR), (3) intravenous admin-
istration of cet-IR700 (100 pg) followed by double-NIR light
exposure (cet-double-NIR), (4) intravenous administration
of pan-IR700 (100 pg) followed by single-NIR light expo-
sure (pan-single-NIR), and (5) intravenous administration of
pan-IR700 (100 pg) followed by double-NIR light exposure
(pan-double-NIR). The APCs were injected on day 6, and
NIR light exposure (690 nm, 100 mW/cm2, 30 J/cm2) was
performed either only on day 7 (single exposure) or day 7
and 8 (double exposure). Tumor fluorescence intensity of
IR700 was assessed before and after each light exposure as
described above.

Flow cytometry analysis of tumor-draining lymph
nodes

Tumor-draining lymph nodes were extracted two days after
the initial light exposure (i.e., day 9), and single cell sus-
pension was prepared with mechanical crushing and filtra-
tion (70 um). The cells were stained with anti-CD45 (clone
30-F11, Thermo Fisher Scientific), anti-CD3e (clone 145-
2C11, BioLegend, San Diego, CA, USA), anti-CD8« (clone
53-6.7, Thermo Fisher Scientific), anti-CD25 (clone PC61,
BioLegend), and anti-CD69 (clone H1.2F3, Thermo Fisher
Scientific). To exclude the dead cells from the study, the cells
were also stained with Fixable Viability Dye (Thermo Fisher
Scientific). The cells were then analyzed with FACSLyric
(BD Biosciences) and FlowJo software (BD Biosciences).

Multicolor immunofluorescence staining

Multicolor immunofluorescence staining was performed
to analyze the tumor-infiltrating lymphocytes using Opal
7-color Automation IHC Kit (Akoya Bioscience, Menlo
Park, CA, USA) and Bond RXm auto stainer (Leica Bio-
systems, Wetzlar, Germany) according to the protocol pre-
viously described [18]. Three pictures were taken for each
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specimen, and each parameter was summed. Cell density
was calculated as cell counts per square millimeter.

Statistical analysis

Data are expressed as means + SEM. Statistical analysis was
performed with GraphPad Prism (GraphPad Software, La
Jolla, CA, USA). For the assessment of the cytotoxicity of
in vitro NIR-PIT, flow cytometry of the lymph nodes, and
immunohistochemical staining study, a one-way ANOVA
followed by Tukey’s test was used. For comparison of quan-
titative fluorescence intensity and tumor volume, a repeated-
measures two-way ANOVA followed by Sidak’s test (two
groups) or Tukey’s test (three or more groups) was used. The
cumulative probability of survival based on tumor volume
(1000 mm?) 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.

Results

IR700 was successfully conjugated
with both antibodies

IR700 was conjugated with either cetuximab (cet-IR700)
or panitumumab (pan-IR700). Conjugated APCs were ana-
lyzed with SDS-PAGE (Fig. 1A). Each APC showed similar
molecular weight to its unconjugated counterpart antibody,
but only APCs showed 700-nm fluorescence. Quality of
APC was also assessed with SEC (Fig. 1B). In both APCs,
the majority of the protein, which was shown as a peak at
280 nm, showed absorption of 689 nm. These results veri-
fied the successful conjugation of both panitumumab and
cetuximab APCs.

NIR-PIT with both antibodies showed similar in vitro
cytotoxicity

To verify the in vitro binding of the two antibodies to
mEERL-hEGFR cells, the cells were incubated with
Alexa 647-conjugated antibodies (cet-Alexa647 and pan-
Alexa647). Both antibodies showed fluorescence shift
compared with unstained samples consistent with binding
(Fig. 1C). To compare the affinities of the two antibodies,
unconjugated cetuximab or panitumumab (onefold, ten-
fold, or 100-fold molar excess) was added to some samples
prior to the incubation with Alexa 647-conjugated antibod-
ies. Although both unconjugated antibodies attenuated the
fluorescence signal in a concentration-dependent manner,
panitumumab blocked the signal more effectively than
cetuximab. These results suggested that both antibodies
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specifically bind to mEERL-hEGFR cells but that the affin-
ity of panitumumab is higher than cetuximab. In vitro bind-
ing of IR700 conjugated APCs (cet-IR700 and pan-IR700)
to the cells was also assessed. The cells were incubated with
each APC, and flow cytometry was performed (Fig. S1).
In both APCs, fluorescence shift was seen after incubation
with the cells, and these shifts were completely attenuated
by adding excess unconjugated antibodies, verifying the
specific binding of the two APCs to mEERL-hEGEFR cells.
In vitro cytotoxicity of NIR-PIT performed with each APC
was quantitatively compared by flow cytometry (Fig. 1D).
mEERL-hEGEFR cells were incubated with each APC then
exposed to NIR light. With both APCs, the dead cell per-
centage was increased in a light dose-dependent manner.
No increase in cell death was shown after administration of
the APC alone or NIR light exposure alone. No significant
difference was seen between the two APCs at the same light
dose. These results verified that the in vitro cytotoxicity of
both APCs following NIR-PIT was the same.

Cet-IR700 was cleared faster than pan-IR700
in the murine model

To compare the biodistribution and clearance, both APCs
were intravenously injected and serial 700-nm fluorescence
images were obtained. With both APCs, the fluorescence
in the tumor and liver, which are the signs of tumor accu-
mulation and hepatic clearance of APC, respectively, were
clearly detected within one hour of APC injection (Fig. 2A).
A 700-nm fluorescence in the tumor and liver was quantita-
tively compared for injections of cet-IR700 and pan-IR700
(Fig. 2B). The peak average fluorescence intensities of cet-
IR700 and pan-IR700 were shown at 9 and 12 h after the
APC administration, respectively. The fluorescence gradu-
ally decreased over the following days in both APCs. The
average peak fluorescence of tumor was significantly higher
in pan-IR700 than cet-IR700 at 12 and 24 h after the injec-
tion. Meanwhile, the average peak fluorescence intensity of
the liver was significantly higher in the cet-IR700 than in
pan-IR700 in early phase. These results suggested the faster
clearance of cet-IR700 compared with pan-IR700.

Double light exposure showed superior NIR-PIT
effect to single light exposure

To assess the impact of antibody selection for each APC
and light exposure times (one vs. two exposures of light
per APC injection) on the efficacy of in vivo NIR-PIT,
mEERL-hEGFR cells were inoculated into the right dor-
sum of C57BL/6 mice. Tumor-bearing mice were rand-
omized into the following five experimental groups: no
treatment (control), cet-IR700 injection and single-NIR
light exposure (cet-single-NIR), cet-IR700 injection and
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Fig.1 In vitro NIR-PIT A, Both APCs were assessed with SDS-
PAGE. Left, Colloidal blue; right, 700-nm fluorescence. A.U., arbi-
trary unit. B, The APCs were assessed with SEC. Absorbances of
280 and 689 nm were measured. C. Flow cytometry analysis of the
antibody affinity to the mEERL-hEGFR cells. Alexa 647-conjugated
antibody was incubated with the cells. The fluorescence signals were

double-NIR light exposure (cet-double-NIR), pan-IR700
injection and single-NIR light exposure (pan-single-NIR),
and pan-IR700 injection and double-NIR light exposure
(pan-double-NIR). The treatment regimen and fluores-
cence imaging schedule are shown in Fig. 3A. mEERL-
hEGEFR cancer cells were inoculated on the right dorsum
(day 0), and NIR light was applied one day after APC
injection. Only the tumor region was exposed to NIR light,
and other areas were shielded with aluminum foil during
the light irradiation (Fig. 3B). The 700-nm fluorescence
images were obtained before and after each light exposure
(Fig. 3C). The fluorescence intensity was quantitatively

[ Blocking by cetuximab
[ Blocking by panitumumab

NIR(Jcm?® 0 30 0 0 15 15 30 30

blocked with either unconjugated antibody of 1, 10, or 100 molar
excess. D, Quantitative cell viability assay after each therapy. The
dead cell percentage was assessed with propidium iodide (PI) staining
by flow cytometry (n=4; one-way ANOVA followed by Tukey’s test;
* p<0.05; #* p<0.01; **** p<0.0001 vs. untreated samples; ns,
not significant between two groups)

compared among the five groups (Fig. 3D). On the first
light exposure day (day 7), all mice in the four NIR-PIT
treated groups received light exposure. The average fluo-
rescence intensity of the tumors significantly decreased
after the light exposure compared to baseline in all groups
irradiated with NIR light. The average fluorescence inten-
sity of tumor site increased between the first exposure
until just before the second light exposure (day 8) in all
the treated groups. After the second NIR light exposure
(i.e., cet-double-NIR group and pan-double-NIR group),
the fluorescence of tumor was significantly attenuated,
whereas no significant change of the tumor fluorescence
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B, Mean fluorescence intensity was compared between two APCs.

was observed in single-NIR groups. The fluorescence
intensity was compared between the cet-IR700-based
NIR-PIT groups (cet-single-NIR group + cet-double-
NIR group) and the pan-IR700 groups (pan-single-NIR
group + pan-double-NIR group) prior to each light expo-
sure (Fig. 3E). On both days, pan-IR700 groups showed
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significantly higher fluorescence in the tumor than the cet-
IR700 groups.

The therapeutic efficacy was compared based on changes
in tumor volume (Fig. 3F). All treatment groups signifi-
cantly suppressed tumor growth compared with the con-
trol group. No significant difference was observed between
the cet-single-NIR group and pan-single-NIR group. The
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pan-double-NIR group suppressed tumor growth signifi-
cantly more than other treatment groups. Although the cet-
double-NIR group showed a slightly greater tumor volume
reduction compared with the single-NIR groups, the dif-
ference was small and not statistically significant. On the
other hand, the pan-double-NIR group experienced signifi-
cantly prolonged survival compared with the control group
(Fig. 3G). No other significant differences were observed
between any other two groups.

Cytotoxic T lymphocytes in the regional lymph
nodes were activated after NIR-PIT

To assess T cell activation within the tumor-draining
lymph nodes after each therapy, inguinal lymph nodes were
extracted two days after the initial light exposure (i.e., on day
9) and analyzed with flow cytometry. Early T cell activation
markers on CD8" T cells were compared among the five
groups (Fig. 4). All the treated groups showed a significantly
higher percentage of CD69- or CD25-positive cells among
CD8* T cells compared with the control group. Although the
double-NIR groups showed a trend of higher CD25-positive
cells compared with the corresponding single-NIR groups,
the difference was not significant.

Intratumoral CD8* T cells were increased
in pan-double-NIR group after therapy

To compare the tumor microenvironment (TME) after each
therapy, tumors were extracted 7 days after the initial light
exposure (i.e., on day 14) and analyzed with multiplex
immunohistochemical staining (IHC) (Fig. 5). Intratumoral
lymphocytes were quantitatively analyzed. Pan-double-
NIR group showed significantly increased intratumoral
CD8™* T cell density compared with the control group. No
significant difference was seen among other groups. For
CD4*Foxp3~ helper T cell and CD4*Foxp3* regulatory
T cell (Treg), no significant differences were seen among
groups (Fig. S2).

Discussion

We compared two anti-hEGFR antibodies, cetuximab and
panitumumab, and two different light exposure schedules
to optimize NIR-PIT efficacy. The results demonstrated that
panitumumab-based NIR-PIT with double light exposure
induces the strongest antitumor effect. The longer half-life
and stronger binding of the panitumumab APC were thought
to provide an advantage in NIR-PIT especially with multiple
light exposures. The pharmacokinetic fluorescent imaging of
APC-injected mice suggested faster clearance of cet-IR700
compared with pan-IR700 from C57BL/6 immunocompetent

mice despite the fact that cetuximab is a chimeric IgG1
antibody, a part of which was derived from mice while
panitumumab is a fully human IgG2 antibody [19], which
would be expected to be cleared from the mouse faster. The
results in immunocompetent mice were consistent with the
results in athymic nude mice [9]. In the NIR-PIT in vivo
experiment, although tumor fluorescence intensity was sig-
nificantly higher with pan-IR700 than with cet-IR700 prior
to the first NIR light exposure, the therapeutic effects were
comparable when there was only one light exposure (Fig. 3E
and 3F). These results suggest that sufficient APC accumu-
lated within the tumors to make NIR-PIT effective irrespec-
tive of the different clearance rates at 24 h. However, when a
second light exposure was added a day later the pan-double-
NIR group showed greater tumor suppression than the single
light exposure groups, while cet-double-NIR group showed
no significant difference compared with single light expo-
sure groups. These differences of therapeutic efficacy are
likely due to the longer clearance time of the panitumumab
APC, the differences becoming more obvious at 48 h post-
injection. The fluorescence of the tumor region was signifi-
cantly higher with pan-IR700 one day after the initial light
exposure, i.e., just before the second light exposure. In the
cet-double-NIR group, circulating APC after the initial light
exposure decreased faster; therefore, there was less residual
APC to reaccumulate in the tumor. This reduced the effect of
the second light exposure. Another possible factor affecting
the therapeutic efficacy is antibody binding affinity. In vitro
binding to mEERL-hEGFR cells was stronger with panitu-
mumab than cetuximab (Fig. 1C), corresponding to higher
panitumumab affinity (about eightfold greater) to hEGFR
compared to cetuximab [8]. Notwithstanding this higher
affinity, in vitro NIR-PIT showed comparable cytotoxicity
between cet-IR700 and pan-IR700 (Fig. 1D). Moreover,
in vivo NIR-PIT with a single light exposure (cet-single-NIR
and pan-single-NIR) resulted in comparable tumor growth
suppression (Fig. 3F), suggesting binding affinity is not a
critical determinant of therapeutic efficacy, at least in this
tumor model. Even though the binding affinity might affect
clearance, we concluded that clearance of the APC itself
is the most important factor in determining effectiveness,
especially for double light exposure NIR-PIT.

The use of immunocompetent mice in this study allowed
study of immune reactions induced after hLEGFR-targeted
NIR-PIT. T cell activation markers were investigated in
the tumor-draining lymph nodes two days after the initial
light exposure (Fig. 4). CD69 or CD25 positive rate among
CDS8™ T cells was significantly higher in all the treated
groups compared with controls. It is notable that these posi-
tive rates showed no significant difference among the four
treated groups. Although some differences might be detected
at other timepoint, these results suggest that cancer cell-
targeted NIR-PIT activates host antitumor immunity even
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after a single light exposure. In multiplex THC, although
the average intratumoral CD8" T cell density was higher in
all treated groups, only the pan-double-NIR group showed
statistically significant higher densities (Fig. 5). Even though
this may be because the pan-double-NIR therapy killed more
cancer cells, increased CD8" T cell density might lead to

@ Springer

greater tumor growth suppression and better therapeutic out-
come. The pan-double-NIR group showed the highest rate of
complete response among the treated groups, which is likely
the result of upregulated host immunity. Tumor destruction
on two consecutive days may result in not only more cancer
cell reduction but also superior host immune activation.
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«Fig.3 In vivo NIR-PIT A, treatment and imaging schedule. In cet-
single-NIR and pan-single-NIR groups, NIR light was applied only
once on one day after the APC injection, while in cet-double-NIR
and pan-double-NIR groups, the light was applied on the following
two days after the APC injection. A.U., arbitrary unit. B, Diagram of
NIR light exposure. Tumor was established on the right dorsum, and
NIR light was applied only to the tumor; all other parts of the body
were covered with aluminum foil during the light exposure. C, Flu-
orescence images were obtained before and after the light exposure
on the two days on which NIR light was applied. Arrowheads repre-
sent the location of tumors. D, Quantitative analysis of the fluores-
cence intensity of tumor region. (n=10; repeated-measures two-way
ANOVA followed by Tukey’s test; ***, p<0.001; **** p<0.0001,
ns; not significant; vs. before each NIR light application). E, Tumor
fluorescence intensity before the light exposure was compared
between cet-IR700 groups (cet-single-NIR and cet-double-NIR) and
pan-IR700 groups (pan-single-NIR and pan-double-NIR) groups on
each treatment day (n=20; two-way ANOVA followed by Sidak’s
test; *, p<0.05). F, Tumor volume curves (n=10; repeated measures
two-way ANOVA followed by Tukey’s test; **** p<0.0001, ns, not
significant). G, Survival curves based on the tumor volume (end-
point, 1,000 mm?) (n=10; log-rank test with Bonferroni correction;
* p<0.05)

NIR-PIT can be applied to many other types of cells
including intratumoral immune suppressive cells, exam-
ples of which include Tregs, which are present in the
mEERL-hEGFR tumor. Tregs play a major immunosup-
pressive role in the tumor microenvironment and could be
depleted with CD25- or CTLA4-targeted NIR-PIT [18, 20,
21]. The combination of Treg-targeted NIR-PIT and pan-
double-NIR-PIT might improve treatment efficacy in EGFR-
positive tumors with a Treg infiltration [14, 22]. However,

Fig.4 CD8" T cell activation

the treatment schedule should be carefully considered
because activated T cells also express CD25 and CTLAA4, so
the second NIR light exposure could end up simply damag-
ing T cells newly activated after the first NIR light exposure,
thus working at cross purposes with the intent of the therapy.

Although this tumor model improves upon the immuno-
competent models used before, there are still several limita-
tions to this study. First, we used only one cell line largely
because we tailor-made this unique hEGFR-expressing
murine cancer model for clinically approved cet-IR700 in
order to be able to test NIR-PIT in rodents. Second, we used
a subcutaneous tumor model. Orthotopic tumor models
would be superior for reflecting tumor microenvironment
[23, 24]. Third, we used fixed APC dose of 100 pg for both
APCs. Cetuximab-based NIR-PIT with double light expo-
sure may show superior efficacy with larger amounts of
cet-IR700. However, we fixed the APC dose because we
aimed to elucidate the impact of clearance in the current
study. Fourth, the pharmacokinetics of cet-IR700 and pan-
IR700 in humans might be different from mice. Therefore,
the results may differ in clinical human use. According to
the prescribing information, the half-lives of cetuximab and
panitumumab are 4.6 days (range 2.6-9.5 days) and 7.5 days
(range 3.6-10.6 days), respectively, in general agreement
with the results of this study. As conjugation to IR700 could
lead to the shorter half-life of the antibody, further pharma-
cokinetic studies are needed for clinical translation.

Thus, this is the first report that compares the therapeutic
efficacy of NIR-PIT using two different antibodies targeting
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Control

.

Fig.5 CD8" T cell accumulation into tumor 7 days after the initial
light exposure. The specimens were assessed by multiplex IHC stain-
ing with anti-CD8 (magenta), anti-CD4 (green), anti-Foxp3 (yellow),
and DAPI (blue). Photos show representative results of each treat-
ment group. CD8* cell (gray-filled arrowhead), CD4Foxp3~ cell

hEGFR in immunocompetent mice. Clearance rates appear
to be a defining feature of APC for the efficacy of NIR-PIT,
with longer half-lived APCs having the advantage. Slower
clearance APCs not only improve tumor killing but also
induce stronger immune reactions. Antibodies with longer
half-life and double light exposure are thought to induce
greater efficacy in cancer cell-targeted NIR-PIT.
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