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Abstract: pH (low) insertion peptides (pHLIPs) have been developed for cancer imaging and
therapy targeting the acidic extracellular microenvironment. However, the characteristics of
intratumoral distribution (ITD) of pHLIPs are not yet fully understood. This study aimed to reveal
the details of the ITD of pHLIPs and their spatial relationship with other tumor features of concern.
The fluorescent dye-labeled pHLIPs were intravenously administered to subcutaneous xenograft
mouse models of US7MG and IGR-OV1 expressing avfs integrins (using large necrotic tumors). The
avpPs integrin-targeting Cy5.5-RAFT-c(-RGDfK-)+ was used as a reference. In vivo and ex vivo
fluorescence imaging, whole-tumor section imaging, fluorescence microscopy, and multiplexed
fluorescence colocalization analysis were performed. The ITD of fluorescent dye-labeled pHLIPs
was heterogeneous, having a high degree of colocalization with necrosis. A direct one-to-one
comparison of highly magnified images revealed the cellular localization of pHLIP in pyknotic,
karyorrhexis, and karyolytic necrotic cells. pHLIP and hypoxia were spatially contiguous but not
overlapping cellularly. The hypoxic region was found between the ITDs of pHLIP and the cRGD
peptide and the Ki-67 proliferative activity remained detectable in the pHLIP-accumulated regions.
The results provide a better understanding of the characteristics of ITD of pHLIPs, leading to new
insights into the theranostic applications of pHLIPs.

Keywords: pHLIP; tumor acidity; tumor necrosis; tumor hypoxia; avps integrin; cRGD peptide;
intratumoral distribution; multiplexed imaging; spatial relationship

1. Introduction

Recent advances in cancer therapy have improved the prognosis of most cancers, but
unfortunately, the prognoses of some cancers remain poor [1]. The combined approach of
conventional cancer cell-targeted therapy and therapeutic resistance-targeted therapy is
expected to improve the prognosis of refractory cancers. Recently, we demonstrated that
a combination of two radioagents with complementary intratumoral distribution (ITD)
improved the antitumor effect in a tumor mouse model [2]: co-injection of #Cu-cyclam-
RAFT-c(-RGDfK-)4 (#*Cu-RaftRGD) targeting av3s integrins (crv3s) on cancer cells [3,4] and
#4Cu-diacetyl-bis(N*-methylthiosemicarbazone)  (*Cu-ATSM) targeting  hypoxic
metabolism [5,6] suppressed tumor growth and increased survival in a U8S87MG
glioblastoma mouse model, because of the more uniform ITD of radioactivity [2]. To
achieve increased efficacy, more cytotoxic radionuclides, such as a-emitters like 2°Ac [7],
are required. RaftRGD can be labeled with 22Ac [8,9], but unfortunately, ATSM cannot
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(owing to its basic structure) [10]. Therefore, it is necessary to find a new hypoxia-targeted
chemical that can be labeled with a-emitting radionuclides.

The pH (low) insertion peptide (pHLIP) is a candidate for hypoxia-targeted agents
labeled with a-emitters [11]. The pHLIPs, derived from the C-helix of the protein
bacteriorhodopsin and first reported by Hunt et al. in 1997 [12], are a class of pH-sensitive
peptides that bind to the cell membrane through insertion and folding across the cellular
membrane lipid bilayers when the extracellular environment is acidic [13-16]. The pHLIP
sequences (parent and variants) are primarily composed of three regions: an N-terminal
extracellular region (for labeling), a middle transmembrane region (for binding to the cell
membrane through insertion and folding), and a C-terminal intracellular region (for
cytoplasmic drug delivery) [14,17,18]. Owing to the hallmark ubiquitous feature of an
acidic extracellular environment of most solid tumors and related to tumor progression
[19,20], pHLIPs have long been developed and proven useful in the experimental
targeting of tumor acidity for cancer imaging, fluorescence-guided surgery, and
therapeutic drug delivery [11,17,18]. Recently, a radiolabeled pHLIP has entered a phase
1 clinical trial for breast cancer imaging [21].

The tumor-targeting ability of pHLIPs has been widely demonstrated in tumor
xenografts or allografts in mice [11,22], spontaneously arising tumors in transgenic mice
[23-25], and clinical biopsy samples [26,27], involving a variety of cancer types. The pH-
dependent tumor-targeting specificity of pHLIPs, labeled with various imaging cargos
including fluorescent dyes [13,15,23,25] and radionuclides (%Cu, 8F, #Tc, Ga, or #Zr)
[28-34], has been firmly verified. Tumor-uptake levels of the pHLIPs have been shown to
correlate with levels of tumor acidity [30,31]. pHLIPs accumulate in the hypoxic region
due to the causes and consequences of hypoxia and acidity in tumors [35,36]. However,
there are only a few reports on the spatial colocalization of pHLIPs with poor vascular
perfusion [24,29], hypoxia [24,31], and necrosis [31,32] with low resolution. To verify the
potential of pHLIP as a hypoxia-targeted therapeutic agent, it is necessary to evaluate how
the ITD of pHLIPs correlates with these parameters in detail.

The present study aimed to investigate the ITD of pHLIPs to explore the potential of
a pHLIP-based strategy to be applied as an alternative approach to targeting hypoxia
and/or be incorporated into our proposed rationale for pairing av{3s- and hypoxia-targeted
radiotherapies. Here, we investigated the detailed ITD of pHLIPs in relation to necrosis,
hypoxia, and other pathological features of concern including microvessels, lipid droplets,
macrophages, and proliferation, with the avf3s-targeting cRGD peptide (Cy5.5-RaftRGD),
using two tumor models (avps-positive US7MG and IGR-OV1) [4,37]. We chose pHLIP
variant 3, a representative member of pHLIPs with optimized tumor targeting [15,26,38],
conducted a series of imaging studies from the mouse whole-body to tumor-cell level, and
used our unique multiplexed fluorescence colocalization analysis.

2. Materials and Methods
2.1. Peptide Synthesis and Fluorescent Dye Conjugation

The 27-residue peptide pHLIP variant 3 (ACDDQNPWRAYLDLLFPTDTLLLDLLW)
was synthesized and fluorescently labeled based on the methods previously reported
[24,38]. Briefly, the peptide was synthesized by the standard Fmoc-based solid-phase
peptide synthesis method and the crude product was purified by reverse-phase
chromatography. The peptide was then conjugated, via the N-terminal Cys residue, with
either the fluorescent dye Alexa Fluor™ 546 C5 (AF546, excitation maximum/emission
maximum [eXmax/emmax]: 556/573 nm) maleimide (Thermo Fisher Scientific K.K., Tokyo,
Japan) or near-infrared (NIR) IRDye® 800CW (IR800, exmax/emmax: 774/800 nm) maleimide
(LI-COR, Inc., Lincoln, NE, USA), according to the manufacturer’s instructions and
finally, purified as mentioned above. The fluorescent pHLIP constructs, AF546-pHLIP
(molecular weight [MW]: 4256.4; purity: >98%; Figure 1A) and IR800-pHLIP (MW: 4345.4;
purity: >97%; Figure 1A), were produced and purchased from Scrum Inc. (Tokyo, Japan).
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The Cy5.5-RaftRGD (MW: 5234.3; purity: >98%; eXmax/emmax: 675/694 nm) was synthesized
as reported previously [39].

A
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Figure 1. In vivo near-infrared fluorescence (NIRF) imaging. (A) The amino acid sequence of pHLIP
and fluorescence labeling at the N-terminal side. AF546-pHLIP, Alexa Fluor™ 546 fluorescent dye-
conjugated pHLIP; IR800-pHLIP, IRDye® 800CW NIR fluorescent dye-conjugated pHLIP. (B,C)
NIRF imaging of mice bearing U87MG or IGR-OV1 subcutaneous tumors using IR800-pHLIP (5
nmol, intravenous injection). The images were acquired pre- and at 10 min, 30 min, 1h,2h,3h, 4 h,
6 h, and 24 h post-injection. (B) Representative images. K, kidney; T, tumor. (C) Tumor fluorescence
intensity over time. Fluorescence (%), percentage of the pre-injection signal intensity. Data are
expressed as mean + standard deviation (1 = 5/group). * p < 0.05, ** p < 0.01, and *** p <0.001 vs. IGR-
OV1.

2.2. Cells, Animals, and Tumor Models

The human glioblastoma U87MG cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). The human epithelial ovarian adenocarcinoma
IGR-OV1 cell line was obtained through a Material Transfer Agreement (#1-5734-18) from
the National Cancer Institute Developmental Therapeutics Program Tumor Repository
(Frederick, MD, USA). The two cell lines were cultured and maintained as previously
described [4,37].

Female athymic BALB/cA]Jcl-nu/nu mice (4-5 weeks old) were purchased from CLEA
(Japan, Inc. Tokyo) and bred in a specific pathogen-free facility. Animal procedures were
approved (Protocol No. 13-1022-9) by the Animal Ethics Committee of the National
Institutes for Quantum Science and Technology (Chiba, Japan) and were conducted
according to institutional guidelines. Tumor models were established by subcutaneous
injection of 5 x 106 U87MG or IGR-OV1 cells in the right flank of the mice. Subsequent
experiments were performed when the tumor diameter reached 10-15 mm (3—4 weeks
after xenografting).

2.3. In Vivo and Ex Vivo NIR Fluorescence (NIRF) Imaging

The VISQUE™ InVivo Smart-LF imaging system (Vieworks Co., Ltd., Anyang-si,
Korea) was used. Tumor (U87MG or IGR-OV1)-bearing mice (n = 3-5/group) were
anesthetized and imaged prior to and at 10 min, 30 min, 1 h,2h,3h,4h, 6 h,and 24 h
after intravenous injection (via the tail vein) of IR800-pHLIP (5 or 10 nmol) [24,38] with an
ICG filter set (exmax/emmax: 740-790/810-860 nm) and at the same settings (500 ms exposure,
middle light intensity, and low-gain mode).
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Ex vivo imaging was additionally performed at 4 h [24,39] after intravenous injection
of either IR800-pHLIP (5 nmol) or a cocktail with Cy5.5-RaftRGD (10 nmol) [37].
Thereafter, the mice were euthanized via isoflurane saturation, and the tumors and major
organs were removed and imaged in parallel by VISQUE. IR800 fluorescence was
visualized as described above, and the Cy5.5 signal was read by changing to a Cy5.5 filter
set (€Xmax/emmax: 630—-680/690-740 nm).

Image processing (pseudocoloring and superimposing) and measurements of
fluorescence intensity of the region of interest (ROI) were performed using VISQUE. The
ROIs were drawn to encompass the tumors, and mean surface intensities were calculated.

2.4. Multiplexed Fluorescence Imaging of Tumor Sections and Histology

A cocktail of either AF546-pHLIP + IR800-pHLIP (5 nmol each) or that of IR800-
pHLIP + Cy5.5-RaftRGD (5 and 10 nmol, respectively) was administered to the mice and
the mice were examined at 4 h post-injection. Pimonidazole, a commonly used exogenous
hypoxia marker in histochemistry (1.5 mg, Hypoxyprobe-1 Omni Kit; Hypoxyprobe,
Burlington, MA, USA), was administered intravenously to the mice 1 h before
euthanizing. Tumors were removed and cryo-sectioned in sequential sections (10 um
thickness) as previously described [40]. Sections were stored in the dark at -80 °C until
subsequent experiments.

2.5. ITD of pHLIP and Relation to the Tumor Microenvironment
2.5.1. Whole-Tumor Section Imaging

Frozen sections of tumors treated with AF546-pHLIP, IR800-pHLIP, and
pimonidazole were air-dried without further processing and scanned at 800 nm using the
Odyssey CLx NIR Imaging System (21 pum resolution; LI-COR) to visualize IR800
fluorescence throughout the section. Representative samples were further imaged using
the Keyence BZ-X800 fluorescence microscopy system (Keyence, Osaka, Japan) with
Texas-Red and Cy?7 filter sets to obtain the whole-section images of AF546-pHLIP and
IR800-pHLIP, respectively. Sections were then subjected to double staining (acetone
fixation) of the microvascular biomarker CD31 and pimonidazole using rat anti-CD31
(1:1500 dilution; BD Pharmingen, San Diego, CA, USA) and rabbit anti-pimonidazole
(1:200 dilution; Hypoxyprobe-1 Omni Kit), followed by Alexa Fluor 594—conjugated goat
anti-rat IgG (1:200 dilution; Invitrogen, Waltham, MA, USA) and IR800-conjugated goat
anti-rabbit IgG (1:100 dilution; LI-COR) as previously described [37]. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) using a slide encapsulant
(Dapi-Fluoromount-GTM; SouthernBiotech, Birmingham, AL, USA). Corresponding
whole-section images of CD31, pimonidazole, and DAPI were captured using the Keyence
with TRITC, Cy7, and DAPI filter sets, respectively. Hematoxylin and eosin (H&E)
staining was performed on adjacent sections. Exogenous fluorescence signals were
significantly weakened during the immunostaining process, and therefore, did not
interfere with the immunofluorescence signals. Similar protocols for tissue processing,
staining, and image acquisition were applied for subsequent multiplexed imaging
procedures. Sequential images were taken at the same resolution and capture position
settings.

2.5.2. High-Resolution Regional Imaging

Based on the whole-section images, ROIs (representing differing patterns of pHLIP
distribution) were selected for high-resolution imaging using the remaining adjacent
sections. One section (paraformaldehyde (PFA)-fixed and H&E-stained) was used to
study the morphology of the ITD of pHLIP, and another (CD31 and pimonidazole double-
stained) to clarify the spatial relationship between pHLIP and hypoxia in the context of
the microvasculature. The PFA fixation, mentioned below, was preferentially used (when
necessary) to better retain the cellular structure and tissue integrity. All corresponding
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images of the same ROI-defined sites were sequentially captured using a 20 x objective
lens on the Keyence, as mentioned above.

2.5.3. Cellular Level Analysis

After regional imaging, the pimonidazole and CD31 double-stained sections were
subjected to H&E staining (if possible). Regional fluorescence colocalization images of
pHLIP, pimonidazole, CD31, and DAPI were produced in parallel with the corresponding
images of H&E staining. From these images, three representative ROIs with: (i) negligible
accumulation of both pHLIP and pimonidazole, (ii) high accumulation of pHLIP, and (iii)
high accumulation of pimonidazole were further magnified to detect the morphological
details of pHLIP localization at the cellular level.

2.6. Spatial Relationships among pHLIP, Lipid Droplets, and Hypoxia

To investigate the possibility that the ITD of pHLIP was attributed to the targeting
of lipid droplets (reportedly found in the necrotic area of cancer [41]), representative
regional sites of pHLIP distribution were imaged as described in Section 2.5.2. The
sections were fixed with PFA and stained with a specific fluorescent probe, Lipi-Green
(2.5 uM; Dojindo LD02, Tokyo, Japan) at 4 °C for 24 h. Corresponding images of
fluorescently stained lipid droplets were taken using a GFP filter set. Finally, double
staining for CD31 and pimonidazole, and the corresponding image acquisition were
performed, as described above. In this case of samples fixed in PFA, higher concentrations
of anti-CD31 (1:400 dilution) and anti-pimonidazole (1:100 dilution) antibodies were used.

2.7. Spatial Relationship between pHLIP and Macrophages

To investigate the possibility of the ITD of pHLIP being attributed to the targeting of
tumor-associated macrophages (important components of the tumor microenvironment
[42,43]), representative regional sites of pHLIP distribution were imaged as described in
Section 2.5.2. The acetone-fixed sections were then subjected to staining of CD11b (a
marker of tissue macrophages) using purified rat anti-mouse CD11b monoclonal antibody
(Clone M1/70.15; 1:100 dilution; Bio-Rad Laboratories Inc., Hercules, CA, USA) [43,44],
followed by Alexa Fluor 594-conjugated goat anti-rat IgG as mentioned above.
Corresponding images were taken as described above.

2.8. Assessment of Cellular Proliferation in pHLIP-Accumulated Regions

Representative images of AF546-pHLIP-accumulated regions (20 x objective lens)
were captured. Subsequently, double staining (PFA fixation) was performed by using
rabbit anti-Ki-67 (SP6, 1:300 dilution; Abcam, Cambridge, UK) and anti-CD31.
Corresponding images were acquired using Cy7 and TRITC filters for Ki-67 and CD31
staining, respectively.

2.9. Spatial Relationships among pHLIP, cRGD Peptide, and Hypoxia

The ITD of IR800-pHLIP and Cy5.5-RaftRGD across the whole sections of tumors was
visualized using the Odyssey at 800 and 700 nm, respectively. Regional bright-field and
NIRF images (20 x objective lens) or tiled images (viewed in a wider field) were captured
with the Keyence. The fluorescence of IR800-pHLIP was read as described above, while
Cy5.5-RaftRGD was detected using a Cy5.5 filter set. After imaging, the sections were
subjected to CD31 and pimonidazole double staining, and the corresponding images were
acquired as described above.

2.10. Spatial Relationship Analysis

The previously obtained images of the objects (a tumor mass, a whole-tumor section,
or a ROl in the same section) were registered and merged using Adobe Photoshop 23.3.2
software. Intensity plot profiles of the fluorescence signals were created and
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superimposed using Image]J 1.53t software (National Institutes of Health, Bethesda, MD,
USA). The spatial relationship between the imaging components was then visually
determined.

2.11. Statistical Analysis

Quantitative data are presented as the mean + standard deviation (SD). Student’s ¢-
tests (unpaired and two-tailed) were used for two-group comparisons (KaleidaGraph
Version 4.0, Synergy Software, Reading, PA, USA). p <0.05 was considered significant.

3. Results
3.1. In Vivo and Ex Vivo NIRF Imaging

Figure 1B shows representative chronologic NIRF images of mice bearing either
U87MG or IGR-OV1 subcutaneous tumors after the intravenous administration of 5 nmol
IR800-pHLIP. Both tumor models could be visualized by the NIRF imaging during the
observation period (10 min-24 h post-injection), with the fluorescence intensity peaking
at 1 h (1598 + 125% and 1200 + 49% of the pre-injection levels for US7MG and IGR-OV1
tumors, respectively; Figure 1C). At 4 h post-injection, the fluorescence signals in
nontumor tissues (excluding the kidney) were notably reduced, while tumor fluorescence
persisted at high levels of 1178 + 109% and 948 + 90% in U87MG and IGR-OV1 tumors,
respectively (Figure 1B and C). Compared to IGR-OV1, U87MG tumors showed
significantly higher fluorescence accumulation (e.g., p <0.001 at 1 h post-injection; Figure
1C). Ex vivo imaging was additionally performed at 4 h post-injection to verify the results
of in vivo studies. As represented in IGR-OV1 tumor-bearing mice (Supplementary Figure
S1A), the excised tumor mass exhibited significant and heterogeneous fluorescence
accumulation in contrast to background levels of fluorescence signals in the muscle,
spleen, intestine, heart, and lung. The liver showed weak and homogeneous fluorescence
accumulation, but the most prominent fluorescence signal was observed in the kidneys,
indicating major renal excretion of pHLIP. In U87MG tumor-bearing mice, increasing the
dose of IR800-Var3 from 5 to 10 nmol significantly increased the fluorescence intensity of
the tumor (e.g., p < 0.01 at 1 h post-injection; Supplementary Figure S1B), suggesting a
dose-dependent response.

3.2. General Whole-Tumor Section Imaging

The ITDs of AF546-pHLIP, IR800-pHLIP, hypoxia (pimonidazole staining),
microvessels (CD31 staining), and nuclear DAPI staining were examined at 4 h post-
injection of the cocktail of AF546-pHLIP and IR800-pHLIP. Figure 2 shows the results
obtained from the same whole sections of a representative US7MG or IGR-OV1 tumor.
Corresponding H&E staining of adjacent slides displayed multiple areas of necrosis of
U87MG (Figure 2A; coagulative necrosis) and IGR-OV1 tumors (Figure 2B; cavity-like
liquefactive necrosis). In both tumor models, the ITD of pHLIP labeled with two different
dyes appeared identical and heterogeneous throughout the section. Multiple comparisons
of whole-section images indicated a close spatial relationship of pHLIP distribution with
both hypoxia and necrosis (especially at the periphery of massive necrosis shown in
Figure 2A). Similar results were shown in additional whole-section images of the other
three US7MG (Supplementary Figure 52) or IGR-OV1 (Supplementary Figure S3) tumors.
In addition, either AF546-pHLIP or IR800-pHLIP accumulation was also observed at the
periphery of whole-tumor sections of both tumor models (Figure 2, Supplementary
Figures 52-58). This is a phenomenon also exhibited by other pHLIPs [23,29,31,32,45].
Enlarged views (Supplementary Figures S4-S8) indicate that such accumulation was
attributed to the background levels of the probes in the tumor capsule and/or in mouse
skin (if contained in the tumor sample). Both are probably inherently acidic tissues.
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Figure 2. Distribution of pHLIP on whole-tumor sections. US7MG (A) or IGR-OV1 (B) tumor-
bearing mice were intravenously injected with a cocktail of AF546-pHLIP and IR800-pHLIP (5 nmol
each) and examined at 4 h post-injection. The images of pHLIP distribution (AF546-pHLIP, red;
IR800-pHLIP, aqua) are displayed in parallel with those of histologic sections stained with
hematoxylin and eosin (H&E), pimonidazole-stained hypoxia (green), CD31-stained microvessels
(magenta), and DAPI-stained nuclei (blue). All fluorescence images were acquired on the same
whole sections; H&E staining was performed on adjacent sections. CN, representing a region of
coagulative necrosis; LN, representing a region of liquefactive necrosis (cavity-like).

3.3. Spatial Relationship between pHLIP and Necrosis

Figure 3 shows representative regional images of the ITD of AF546-pHLIP and IR800-
pHLIP and the corresponding bright-field and H&E staining at the same sites in the same
sections of US87MG (Figure 3A-C) or IGR-OV1 (Figure 3D) tumors. The high-resolution
fields of view further validated the spatially identical distribution of AF546-pHLIP and
IR800-pHLIP, with the latter producing less background fluorescence. The ITD of pHLIP
revealed various patterns, such as sparsely distributed spots (Figure 3A), patches of
various sizes (Figure 3B and D), and peripheral localization in massive necrosis (Figure
3C). Importantly, the regions with increased pHLIP accumulation, regardless of the
pattern, were the corresponding necrotic regions (unless the amorphous and liquefactive
mass of necrotic material was in the central areas of massive necrosis) detected in both
bright-field and H&E images. These results were further supported by enlarged views of
the ITD of AF546-pHLIP and histology of the same whole sections of both tumor models
(Supplementary Figures S4-57). Additionally, unlike that seen in the U87MG model, the
IGR-OV1 model did not show obvious accumulation of pHLIP in the peripheral regions
of massive necrosis, possibly due to their inherently different types of macro-necrosis:
coagulative necrosis of U87MG tumors vs. cavity-like liquefactive necrosis of IGR-OV1
tumors.
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Figure 3. The intratumoral distribution (ITD) of pHLIP in different sites of U87MG (A-C) or IGR-
OV1 tumors (D). The images of pHLIP distribution (AF546-pHLIP, red; IR800-pHLIP, green) are
displayed in parallel with the corresponding bright-field images and hematoxylin and eosin-stained
specimens at the same sites in the same sections. Yellow color in the rightmost panels (A-D),
red/green overlapping. N, necrotic region; A, amorphous mass of necrotic material; L, liquefactive
mass of necrotic material.

3.4. Spatial Relationship between pHLIP and Hypoxia

Figure 4 shows a representative regional image of the ITD of AF546-pHLIP and the
corresponding fluorescence images of hypoxia and microvessels at the same sites in the
same sections of US7MG (Figure 4A-C) or IGR-OV1 (Figure 4D) tumors. The high-
resolution fields of view demonstrated that the regions of pHLIP accumulation were
located either within the hypoxic regions (diffuse or central) or in proximity (without
sharp boundaries), showing some extent of overlap (Figure 4E). The spatial correlation
between the ITD of pHLIP and hypoxia seems to be better understood in the context of
microvascular distribution. The extent of pHLIP accumulation within a hypoxic patch
tended to be negatively correlated with the corresponding microvascular density. Figure
4A shows less accumulation of pHLIP in a relatively large hypoxic patch with a significant
number of microvessels remaining, and vice versa (Figure 4B).
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Figure 4. Spatial relationship between the intratumoral distribution (ITD) of pHLIP and hypoxia.
Colocalization analysis of pHLIP distribution (AF546-pHLIP, red) and pimonidazole-stained
hypoxia (green) was performed at three different sites of a US87MG tumor section (sites A, B, and C)
and a representative site of an IGR-OV1 tumor section (D), with the corresponding distribution of
CD31-stained microvessels (magenta) as a reference. Blue, nuclei stained with DAPL The red/green
overlapping (yellow) is not noticeable, but some orange-colored overlaps are visible (arrowheads).
(E) Intensity plot profiles of the fluorescence signals in region-1, -2, -3, and -4 marked in (A), (B),
(C), and (D), respectively.
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3.5. Cellular Localization of pHLIP

Figure 5 shows a representative high-resolution merged image of pHLIP, hypoxia,
microvessels, and nuclei (Figure 5A) and the corresponding H&E staining (Figure 5B)
from the same site in the same section of the U87MG tumor. Enlarged views of ROI
(normoxia, hypoxia, and necrosis) enabled a cytological study of pHLIP localization
(Figure 5C-H). Marked accumulation of pHLIP was seen in the necrotic region, as
opposed to the absence or less accumulation of pHLIP in the normal and hypoxic regions.
Fluorescent pHLIP was found to be localized in necrotic cells at various stages (Figure
5G,H), showing colocalization with the membrane of cells in pyknosis (shrunken nuclei)
or with the cellular debris in karyorrhexis (fragmented nuclei) or karyolysis (dissolved
nuclei), and appeared to be surrounded by pimonidazole-stained hypoxic cells.
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Figure 5. pHLIP localization at the cellular level. (A) An overlay image of pHLIP distribution
(AF546-pHLIP, red), pimonidazole-stained hypoxia (green), CD31-stained microvessels (magenta),
and DAPI-stained nuclei (blue). (B) The corresponding hematoxylin and eosin staining in the same
site of the same section of a U87MG tumor. (C,E,G) denote enlarged views of ROI-1, -2, and -3 of
(A), respectively. (D,F,H) depict enlarged views of ROI-1, -2, and -3 of (B), respectively. ROI 1,
normoxic region; ROI 2, hypoxic region; ROI 3, necrotic region. Yellow arrows in (E,F) mark the
pHLIP signals in the extracellular space. Pyknosis, karyorrhexis, and karyolysis in (G,H) clearly
show the necrotic cells with shrunken, fragmented, and dissolved nuclei, respectively.

3.6. Spatial Relationships among pHLIP, Lipid Droplets, and Hypoxia

Representative images of the ITD of AF546-pHLIP, lipid droplets, and hypoxia
obtained from the same sites in the same sections of tumors were compared. In general,
as shown in Figure 6 (U87MG tumor), decreased staining of lipid droplets was found in
both the pHLIP-accumulated and hypoxic regions. The enlarged view showed the clear
cellular localization of lipid droplets in normoxic tumor cells. An exception was found at
the edge of a hypoxic region adjoining liquefactive necrosis of the IGR-OV1 tumor section
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(Supplementary Figure S9), in which increased accumulation was observed for both lipid
droplets and pHLIP, with no signs of overlap.

DAPI pHLIP Pimonidazole (Pimo) Lipid droplet (LD)

100 ym

pHLIPLDDAPI PimoLDDAPI pHLIPLDPimoDAPI pHLIPLDPimoDAPI

Figure 6. Spatial relationships among the intratumoral distribution (ITD) of pHLIP, hypoxia, and
lipid droplets. pHLIP distribution (AF546-pHLIP, red), pimonidazole-stained hypoxia (gray), and
lipid droplet staining (green) were examined at the same sites of the same tumor sections. Shown
here are images acquired from a representative high pHLIP-accumulated region in a U87MG tumor
section. The lipid droplet-specific fluorescent probe Lipi-Green was used for staining the lipid
droplets. Blue indicates nuclei stained with DAPI. An enlarged view of the dotted rectangle clearly
shows the cellular localization of the lipid droplets.

3.7. Spatial Relationship between pHLIP and Macrophages

Representative images of the ITD of AF546-pHLIP and CD11b staining (macrophages
and activated lymphocytes) obtained from the same sites in the same sections of tumors
were compared. In general, as shown in Figure 7 (U87MG tumor) and other sites of
U87MG and IGR-OV1 tumors (Supplementary Figure S10), the increased accumulation of
macrophages (CD11b-positive cells) was found in the pHLIP-accumulated region, with
no signs of overlap. This indicates that macrophages were not the site of pHLIP
localization.
DAPI

pHLIP Macrophage (Mac)

pHLIPMac

Figure 7. Spatial relationship between the intratumoral distribution (ITD) of pHLIP and
macrophages. pHLIP distribution (AF546-pHLIP, red), CD11b-stained macrophages (green), and
DAPI-stained nuclei (blue) were examined at the same sites of the same tumor sections. Shown here
are images acquired from a representative high pHLIP-accumulated region in a U87MG tumor
section. The red/green overlapping (yellow) is not indicated. An enlarged view of the dotted
rectangle clearly shows that pHLIPs and macrophages (CD11b-positive cells) were not overlapping.
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3.8. Proliferation Status in pHLIP Accumulated Region

Figure 8 shows a representative image of a region of high pHLIP accumulation with
the corresponding Ki-67 (a cellular marker for proliferation), CD31, nuclear staining, and
merged images at the same site in the same section of the U87MG tumor. Ki-67-positive
staining (DAPI/Ki-67 overlap) of tumor cells was detected not only in the highly
vascularized normoxic region but also in the high pHLIP-accumulation region with poor
vasculature. This result indicates that some tumor cells (probably hypoxic cells) in the
pHLIP-accumulated region maintained some proliferative activity, indicating that this
region remains an important therapeutic target.

DAPI pHLIP Ki-67 CD31

100 um

pHLIPDAPI Ki-67DAPI pHLIPKi-67CD31DAPI pHLIPKi-67CD31DAPI

Figure 8. Tumor proliferation status in the pHLIP-accumulated region. pHLIP (AF546-pHLIP)
distribution and proliferation status were examined at the same sites of the same tumor sections.
Shown here is a representative high pHLIP-accumulated region (red) with double
immunofluorescence staining for the proliferation marker Ki-67 (green) and microvessels (CD31,
magenta) in a US87MG tumor section. Blue indicates nuclei stained with DAPI. An enlarged view of
the dotted rectangle clearly shows the Ki-67-positive stained cells (arrowheads, aqua).

3.9. Spatial Relationships among pHLIP, cRGD Peptide, and Hypoxia

The ITD of IR800-pHLIP, Cy5.5-RaftRGD, hypoxia, microvessels, and nuclear DAPI
staining was examined at 4 h post-injection of the cocktail of IR800-pHLIP and Cy5.5-
RaftRGD. Figure 9A shows representative NIRF images of IR800-pHLIP, Cy5.5-RaftRGD,
and hypoxia in the same whole section of the U87MG tumor. They all showed a
heterogeneous distribution pattern throughout the section. The pHLIP and hypoxic
regions were found to correspond well with the cRGD nonbinding region. Figure 9B,C
show multiple high-resolution fluorescence images and a further magnified and merged
image of a ROI indicated in Figure 9A, respectively. The hypoxic region was located
between the highly vascularized cRGD-binding region and the poorly vascularized
pHLIP-accumulation regions (Figure 9C). Supplementary Figure S11 shows ex vivo NIRF
images of IR800-pHLIP and Cy5.5-RaftRGD in excised tumors and major organs of mice
with U87MG or IGR-OV1 tumors. The distribution of both peptide probes observed on
the cut surface of the bisected tumor was heterogeneous and had spatially different but
complementary patterns. Similar findings were also observed in microscopic images of
the wide field of view (3.2 mm x 3.2 mm) of the tumor sections (Supplementary Figure
S12).
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Figure 9. Spatial relationship of the ITD of pHLIP with the cRGD peptide-based probe, Cy5.5-
RaftRGD. Tumors were examined at 4 h post-injection of 5 nmol IR800-pHLIP and 10 nmol Cy5.5-
RaftRGD. (A) Near-infrared fluorescence (NIRF) images of the distribution of pHLIP (green), cRGD
(red), and pimonidazole-stained hypoxia (white) on the representative whole section of a US7MG
tumor. (B) Enlarged views of the same ROI (rectangles indicated in (A)) and the corresponding
images of bright-field, CD31-stained microvessels (aqua), and DAPI-stained nuclei (blue). N,
necrotic region. (C) Highly magnified fluorescence overlay.

4. Discussion

Extracellular acidity-targeting pHLIPs are under development for cancer imaging
and therapy. An in-depth investigation of the ITD of pHLIPs is of paramount significance
for providing basic information toward understanding therapeutic limitations and
facilitating a rational combination therapy design. Owing to the lack of a histological
biomarker for extracellular acidity, studies on the ITD of pHLIPs have so far focused on
comparisons with other related features of the tumor microenvironment. If the
relationships are to be fully comprehended and unambiguously described, it is imperative
that a histological comparison of multiple parameters is performed based on the same
whole section, rather than preferentially selected small regions of adjacent sections [37,46].
To the best of our knowledge, the present study is the first to conduct a detailed
investigation of the ITD of pHLIP in relation to necrosis, hypoxia, an avps-targeting cRGD
peptide, and others of concern by conducting a series of imaging from the mouse whole-
body to tumor-cell level, using our unique high-resolution multiplexed fluorescence
colocalization analysis. This study unambiguously demonstrated the ITD patterns of
pHLIPs and their spatial relationship with necrosis, hypoxia, and the cRGD peptide. A
pHLIP-based anticancer agent is a promising candidate for a combination of cancer cell-
targeted therapy and hypoxia-targeted therapy.

For this study, it was necessary to analyze tumors that had developed hypoxia and
necrosis for optimally comparing the ITD of pHLIP; hence, large-sized tumors (10-15 mm
in diameter) were studied. We validated the tumor-targeting ability of IR800-pHLIP by in
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vivo and ex vivo NIRF imaging in two different human tumor models (U87MG and IGR-
OV1; Figure 1B,C, Supplementary Figure S1), consistent with that shown by Adochite et
al. in a mouse mammary tumor model (4T1 allograft) [38]. A difference in the tumor
kinetics was noticed. In our case, the tumor fluorescence intensity peaked at 1 h post-
injection, faster than the time of 4 h shown in their study. This might be due to the faster
blood clearance of IR800-pHLIP with relatively lower levels of tumor uptake in our
experimental settings. One possible reason for this could be due to the tumor model. As
mentioned, the avfs-positive necrotic xenografts (typically nonmetastatic) were selected
for the current study because we focused attention on the detailed ITD of pHLIPs
associated with necrosis, hypoxia, and integrins. On the other hand, some studies
employed tumor models with more aggressive phenotypes (more acidic), such as
metastatic xenografts, allografts, and spontaneously developed tumors in transgenic mice
[23,24,32,45]. Such aggressive models showed greater tumor uptake of pHLIP-based
probes in comparison with nonmetastatic xenografted tumor models including ours
(thought to be less acidic) [23,32]. In the present models, living cancer cells were observed
around pHLIP-accumulating areas (Figures 3 and 5, Supplementary Figures S5 and S7).
This means that pHLIP-based therapeutic agents would target living cancer cells. Further
systematic comparative studies could validate this. Nonetheless, the following
examination of the ITD of pHLIP was determined at 4 h post-injection, at which time the
background fluorescence signals (nontumor tissues apart from the kidneys) decreased
markedly while the tumor fluorescence persisted at high levels.

For multiplexed microscopic imaging, pHLIP was also labeled with AF546, a bright
dye commonly used for fluorescence microscopy. The simultaneous use of pHLIP labeled
with different dyes also helped identify some irrelevant signals (such as
autofluorescence). An identical ITD was observed between AF546-pHLIP and IR800-
pHLIP at both the whole-section and enlarged area level (Figures 2 and 3). Furthermore,
our multiplexed microscopic comparisons were performed on the same whole sections
and at the same sites in the same sections at identical resolutions, allowing for precise
correlation analyses.

The ITDs of pHLIPs in necrotic US7MG and IGR-OV1 xenografts were heterogeneous
throughout the tumor section (Figures 2 and 9A, Supplementary Figures S2-57),
consistent with other reports on different pHLIP members with various labeling and
tumor models [22-24,29,31,32,34,45]. Compared to these studies, we have further shown
various patterns of pHLIP accumulation that can be detected within a tumor (Figure 3).

Some efforts have been made to clarify the spatial relationship of pHLIPs with
necrosis and/or hypoxia [24,31,32]. However, the main limitations of these studies are that
the comparisons were made between autoradiography and histology (with intrinsically
different levels of resolution) [31,32] or on adjacent sections with section-to-section
variation (no matter the types of images) [24,31]. The results, therefore, are suggestive or
show a trend but are not yet conclusive. Here, armed with the capability of high-resolution
multiplexed fluorescence colocalization analysis performed on the same tumor sections,
we identified that the regions of increased accumulation of pHLIP perfectly coincided
with the necrotic regions (unless the amorphous and liquefactive mass of necrotic material
in the central areas was of massive necrosis; Figure 3, Supplementary Figures S2-57).
Moreover, when observed at the tissue level (Figures 2, 4 and 5A), the ITD of pHLIP and
hypoxia had a spatially contiguous correlation with some extent of overlap. Notably, a
direct one-to-one comparison of highly magnified images revealed the cellular
localization of pHLIP in necrotic cells of pyknosis, karyorrhexis, and karyolysis (Figure
5G). The pHLIP signals were found within the hypoxic regions and appeared to be
surrounded by hypoxic cells (Figure 5E-H). These results could provide a new
interpretation in pHLIP-based imaging or novel insights into the development of pHLIP-
based therapeutics.

The mechanism of action of pHLIPs—targeting cancer cells by exploiting the
extracellular acidic microenvironment—is well understood [13,16,47,48]. Reshetnyak et al.
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[23] demonstrated that fluorescent (Alexa750) pHLIP was distributed in the extracellular
space and cellular membranes of tumor cells in small M4A4 metastatic nodules in mouse
lungs and spontaneous prostate tumors in TRAMP mice. Similar results regarding pHLIP
distribution were reported by Adochite et al. using submillimeter mouse 4T1 lung
metastatic lesions [38] and by Rohani et al. using an MMTV-PyMT breast cancer mouse
model [45]. Regarding the issue of necrosis, little information was provided in these
studies (focused on non-necrotic tumors). However, when nonmetastatic tumor
xenografts with necrotic morphology were used, the findings of the present study (using
U87MG and IGR-OV1), together with the supporting results of previous studies with
either fluorescent pHLIPs (Hela xenograft model) [23] or radiolabeled pHLIPs (PC3 and
LNCaP prostate tumor xenografts) [31,32], have unambiguously demonstrated that the
hypoxic regions, including necrotic cancer cells, are the prominent accumulation sites of
pHLIPs (possibly due to the moderative accumulation of pHLIPs in the less acidic
normoxic regions). Since pHLIPs are lipid bilayer-binding peptides, it was reasonably
speculated by the authors and Reshetnyak et al. [23] that this class of peptides might bind
to lipids present in necrotic tissues. Indeed, Zoula et al. reported an increased
accumulation of lipid droplets principally in the necrotic tissue in a C6 rat brain glioma
model [41]. However, as examined and shown in Figure 6 and Supplementary Figure S9,
the possibility of lipid droplets involved in the accumulation of pHLIP in the necrotic
region can now be ruled out. On the other hand, the macrophages accumulated in necrotic
regions (not surprisingly recruited to clean up necrotic corpses [49,50]). The same areas
included many signals of pHLIP although the two were not wholly matched (Figure 7 and
Supplementary Figure S10). Moreover, unlike pHLIP, neither co-injected pimonidazole
nor Cy5.5-RaftRGD showed a noticeable accumulation in the necrotic regions (as shown
in Figure 9). The localization of pHLIPs was found evident in “fresh, ongoing necrotic
patches” rather than the central areas consisting of amorphous or liquefactive masses of
necrotic material (e.g., Supplementary Figures 54-57). Therefore, the most likely reason
why pHLIPs preferentially accumulated in necrotic regions is that pHLIPs could
specifically bind to certain products of necrosis that remain in the damaged cell
membranes or are released into the extracellular space, rather than simply because
necrotic tissues uptake everything very readily. Further mechanism studies would
provide new insight into pHLIP-based theranostic strategy in future work.

The spatial relationship between pHLIP and hypoxia is easier to understand in terms
of the corresponding microvasculature (Figures 2 and 4). Our results clearly show that the
distribution of microvessels affects hypoxia and results in changes in pHLIP
accumulation. Less pHLIP accumulation was seen in the early or mildly hypoxic region
(still vascularized to some extent, Figure 4A) compared to the marked accumulation of
pHLIP in the typically poorly vascularized hypoxic region (Figure 4B-D).

Given that hypoxia is associated with increased tumor aggressiveness and poor
prognosis and that hypoxic tumor cells are resistant to treatment, this common feature of
solid tumors represents a compelling therapeutic target [51-53]. Various strategies
targeting hypoxia have been reported. However, limited drug penetration into poorly
vascularized hypoxic regions of tumors remains a challenge [54,55]. We propose that a
pHLIP-based strategy is a potential alternative to managing hypoxia, based on the
following facts: (i) pHLIPs could pass through hypoxic regions and accumulate in necrotic
regions; (ii) the ITD of pHLIPs showed a spatially contiguous correlation with hypoxia;
and (iii) pHLIPs can be potentially labeled with the highly cytotoxic a-emitter 22Ac
(potentially overcoming radiation resistance) since pHLIPs have been reported to be
labeled with a range of radiometals (%Cu, ®mTc, %Ga, or 8Zr) via peptide modification
[28,30-34].

It should be noted that when developing pHLIP-based radiotherapeutics armed with
25Ac, it is also imperative to lower the risk of nephrotoxicity, as pHLIPs can accumulate
highly in the kidney (as shown in Figure 1 and Supplementary Figure S1) and the kidney
is the dose-limiting organ of radiotherapy. Recent studies demonstrate that through
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further modifications and optimization through structure-activity relationship analyses,
the lead pHLIP derivatives such as #Cu-labeled NO2A-Cys-Var3 [32] and %Zr-labeled
DFO-Cys-Var3 [34] have been successfully developed, showing increasing accumulation
in the tumor with a concomitant clearance from nontarget tissues including the kidney.
So, it would be the case with ?»Ac-labeled pHLIPs. Other approaches (reducing renal
reabsorption) have been introduced to prevent renal damage related to peptide-based
radiotherapy. We previously showed that the co-injection of Gelofusine (succinylated
gelatin) and t-lysine (positively charged basic amino acid) with #Cu-RaftRGD caused a
30-50% reduction in mouse renal radioactivity levels [56]. In patients treated with 2Ac-
DOTATOC for somatostatin-receptor-expressing cancers, the amino acid mixture of
lysine and arginine formulated in gelatin solution was co-administered as a renal
protective cocktail [57].

The current study is the first to demonstrate the spatial relationships between pHLIP,
cRGD peptides, and hypoxia within the same tumor. Given the intermediate position of
hypoxia between the ITD of pHLIP (in necrotic regions) and a cRGD peptide (in normoxic
regions) along with a spatially complementary relationship between the two peptides
(Figure 9, Supplementary Figures S11 and S12), we would like to propose a new
combination (cRGD + pHLIP) approach that corresponds to our previously proposed
rationale for pairing avps- and hypoxia-targeted radiotherapies [2,37]. As mentioned, the
proof-of-concept study using the co-injection of #*Cu-RaftRGD targeting av(3s on cancer
cells [3,4] and #“Cu-ATSM targeting hypoxic metabolism [5,6] has demonstrated that a
combination of two radioagents with complementary ITDs can improve the antitumor
effect owing to the increased uniform ITD of radioactivity [2]. Therefore, it is reasonably
anticipated that with the combined use of cRGD and pHLIP peptides and both armed
with an a-emitter (like ?Ac), in addition to producing a uniform ITD of radioactivity,
hypoxic tumor cells and/or cancer stem cells (possibly residue within necrotic regions
[58,59]) would be effectively killed via the crossfire effect of irradiation delivered from the
two radiopeptides in opposite directions. Although a few proliferative tumor cells in
pHLIP-accumulated regions (Figure 8) could limit the efficacy of pHLIP-targeted therapy,
such combination therapy may also be beneficial due to pHLIP-based elimination of
microenvironmental sheltering from cRGD-based monotherapy.

In addition to the previously discussed limitation of this work, there are at least three
more notable limitations. First, this work focused on only one member of the pHLIP
family (variant 3), although this is a representative member and is reported more
frequently in the literature. Second, the ITD characteristics of pHLIPs were investigated
in a small number of tumor types (two xenograft models), thus requiring further studies
using more tumor types, including more aggressive phenotypes such as allografted
tumors. Nevertheless, we hope that researchers in the field will use the study protocols
established herein to identify the ITD characteristics of newly developed pHLIP-based
drugs toward future clinical translation. The third limitation is that pHLIP compounds
have also been reported to target the tumor—stroma interface [34,45], but such a finding
was not observed in our experimental settings (Supplementary Figures S5 and S7) with
the exclusion of targeting of the macrophages (Figure 7, Supplementary Figure 510), and
it is necessary to further investigate whether they are tumor type dependent.

5. Conclusions

We performed a comprehensive investigation (whole-body, excised tumor, whole-
tumor section, and microregional sites of tissue and cells) with two tumor mouse models,
unambiguously revealing the details of the ITD of a representative pHLIP (variant 3). The
spatial relationship of the ITD of pHLIP with multiple parameters was clarified in a
straightforward manner using a unique high-resolution multiplexed fluorescence
colocalization analysis based on the same whole tumor sections. The ITD of pHLIP was
heterogeneous, with increased accumulation in the regions of necrosis by localizing to
various morphological patterns of necrotic cells. There was a spatially contiguous but
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nonoverlapping relationship (at least at the cellular level) between the ITD of pHLIP and
hypoxia. Notably, an intermediate position of hypoxia was revealed between the ITD of
pHLIP and a cRGD peptide. These results provide a better understanding of the ITD
characteristics of pHLIPs, which may lead to new insights into the theranostic applications
of pHLIPs. Based on the close spatial relationship of hypoxia with pHLIP and cRGD
peptides, we propose an alternative approach, a new “pHLIP + cRGD” combination for
tackling treatment-resistant hypoxia via a potential crossfire of the two peptide-based
therapeutics.
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https://www.mdpi.com/article/10.3390/cells11213499/s1, Supplementary Figure S1. Ex vivo near-
infrared fluorescence (NIRF) imaging and dose response; Supplementary Figure S2. Distribution of
pHLIP on whole-tumor sections of US7MG tumors; Supplementary Figure S3. Distribution of
pHLIP on whole-tumor sections of IGR-OV1 tumors; Supplementary Figure 54. The intratumoral
distribution of pHLIP (AF546-pHLIP, red) and the corresponding hematoxylin and eosin (H&E)
staining on the same whole section of a U87MG tumor; Supplementary Figure S5. The distribution
of pHLIP (AF546-pHLIP, red) and the corresponding hematoxylin and eosin (H&E) staining in
regions of interest of a US87MG tumor; Supplementary Figure S6. The intratumoral distribution of
pHLIP (AF546-pHLIP, red) and the corresponding hematoxylin and eosin (H&E) staining on the
same whole section of an IGR-OV1 tumor; Supplementary Figure S7. The distribution of pHLIP
(AF546-pHLIP, red) and the corresponding hematoxylin and eosin (H&E) staining in regions of
interest of an IGR-OV1 tumor; Supplementary Figure S8. The intratumoral distribution of pHLIP
(IR800-pHLIP, red) and the corresponding hematoxylin and eosin (H&E) staining on the same
whole section of a U87MG tumor; Supplementary Figure S9. Contiguous presence of pHLIP and
lipid droplets at the edge of a hypoxic region adjoining liquefactive necrosis in the IGR-OV1 tumor;
Supplementary Figure S10. Spatial relationship between the intratumoral distribution of pHLIP and
macrophages; Supplementary Figure S11. Dual near-infrared fluorescence (NIRF) imaging of the
excised tumor and major organs of mice bearing U87MG or IGR-OV1 subcutaneous tumors 4 h after
intravenous injection of a cocktail of 5 nmol IR800-pHLIP (green) and 10 nmol Cy5.5-RaftRGD (red);
Supplementary Figure S12. Spatial relationship of the intratumoral distribution of pHLIP with
Cy5.5-RaftRGD.

Author Contributions: Conceptualization, Z.-H.J. and A.B.T.; methodology, Z.-H.J.; formal
analysis, Z.-H.]J.; investigation, Z.-H.]J.; resources, M.D., D.B., and P.D.; writing—original draft
preparation, Z.-H.].; writing—review and editing, A.B.T.,, M.D., P.D., D.B., and T.H.; visualization,
Z.-H.].; funding acquisition, Z.-H.J., A.B.T., D.B., and T.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported, in part, by JSPS KAKENHI grant no., JP18K07776 (Japan) and
the Agence Nationale de la Recherche (ANR-17-EURE-0003, France).

Institutional Review Board Statement: Animal procedures were approved (Protocol No. 13-1022-
9) by the Animal Ethics Committee of the National Institutes for Quantum Science and Technology.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: Authors M. Degardin and D. Boturyn wish to acknowledge support from the
ICMG Chemistry Nanobio Platform (Grenoble, France), on which the peptide synthesis was
performed, and the Labex ARCANE and CBH-EUR-GS (ANR-17-EURE-0003). The authors would
also like to thank the staff of the Laboratory Animal Sciences section (QST) for animal care.

Conflicts of Interest: The authors declare that they have no competing interests.

1.  Sung, H,;Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer ]. Clin. 2021, 71, 209-249.
https://doi.org/10.3322/caac.21660.

2. Jin, Z.H,; Tsuji, A.B.; Degardin, M.; Sugyo, A.; Yoshii, Y.; Nagatsu, K.; Zhang, M.R.; Fujibayashi, Y.; Dumy, P.; Boturyn, D.; et
al. Uniform intratumoral distribution of radioactivity produced using two different radioagents, (64)Cu-cyclam-RAFT-c(-



Cells 2022, 11, 3499 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

RGDfK-)4 and (64)Cu-ATSM, improves therapeutic efficacy in a small animal tumor model. EJNMMI Res. 2018, 8, 54.
https://doi.org/10.1186/s13550-018-0407-3.

Jin, Z.H.; Furukawa, T.; Galibert, M.; Boturyn, D.; Coll, J.L.; Fukumura, T.; Saga, T.; Dumy, P.; Fujibayashi, Y. Noninvasive
visualization and quantification of tumor alpha(V)beta(3) integrin expression using a novel positron emission tomography
probe, Cu-64-cyclam-RAFT-c(-RGDf{K-)(4). Nucl. Med. Biol. 2011, 38, 529-540. https://doi.org/10.1016/j.nucmedbio.2010.11.008.
Jin, Z.H.; Furukawa, T.; Degardin, M.; Sugyo, A.; Tsuji, A.B.; Yamasaki, T.; Kawamura, K.; Fujibayashi, Y.; Zhang, M.R.; Boturyn,
D.; et al. alpha(V)beta(3) Integrin-Targeted Radionuclide Therapy with Cu-64-cyclam-RAFT-c(-RGDfK-)(4). Mol. Cancer Ther.
2016, 15, 2076-2085. https://doi.org/10.1158/1535-7163.Mct-16-0040.

Vavere, A.L.; Lewis, ].5. Cu-ATSM: A radiopharmaceutical for the PET imaging of hypoxia. Dalton Trans. 2007, 43, 4893—-4902.
https://doi.org/10.1039/b705989b.

Lapi, S.E.; Lewis, ].S.; Dehdashti, F. Evaluation of Hypoxia With Copper-Labeled Diacetyl-bis(N-Methylthiosemicarbazone).
Semin. Nucl. Med. 2015, 45, 177-185. https://doi.org/10.1053/j.semnuclmed.2014.10.003.

Scheinberg, D.A.; McDevitt, M.R. Actinium-225 in targeted alpha-particle therapeutic applications. Curr. Radiopharm. 2011, 4,
306-320. https://doi.org/10.2174/1874471011104040306.

Bozon-Petitprin, A.; Bacot, S.; Gauchez, A.S.; Ahmadi, M.; Bourre, ].C.; Marti-Batlle, D.; Perret, P.; Broisat, A.; Riou, L.M.; Claron,
M.; et al. Targeted radionuclide therapy with RAFT-RGD radiolabelled with (90)Y or (177)Lu in a mouse model of alphavbeta3-
expressing tumours. Eur. J. Nucl. Med. Mol. Imaging 2015, 42, 252-263. https://doi.org/10.1007/s00259-014-2891-7.

Pandya, D.N.; Hantgan, R.; Budzevich, M.M.; Kock, N.D.; Morse, D.L.; Batista, I.; Mintz, A.; Li, K.C.; Wadas, T.]. Preliminary
Therapy Evaluation of (225)Ac-DOTA-c(RGDyK) Demonstrates that Cerenkov Radiation Derived from (225)Ac Daughter
Decay Can Be Detected by Optical Imaging for In Vivo Tumor Visualization. Theranostics 2016, 6, 698-709.
https://doi.org/10.7150/thno.14338.

Fujibayashi, Y.; Taniuchi, H.; Yonekura, Y.; Ohtani, H.; Konishi, J.; Yokoyama, A. Copper-62-ATSM: A new hypoxia imaging
agent with high membrane permeability and low redox potential. J. Nucl. Med. 1997, 38, 1155-1160.

Dharmaratne, N.U.; Kaplan, A.R.; Glazer, P.M. Targeting the Hypoxic and Acidic Tumor Microenvironment with pH-Sensitive
Peptides. Cells 2021, 10, 541. https://doi.org/10.3390/cells10030541.

Hunt, ].F.; Rath, P.; Rothschild, K.J.; Engelman, D.M. Spontaneous, pH-dependent membrane insertion of a transbilayer alpha-
helix. Biochemistry 1997, 36, 15177-15192. https://doi.org/10.1021/bi970147b.

Andreev, O.A,; Dupuy, A.D.; Segala, M.; Sandugu, S.; Serra, D.A.; Chichester, C.O.; Engelman, D.M.; Reshetnyak, Y.K.
Mechanism and uses of a membrane peptide that targets tumors and other acidic tissues in vivo. Proc. Natl. Acad. Sci. USA 2007,
104, 7893-7898. https://doi.org/10.1073/pnas.0702439104.

Andreev, O.A.; Engelman, D.M.; Reshetnyak, Y.K. pH-sensitive membrane peptides (pHLIPs) as a novel class of delivery
agents. Mol. Membr. Biol. 2010, 27, 341-352. https://doi.org/10.3109/09687688.2010.509285.

Weerakkody, D.; Moshnikova, A.; Thakur, M.S.; Moshnikova, V.; Daniels, J.; Engelman, D.M.; Andreev, O.A.; Reshetnyak, Y.K.
Family of pH (low) insertion peptides for tumor targeting. Proc. Natl. Acad. Sci. USA 2013, 110, 5834-5839.
https://doi.org/10.1073/pnas.1303708110.

Wryatt, L.C.; Moshnikova, A.; Crawford, T.; Engelman, D.M.; Andreev, O.A.; Reshetnyak, Y.K. Peptides of pHLIP family for
targeted intracellular and extracellular delivery of cargo molecules to tumors. Proc. Natl. Acad. Sci. USA 2018, 115, E2811-E2818.
https://doi.org/10.1073/pnas.1715350115.

Fendos, J.; Engelman, D. pHLIP and acidity as a universal biomarker for cancer. Yale J. Biol. Med. 2012, 85, 29-35.

Wryatt, L.C.; Lewis, ].S.; Andreev, O.A.; Reshetnyak, Y.K.; Engelman, D.M. Applications of pHLIP Technology for Cancer
Imaging and Therapy. Trends Biotechnol. 2017, 35, 653—664. https://doi.org/10.1016/j.tibtech.2017.03.014.

Ibrahim-Hashim, A.; Estrella, V. Acidosis and cancer: From mechanism to neutralization. Cancer Metastasis Rev. 2019, 38, 149—
155. https://doi.org/10.1007/s10555-019-09787-4.

Pillai, S.R.; Damaghi, M.; Marunaka, Y.; Spugnini, E.P.; Fais, S.; Gillies, R.J. Causes, consequences, and therapy of tumors
acidosis. Cancer Metastasis Rev. 2019, 38, 205-222. https://doi.org/10.1007/s10555-019-09792-7.

Memorial Sloan Kettering Cancer Center. Study of the Imaging Agent 18F-Var3 in Patients With Breast Cancer. 2020. Available
online: https://clinicaltrials.gov/ct2/show/NCT04054986 (accessed on 17 May 2022).

Crawford, T.; Moshnikova, A.; Roles, S.; Weerakkody, D.; DuPont, M.; Carter, L.M.; Shen, J.; Engelman, D.M.; Lewis, J.S.;
Andreev, O.A.; et al. pHLIP ICG for delineation of tumors and blood flow during fluorescence-guided surgery. Sci. Rep. 2020,
10, 18356. https://doi.org/10.1038/s41598-020-75443-5.

Reshetnyak, Y.K.; Yao, L.; Zheng, S.; Kuznetsov, S.; Engelman, D.M.; Andreev, O.A. Measuring tumor aggressiveness and
targeting metastatic lesions with fluorescent pHLIP. Mol. Imaging Biol. 2011, 13, 1146-1156. https://doi.org/10.1007/s11307-010-
0457-z.

Adochite, R.C.; Moshnikova, A.; Carlin, S.D.; Guerrieri, R.A.; Andreev, O.A.; Lewis, ].S.; Reshetnyak, Y.K. Targeting breast
tumors with pH (low) insertion peptides. Mol. Pharm. 2014, 11, 2896-2905. https://doi.org/10.1021/mp5002526.

Tapmeier, T.T.; Moshnikova, A.; Beech, J.; Allen, D.; Kinchesh, P.; Smart, S.; Harris, A.; McIntyre, A.; Engelman, D.M.; Andreev,
O.A;; et al. The pH low insertion peptide pHLIP Variant 3 as a novel marker of acidic malignant lesions. Proc. Natl. Acad. Sci.
USA 2015, 112, 9710-9715. https://doi.org/10.1073/pnas.1509488112.



Cells 2022, 11, 3499 19 of 20

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Golijanin, J.; Amin, A.; Moshnikova, A.; Brito, ].M.; Tran, T.Y.; Adochite, R.C.; Andreev, G.O.; Crawford, T.; Engelman, D.M.;
Andreev, O.A; et al. Targeted imaging of urothelium carcinoma in human bladders by an ICG pHLIP peptide ex vivo. Proc.
Natl. Acad. Sci. USA 2016, 113, 11829-11834. https://doi.org/10.1073/pnas.1610472113.

Brito, J.; Golijanin, B.; Kott, O.; Moshnikova, A.; Mueller-Leonhard, C.; Gershman, B.; Andreev, O.A.; Reshetnyak, Y.K.; Amin,
A.; Golijanin, D. Ex-vivo Imaging of Upper Tract Urothelial Carcinoma Using Novel pH Low Insertion Peptide (Variant 3), a
Molecular Imaging Probe. Urology 2020, 139, 134-140. https://doi.org/10.1016/j.urology.2019.01.008.

Vavere, A.L.; Biddlecombe, G.B.; Spees, W.M.; Garbow, ].R.; Wijesinghe, D.; Andreev, O.A.; Engelman, D.M.; Reshetnyak, Y.K.;
Lewis, ].S. A novel technology for the imaging of acidic prostate tumors by positron emission tomography. Cancer Res. 2009, 69,
4510-4516. https://doi.org/10.1158/0008-5472.CAN-08-3781.

Daumar, P.; Wanger-Baumann, C.A.; Pillarsetty, N.; Fabrizio, L.; Carlin, S.D.; Andreev, O.A.; Reshetnyak, Y.K.; Lewis, J.S.
Efficient (18)F-labeling of large 37-amino-acid pHLIP peptide analogues and their biological evaluation. Bioconjug. Chem. 2012,
23, 1557-1566. https://doi.org/10.1021/bc3000222.

Macholl, S.; Morrison, M.S.; Iveson, P.; Arbo, B.E.; Andreev, O.A.; Reshetnyak, Y.K.; Engelman, D.M.; Johannesen, E. In vivo
pH imaging with (99m)Tc-pHLIP. Mol. Imaging Biol. 2012, 14, 725-734. https://doi.org/10.1007/s11307-012-0549-z.
Viola-Villegas, N.T.; Carlin, S.D.; Ackerstaff, E.; Sevak, K.K,; Divilov, V.; Serganova, I.; Kruchevsky, N.; Anderson, M.; Blasberg,
R.G.; Andreev, O.A,; et al. Understanding the pharmacological properties of a metabolic PET tracer in prostate cancer. Proc.
Natl. Acad. Sci. USA 2014, 111, 7254-7259. https://doi.org/10.1073/pnas.1405240111.

Demoin, D.W.; Wyatt, L.C.; Edwards, K.J.; Abdel-Atti, D.; Sarparanta, M.; Pourat, J.; Longo, V.A,; Carlin, 5.D.; Engelman, D.M.;
Andreev, O.A; et al. PET Imaging of Extracellular pH in Tumors with (64)Cu- and (18)F-Labeled pHLIP Peptides: A Structure-
Activity Optimization Study. Bioconjug. Chem. 2016, 27, 2014-2023. https://doi.org/10.1021/acs.bioconjchem.6b00306.

Chen, Y.; Su, Y.; Pang, X.; Song, X.; Zhao, W.; Yu, M. Synthesis and Evaluation of Technetium-99m-Labeled pH (Low) Insertion
Peptide Variant 7 for Early Diagnosis of MDA-MB-231 Triple-Negative Breast Cancer by Targeting the Tumor
Microenvironment. Front. Oncol. 2022, 12, 869260. https://doi.org/10.3389/fonc.2022.869260.

Bauer, D.; Visca, H.; Weerakkody, A.; Carter, L.M.; Samuels, Z.; Kaminsky, S.; Andreev, O.A.; Reshetnyak, Y.K.; Lewis, ].5. PET
Imaging of Acidic Tumor Environment With 89Zr-labeled pHLIP Probes. Front. Oncol. 2022, 12, 882541.
https://doi.org/10.3389/fonc.2022.882541.

Gillies, R.J. Causes and consequences of hypoxia and acidity in tumors-Novartis Foundation symposium. Trends Mol. Med.
2001, 7, 47-49.

Chiche, J.; Brahimi-Horn, M.C.; Pouyssegur, J. Tumour hypoxia induces a metabolic shift causing acidosis: A common feature
in cancer. . Cell. Mol. Med. 2010, 14, 771-794. https://doi.org/10.1111/j.1582-4934.2009.00994.x.

Jin, Z.H.; Tsuji, A.B.; Degardin, M.; Sugyo, A.; Obara, S.; Wakizaka, H.; Nagatsu, K.; Hu, K.; Zhang, M.R.; Dumy, P.; et al.
Radiotheranostic Agent (64)Cu-cyclam-RAFT-c(-RGDfK-)4 for Management of Peritoneal Metastasis in Ovarian Cancer. Clin.
Cancer Res. 2020, 26, 6230-6241. https://doi.org/10.1158/1078-0432.CCR-20-1205.

Adochite, R.C.; Moshnikova, A.; Golijanin, J.; Andreev, O.A.; Katenka, N.V.; Reshetnyak, Y.K. Comparative Study of Tumor
Targeting and Biodistribution of pH (Low) Insertion Peptides (pHLIP((R)) Peptides) Conjugated with Different Fluorescent
Dyes. Mol. Imaging Biol. 2016, 18, 686—696. https://doi.org/10.1007/s11307-016-0949-6.

Jin, Z.H.; Josserand, V.; Foillard, S.; Boturyn, D.; Dumy, P.; Favrot, M.C.; Coll, J.L. In vivo optical imaging of integrin alpha(v)-
beta(3) in mice using multivalent or monovalent cRGD targeting vectors. Mol. Cancer 2007, 6, 41, https://doi.org/10.1186/1476-
4598-6-41.

Jin, Z.H.; Furukawa, T.; Claron, M.; Boturyn, D.; Coll, ].L.; Fukumura, T.; Fujibayashi, Y.; Dumy, P.; Saga, T. Positron emission
tomography imaging of tumor angiogenesis and monitoring of antiangiogenic efficacy using the novel tetrameric peptide probe
Cu-64-cyclam-RAFT-c(-RGDfK-)(4). Angiogenesis 2012, 15, 569-580. https://doi.org/10.1007/s10456-012-9281-1.

Zoula, S.; Rijken, P.F.; Peters, ].P.; Farion, R.; Van der Sanden, B.P.; Van der Kogel, A.].; Decorps, M.; Remy, C. Pimonidazole
binding in C6 rat brain glioma: Relation with lipid droplet detection. Br. ]. Cancer 2003, 88, 1439-1444.
https://doi.org/10.1038/sj.bjc.6600837.

Zhou, ].; Tang, Z.; Gao, S.; Li, C.; Feng, Y.; Zhou, X. Tumor-Associated Macrophages: Recent Insights and Therapies. Front.
Oncol. 2020, 10, 188. https://doi.org/10.3389/fonc.2020.00188.

Laviron, M.; Petit, M.; Weber-Delacroix, E.; Combes, A.].; Arkal, A.R.; Barthelemy, S.; Courau, T.; Hume, D.A.; Combadiere, C.;
Krummel, M.F.; et al. Tumor-associated macrophage heterogeneity is driven by tissue territories in breast cancer. Cell Rep. 2022,
39, 110865. https://doi.org/10.1016/j.celrep.2022.110865.

Xie, L.; Yui, J.; Hatori, A.; Yamasaki, T.; Kumata, K.; Wakizaka, H.; Yoshida, Y.; Fujinaga, M.; Kawamura, K.; Zhang, M.R.
Translocator protein (18 kDa), a potential molecular imaging biomarker for non-invasively distinguishing non-alcoholic fatty
liver disease. ]. Hepatol. 2012, 57, 1076-1082. https://doi.org/10.1016/j.jhep.2012.07.002.

Rohani, N.; Hao, L.; Alexis, M.S.; Joughin, B.A.; Krismer, K.; Moufarrej, M.N.; Soltis, A.R.; Lauffenburger, D.A.; Yaffe, M.B.;
Burge, C.B.; et al. Acidification of Tumor at Stromal Boundaries Drives Transcriptome Alterations Associated with Aggressive
Phenotypes. Cancer Res. 2019, 79, 1952-1966. https://doi.org/10.1158/0008-5472.CAN-18-1604.

El Emir, E.; Qureshi, U.; Dearling, J.L.; Boxer, G.M.; Clatworthy, I.; Folarin, A.A.; Robson, M.P.; Nag], S.; Konerding, M.A.;
Pedley, R.B. Predicting response to radioimmunotherapy from the tumor microenvironment of colorectal carcinomas. Cancer
Res. 2007, 67, 11896-11905. https://doi.org/10.1158/0008-5472.CAN-07-2967.



Cells 2022, 11, 3499 20 of 20

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Barrera, F.N.; Fendos, J.; Engelman, D.M. Membrane physical properties influence transmembrane helix formation. Proc. Natl.
Acad. Sci. USA 2012, 109, 14422-14427. https://doi.org/10.1073/pnas.1212665109.

Svoronos, A.A.; Engelman, D.M. Pharmacokinetic modeling reveals parameters that govern tumor targeting and delivery by a
pH-Low Insertion Peptide (pHLIP). Proc. Natl. Acad. Sci. USA 2021, 118, e2016605118. https://doi.org/10.1073/pnas.2016605118.
Ostuni, R.; Kratochvill, F.; Murray, P.J.; Natoli, G. Macrophages and cancer: From mechanisms to therapeutic implications.
Trends Immunol. 2015, 36, 229-239. https://doi.org/10.1016/j.it.2015.02.004.

Mehrabi, M.; Amini, F.; Mehrabi, S. Active Role of the Necrotic Zone in Desensitization of Hypoxic Macrophages and Regulation
of CSC-Fate: A hypothesis. Front. Oncol. 2018, 8, 235. https://doi.org/10.3389/fonc.2018.00235.

Challapalli, A.; Carroll, L.; Aboagye, E.O. Molecular mechanisms of hypoxia in cancer. Clin. Transl. Imaging 2017, 5, 225-253,
https://doi.org/10.1007/s40336-017-0231-1.

Bhandari, V.; Hoey, C.; Liu, L.Y.; Lalonde, E.; Ray, J.; Livingstone, ].; Lesurf, R.; Shiah, Y.J.; Vujcic, T.; Huang, X.; et al. Molecular
landmarks of tumor hypoxia across cancer types. Nat. Genet. 2019, 51, 308-318. https://doi.org/10.1038/s41588-018-0318-2.

Li, Y.; Zhao, L.; Li, X.F. Hypoxia and the Tumor Microenvironment. Technol. Cancer Res. Treat. 2021, 20, 15330338211036304.
https://doi.org/10.1177/15330338211036304.

Graham, K.; Unger, E. Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and immunotherapy in cancer
treatment. Int. |. Nanomedicine 2018, 13, 6049-6058. https://doi.org/10.2147/IJN.5140462.

Codony, V.L.; Tavassoli, M. Hypoxia-induced therapy resistance: Available hypoxia-targeting strategies and current advances
in head and neck cancer. Transl. Oncol. 2021, 14, 101017. https://doi.org/10.1016/j.tranon.2021.101017.

Jin, Z.H.; Furukawa, T.; Sogawa, C.; Claron, M.; Aung, W.; Tsuji, A.B.; Wakizaka, H.; Zhang, M.R.; Boturyn, D.; Dumy, P.; et al.
PET imaging and biodistribution analysis of the effects of succinylated gelatin combined with L-lysine on renal uptake and
retention of Cu-64-cyclam-RAFT-c(-RGDfK-)(4) in vivo. Eur. ]. Pharm. Biopharm. 2014, 86, 478-486.
https://doi.org/10.1016/j.ejpb.2013.11.006.

Kratochwil, C.; Apostolidis, L.; Rathke, H.; Apostolidis, C.; Bicu, F.; Bruchertseifer, F.; Choyke, P.L.; Haberkorn, U.; Giesel, F.L.;
Morgenstern, A. Dosing (225)Ac-DOTATOC in patients with somatostatin-receptor-positive solid tumors: 5-year follow-up of
hematological and renal toxicity. Eur. J. Nucl. Med. Mol. Imaging 2021, 49, 54—63. https://doi.org/10.1007/s00259-021-05474-1.
Heddleston, ].M.; Li, Z.; Lathia, ].D.; Bao, S.; Hjelmeland, A.B.; Rich, ].N. Hypoxia inducible factors in cancer stem cells. Br. ].
Cancer 2010, 102, 789-795. https://doi.org/10.1038/sj.bjc.6605551.

Staudacher, A.H.; Liapis, V.; Brown, M.P. Therapeutic targeting of tumor hypoxia and necrosis with antibody oa-
radioconjugates. Antibody Ther. 2018, 1, 55-63. https://doi.org/10.1093/abt/tby010.



