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Abstract

Hypoxia, an inevitable feature of locally advanced solid tumors, has been known as an

adverse prognostic factor, a driver of an aggressive phenotype, and an unfavorable factor in

therapies. Myo-inositol trispyrophosphate (ITPP) is a hemoglobin modifier known to both

increase O2 release and normalize microvasculature. Our goal was to measure the tumor

oxygen partial pressure dynamic changes and timing of the therapeutic window after ITPP

systemic administration. Two syngeneic tumor models in mice, B16 melanoma and 4T1

breast carcinoma, were used, with varying ITPP dose schedules. Tissue oxygenation level

was measured over several days in situ in live animals by Electron Paramagnetic Reso-

nance oximetry with implanted OxyChip used as a constant sensor of the local pO2 value.

Both B16 and 4T1 tumors became more normoxic after ITPP treatment, with pO2 levels ele-

vated by 10–20 mm Hg compared to the control. The increase in pO2 was either transient or

sustained, and the underlying mechanism relied on shifting hypoxic tumor areas to nor-

moxia. The effect depended on ITPP delivery intervals regarding the tumor type and growth

rate. Moreover, hypoxic tumors before treatment responded better than normoxic ones. In

conclusion, the ITPP-generated oxygen therapeutic window may be valuable for anti-tumor

therapies requiring oxygen, such as radio-, photo- or immunotherapy. Furthermore, such a

combinatory treatment can be especially beneficial for hypoxic tumors.

Introduction

Anticancer therapies are hampered by hypoxia. This phenomenon is not only associated with

the local and momentary low oxygen level in the tissue but also with previous development of
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a hypoxic, aggressive cancer phenotype encompassing higher invasive and metastatic potential,

immunosuppression, and drug resistance [1–3]. The dynamic nature of the tumor microenvi-

ronment, with its high pressure, poor perfusion, and quick remodeling of the vascular net-

work, makes hypoxia impossible to defeat. The classical approaches include oxygen breathing

[4–6], blood substitutes [7,8], and antiangiogenic treatments [9,10]. Extensive research into

tumor hypoxia has resulted in the discovery of temporary tumor vessel normalization [11].

Such normalized, functional vasculature inside the tumor leads to improved oxygenation for a

short period of time, creating a “therapeutic window” of improved oxygenation which

enhances the efficacy of therapies, such as radio- or phototherapy [12]. The concept of thera-

peutic oxygen window generation might be helpful for other types of therapies, such as immu-

notherapy [13] and chemotherapy [14].

Myo-Inositol trispyrophosphate (ITPP) has been an effective option. It has been shown to

penetrate red blood cells by binding to band 3 and to work as an allosteric effector of hemoglo-

bin, shifting the Hb/O2 saturation curve [15]. ITPP has also been shown to stabilize normal-

ized vessels by interacting with and activating endothelial PTEN. This offers an efficient way to

stabilize the vessel normalization and increase the length of the therapeutic window [16,17].

Indeed, an approach to lengthen the therapeutic window has been proposed as an alternative

to antiangiogenic strategies for their limited normalization effect on the vessels [18]. However,

in the recently published report on first-in-patient ITPP treatment, no clear correlation was

demonstrated between the dosing or tumor type and the responses [19]. As the authors sug-

gested, this may have been due to the very heterogeneous patient population. This finding lays

the ground for our hypothesis about the importance of tumor oxygenation before ITPP

treatment.

The process of vessel normalization is thus a critical mechanism that needs to be studied in

various settings and throughout the tumor growth and development of its microenvironment.

Consequently, one has to find sensors of the evolution of oxygen availability in the tumor site,

which are good indicators of the evolution of the treatments. It must report the oxygen partial

pressure (pO2) value and its evolution along the protocol applications. Such reporters will be

necessary in the case of vessel normalization attempts aiming to assess which vessel normaliza-

tion protocols are valid to design efficient adjuvant therapies. Indeed a punctual but stable sen-

sor of oxygen partial pressure in the tumor site is a tool to follow the efficacy of an antihypoxic

treatment along the various protocols of its administration [20,21].

As shown in previous studies, treatment with ITPP in tumor animal models rapidly induces

an increase in the pO2 inside a hypoxic tumor. While the vessel normalization step could be

achieved when injections were repeated, stable normalization remained the main challenge for

the success of adjuvant therapies based on the synergistic effect brought to most anticancer

treatments by blood flow restoration. The dependence on tumor type was observed among

diverse parameters (e.g. a change in the M1 and M2 macrophage-type proportions, increased

proportions of NK and CD8+T cells, and a reduction in Tregs and Th2 cells). Thus the follow-

up of protocol effects by a long term oxygen sensor is necessary to establish reliable treatment

procedures by allowing standardization of the stabilization of the normalized vasculature as a

condition prior to chemo-, radio-, and, importantly, immunotherapy [13].

Electron paramagnetic resonance (EPR) oximetry is one of the few oximetric methods

applicable in vivo. It requires introducing a paramagnetic oxygen-sensitive probe into the tis-

sue and acquiring its EPR signal. One of the strategies involves spatial imaging using soluble

probes injected into the animal [22–24]. Another option involves using particulate probes,

e.g., LiPC, which enables repetitive pO2 readings from the exact location in the tissue [25–27].

This approach was used clinically in pO2 measurements in the skin of diabetic patient legs

[21,28] and in cancer patients [29]. We have used an oximetric spin probe OxyChip (LiNc-
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BuO) [30,31]. This is a very sensitive method to provide absolute pO2 values in long term

experiments. The sensor may be implanted into the tumor tissue or injected together with

tumor cells and provides local pO2 value from a small area around the probe. Even though the

measurement is local, it is representative of tumor oxygenation and responds well to changes

such as oxygen breathing [29]. The vital advantage of this approach is high sensitivity at low

pO2.

Our goal was to estimate the effects of systemic treatment with ITPP by monitoring local

pO2 in tumors using OxyChip and EPR. To ascertain the timing of the oxygen therapeutic

window generated by ITPP, we used various application protocols and two orthotopic immu-

nocompetent murine tumor models, 4T1 and B16F10. We demonstrated that ITPP led to

either a transient or sustained increase in tumor pO2 and that some hypoxic tumor areas

became normoxic, which shows that ITPP systemically mitigates tumor hypoxia. The novelty

of our study is not only related to absolute, longitudinal measurements of local oxygen partial

pressure but also highlights the relevance of pre-ITPP treatment tumor oxygenation and

proper ITPP protocol to reduce tumor hypoxia. The solid-state spin probe OxyChip was previ-

ously developed and tested as described by Hou et al. [30]. The application of solid crystal

probes is minimally invasive and is well tolerated by the tissues (i.e., no signs of inflammation).

The probes also allow the measurement of oxygen partial pressure with excellent resolution

from the area around the probe and for a prolonged time. However, several aspects need to be

taken into consideration. First of all, it is uncertain how large is the area represented by the

measured EPR spectrum, reflecting averaged oxygen partial pressure. The probe position was

checked occasionally by ultrasound and always during necropsy, and no changes were seen.

Next, even if the probe position is constant, the surrounding tumor is growing and the tumor

microenvironment might be changing during tumor development. That is why data interpre-

tation needs to be limited to probe localization, rather than generalized to the whole tumor. To

sum up, data interpretation can be challenging, especially for heterogeneous tissue.

Materials and methods

Tumor models

Both 4T1 mouse mammary carcinoma cells, and B16F10 melanoma cells line, purchased from

the American Type Culture Collection (ATCC), and B16F10 (ATCC) cells were grown at 37˚C

in a humidified atmosphere of 5% CO2/95% air in RPMI 1640 containing 10% heat-inacti-

vated fetal bovine serum plus 1% penicillin-streptomycin under sterile tissue culture

conditions.

4T1 cells were inoculated into mammary fat pad near inguinal glands of BALB/c female

mice (N = 39) at the age of 3 months. Mice were obtained from the animal breeding facility at

the Medical University of Bialystok (Bialystok, Poland). B16F10 cells were inoculated intrader-

mally in C57BL/6J, male mice (N = 29) at the age of 3 months were obtained from the animal

breeding facility at the Faculty of Biochemistry, Biophysics and Biotechnology of the Jagiello-

nian University (Cracow, Poland). Both tumortypes were located in orthotopic positions. Ani-

mal experiments were performed in accordance with EU and national regulations for animal

experimentation, Local Committee for Animal Research approval no 76/2017 and 223/2018.

Mice were housed in standard laboratory conditions LD:12/12, humidity: 60%, temperature:

23˚C. Standard chow diets with free access to drinking water were given in community cages.

For each BALB/c mouse 5x105 4T1 cells, suspended in 50 μl of PBS, were injected into the

mammary fat pad. For each C57BL/6J mouse 1x105 B16F10 cells, suspended in 100 μl of Matri-

gel mixed with 50 μl PBS, were injected intradermally into the right flank. In one group of the

C57BL/6J mice (N = 18), the OxyChip probe was inoculated together with the cells; in the
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second group (N = 11), the probe was inoculated into the already formed tumor, about 3 mm

in size. Only implanting spin probe together with tumor cells allow us to study very small

tumors and obtain tissue oxygenation information before ITPP treatment. During our study,

for ethical reasons, we decided to start ITPP treatment when the tumors were <100 mm3,

however, some animals had to be euthanized during the experiment because of the tumor vol-

ume (as an outcome, the number of animals in the study is changing). A different number of

animals in the groups reflects problems with hypoxia prediction in the tumor tissues–it is

impossible to predict if probe localization will be normoxic or hypoxic and studied tumors

have extensive intra- and inter-tumoral oxygen heterogeneity. According to radiological defi-

nition, the normoxic tumor area was defined as pO2 >10 mm Hg, whereas hypoxic areas was

defined as pO2<10 mm Hg. The impact of oxygen on the response of the tumors can be char-

acterized as a continuous function, however the oxygen enhancement effect is only significant

for tissue pO2 below 10 mm Hg, and that is why to simplify our analysis we decided to use 10

mm Hg as a threshold [32].

ITPP treatments protocols

ITPP was a kind gift from Professor J-M Lehn (Institut de Science et d’Ingenierie Supramole-

culaires, Universite de Strasbourg, Strasbourg, France). The solution was prepared according

to Kieda et al. [17].

Before ITPP treatment, animals were randomized into two groups (ITPP or saline solu-

tion). In one set of experiments (4T1 tumors, mice injected with 3 ITPP doses), animals were

additionally randomized based on preliminary pO2 level in the tumor, to equalize normoxic

and hypoxic tumors population.

Four different protocols of ITPP treatments were studied. 4T1 tumors were subjected to

either 3 (8, 12 and 16 days after tumor inoculation, 1.5 g/kg, IP) or 4 (8, 9, 15, 16 days after

tumor inoculation, 1.5 g/kg, IP) doses of ITPP. B16F10 tumors were treated with 6 ITPP injec-

tions on either 5, 6, 11, 12, 17, 18 or 5, 6, 12, 13, 19, 20 days after tumor inoculation, all as an

intraperitoneal dose of 2 g/kg. These treatment protocols were designed based on earlier

results by Tran et al. [33] and pilot experiments. The treatment schedules were adjusted to the

tumor growth rate.

Mice were randomized into two groups based on ITPP or saline (control, vehicle for ITPP)

administration for each protocol: 4T1 tumors treated with 3ITPP doses: N = 10 for ITPP and

N = 10 for control; 4 ITPP doses protocol N = 10 for ITPP group and N = 9 for saline-treated

animals; for B16F10 tumors received six doses at day 5,6,11,12,17,18 there were N = 11 for

ITPP and N = 7 for the control group; second 6 dose protocol (injections at day

5,6,12,13,19,20) has N = 6 for ITPP group and N = 5 for saline-treated animals.

Tumor oxygenation measurements

In vivo EPR measurements were conducted at L-band (Bruker Elexsys-II E540, Germany) CW

EPR spectrometer using a surface coil (Bruker, Germany). Anesthesia was induced by 3 vol%

isoflurane (Aerrane, Baxter Polska Sp. z o. o., Poland) and then maintained at 1.5–2.0 vol% iso-

flurane in air, delivered at 1.2 l/min via the nose cone. Mouse breathing rate and temperature

were monitored.

In vivo EPR spectroscopy was conducted with the following parameters: microwave

power = 10.75 mW; center field = 389 G; modulation frequency = 100 kHz; modulation ampli-

tude = 0.18 G. Single imaging session provides an average EPR signal from et least 5 spectras.

OxyChip (a kind gift from Prof. Perianann Kuppusamy, Geisel School of Medicineat Dart-

mouth College (Hanover, New Hampshire, USA) was used as an oxygen-sensitive spin probe
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[51,52]. 1 mm piece of Oxychip was implanted in tumor tissue using a 22G needle at least

three days before EPR measurements to allow healing. Implantation occurred on the inocula-

tion day or the eighth day of tumor growth for B16F10 tumors and the four days of tumor

growth for 4T1 tumors. OxyChip spin probe, coupled with spectroscopic EPR measurements,

allows getting information about mean oxygen concentration (calculated from spectrum line

width based on calibration curve) in a tumor area around the implantation site. Localization of

the crystals in the tumor as confirmed using ultrasound (B-mode, description at 2.4), or during

necropsy. EPR measurements were performed before and 24 hours after each ITPP dose. Mul-

tiple EPR signals (between 2–6) were collected at selected time points, depending on the sig-

nal-to-noise ratio, stability of anesthesia, and signal consistency.

Our previous study did not find any relationship between the depth of solid spin probe

implantation (measured from the skin to probe) and measured oxygen partial pressure [34].

Ultrasound measurements

A high-resolution ultrasound (US) imaging system designed for small experimental animals

(Visual Sonics Vevo 2100, Canada) with an MS-550D transducer with a center operating fre-

quency of 22–55 MHz was used for ultrasound measurements of 4T1 tumors. During imaging,

body temperature was controlled by the heating pad and maintained at 37˚C. Anesthesia was

induced by 3 vol% isoflurane (Aerrane, Baxter Polska Sp. z o. o., Poland) and then maintained

at 1.5–2.0 vol% isoflurane in air, delivered at 1.2 l/min via a nose cone. Ultrasonographic imag-

ing of tumors was conducted on the same day as EPR oximetry. For the initial confirmation of

the tumor, a B-mode ultrasound (greyscale) was performed with a central frequency of 40

MHz. Doppler imaging is used in ultrasound to detect the presence of blood flow and to evalu-

ate the direction and speed of flow in vessels. Power Doppler (PD) measurements were per-

formed with a central frequency of 32 MHz and pulse repetition frequency (PRF) 3–4 kHz. 3D

images of tumors, each containing about 40 scans per tumor, were obtained with a 0.2 mm

step using a steady-arm-held transducer. The PD measurements were performed only on one

of the most promising ITPP protocols (4T1 tumor model with three ITPP/saline doses at day

8,12,16), due to prolong anesthesia during the multi-imaging session.

EPR and US data analysis

EPR data analysis was performed with the use of custom MATLAB (Mathworks, USA) scripts.

Recorded EPR spectra were fitted using EasySpin toolbox, and the spectrum line width was

measured. Oxygen concentration was calculated from the spectrum line width based on the

calibration curve determined in buffer solution bubbled with a range of oxygen concentra-

tions. Ultrasound data analysis was performed in Vevo LAB 3.2.0 (VisualSonics1, Canada)

software. From each image, blood flow voxels within the tumor border were counted. Tumor

borders were delineated by hand in all B-mode image slices. The tumor volume and vascularity

(percent of functional vessel volume in tumor volume, VP) were calculated.

Data post-processing and statistical analysis

To better understand ITPP effects on tissue oxygenation, tumors were classified based on local

pO2 values before treatment as normoxic (>10 mm Hg) or hypoxic (<10 mm Hg) (Figs 4

and S2). Additionally, to investigate changes in tumor oxygenation during the experimental

time, each local pO2 value for the selected time point was classified as normoxic and hypoxic

(Figs 1 and S1).

Because local pO2 data were collected for a prolonged time and at different time points

were collected between ITPP treatment protocols, to allow data comparison between groups,
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pO2 values were categorized into the following periods: before injections, 8–11, 12–16, and

>16 days after 4T1 tumor inoculation; before injections, 5–10, 11–16, 17–20 and>20 days

after B16F10 tumor inoculations (Figs 1 and S1). To highlight the influence of each given dose,

some analyses were performed as a function of the number of injections (Figs 2–4, S2 and S3).

Data was analyzed in Statistica131 software with multifactorial and repeated measurements

ANOVA to determine significant effects of factors like ITPP or tumor oxygenation status.

For pair analysis, Kruskal-Wallis ANOVA was used. P<0.05 was considered statistically

significant. The same pO2 experimental data from tumors is presented differently in Figs 1–3

and S1–S3.

Raw data are accessible via Jagiellonian University repository (RODBUK) with DOI num-

ber: doi:10.57903/UJ/K3QDYS.

Results

Tumors become more normoxic after ITPP treatment

Intertumoral variability in pO2 values was much higher in untreated 4T1 than B16 tumors.

The mean and SD values were 27.75±33.23 mm Hg for all the 4T1 tumors pre-treatment and

10.72±6.09 mm Hg for B16F10 tumors. This high heterogeneity is evident in wide histograms

in Fig 1. A threshold of 10 mmHg (blue line) was introduced, following the traditional radiobi-

ological definition of tumor hypoxia, useful in the context of therapies [12]. Each local pO2

value could qualify this particular tumor area as hypoxic (pO2<10 mm Hg) or normoxic

(pO2>10 mm Hg) at the measurement time. Such thresholding permits an easy following of

tumor hypoxia fluctuations over time (Figs 1 and S1). ITPP induced substantial changes in

tumor oxygenation (Figs 1 and 2). Hypoxia was alleviated in two different immunocompetent

orthotopic tumor models, either transiently or persistently. Tumor oxygenation status changes

depending on the tumor type and treatment protocols used. In B16F10 tumors, 50% of the

examined areas before the first ITPP injection are below 10 mm Hg. After ITPP treatment,

B16F10 tumors are always more normoxic than the control for each time period. Even 100%

of normoxic tumor areas were achieved in the last period after 6 ITPP doses (at days

5,6,11,12,17, and 18 post-tumor inoculations) (Fig 1A). A slightly different regime of 6 ITPP

injections (ITPP injected at days 5,6,12,13,19 and 20) resulted in a similar pattern (Fig 1B).

Generally, for B16F10 tumors, long-term treatment with ITPP led to a more normoxic tumor

status. Comparable trends were observed for 4T1 tumors (Fig 1C and 1D). Animals treated

with saline developed tumors with more than 75% hypoxic areas in the late period (>16 days

post inoculation). A transient pattern of increased oxygenation was observed in BALB/c mice

treated with three-dose ITPP protocol (Fig 1C), i.e. 100% of tumor areas became normoxic

between days 12 and 16 but later on (past 16 days) 100% areas became hypoxic again (the

quantitative data are presented as histograms in S1 Fig). The four-dose ITPP protocol also

caused tumor areas to be more normoxic, especially after the third ITPP dose (Fig 1D). It

should be pointed out that 4T1 tumors grow very rapidly and that oxygenation of all the 4T1

tumors in Fig 1D were much more heterogeneous, possibly due to their smaller size at the start

of the experiment (<100 mm3).

ITPP induces the oxygen therapeutic window depending on tumor model

and treatment procedure

The time kinetics of mean pO2 levels strongly depended on tumor type and treatment protocol

(Fig 2). The highest pO2 increase related to ITPP administration was observed for 4T1 tumors

after the three-dose ITTP treatment protocol. A lower but more sustained increase in local
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Fig 1. Histograms of tumors pO2 at different time points. Histograms of pO2 [mm Hg] data with Gaussian fit (red). B16F10 tumors

oxygenation data are presented in A and B both protocols contained 6 ITPP doses but with different time regiment, A: 5,6,11,12,17 and

18 days post tumor inoculation, B: 5,6,12,13,19,20 days post tumor inoculation. Data from 4T1 tumors are presented in C: 3 ITPP doses

were administrated at 8,12 and 16 days post tumor inoculation, D: 4 ITPP doses administrated at 8,9,15,16 days post tumor inoculation.

Time points after ITPP/saline injection were categorized in following periods for 4T1 tumors 8–11, 12–16 and>16 days and for B16F10
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pO2 was seen in C57BL mice treated with 6 ITPP dosses, especially in the second six-dose

ITTP protocol (injection days 5,6,11,12,17,18). As expected, oxygen partial pressure decreased

in the control 4T1 and B16F10 tumors over time. For all the tested treatment protocols, before

the treatment, the mice did not have significantly different local tumor oxygenation

(0.55<p�1). It should be highlighted that oxygenation of 4T1 tumors is more heterogeneous,

as demonstrated by the high standard deviation (SD) of local pO2 compared to B16F10

tumors. In addition, pO2 data were not collected for C57BL/6J mice after the sixth saline dose

due to the loss of mice for ethical reasons.

A significant effect was observed in B16F10 tumors treated with 6 ITPP doses at days

5,6,11,12,17 and 18 post-tumor inoculation, where local pO2 levels increased after dose five to

14.6±9.55 mm Hg, whereas in control animals, it was 8.5±6.61 (p = 0.024). Similarly, after the

tumors 5–10, 11–16, 17–20 and>20 days after tumor inoculation. Due to different setup of experiments only one treatment protocol

includes information of B16F10 tumor oxygenation before first ITPP/saline dose (see methods). The blue line marks 10 mm Hg. Data

were collected from 39 BALB/c mice and 29 C57BL/6J mice.

https://doi.org/10.1371/journal.pone.0285318.g001

Fig 2. pO2 changes during ITPP treatment. Local pO2 measurements in B16F10 tumors (6 ITPP doses injected at 5,6,11,12,17,18 or 5,6,12,13,19,20 days after

tumor inoculation) and 4T1 (ITPP injected at 8,12,16 or 8,9,15,16 days after tumor inoculation). All points represent the mean pO2 level with SD for all EPR

measurements performed after 1–6 ITPP doses (depending on the protocol). The time gap between ITPP injections was between 1–6 days. * p<0.05 based on a

comparison between saline and ITPP-treated mice after selected conditions (Kruskal-Wallis ANOVA). The same data as presented in Fig 1, collected from 39

BALB/c mice and 29 C57BL/6J mice. Due to the inability to collect data in early time points for one group of B16F10 tumors, two points are missing (before

and after 1 dose of ITPP).

https://doi.org/10.1371/journal.pone.0285318.g002

PLOS ONE Oxygen therapeutic window induced by ITPP

PLOS ONE | https://doi.org/10.1371/journal.pone.0285318 May 11, 2023 8 / 18

https://doi.org/10.1371/journal.pone.0285318.g001
https://doi.org/10.1371/journal.pone.0285318.g002
https://doi.org/10.1371/journal.pone.0285318


sixth ITPP dose, local pO2 was 15.6±6.38 mm Hg for ITPP-treated animals and 5.5±3.37 mm

Hg for saline-injected mice (p<0.002). A significant increase in local pO2 level was also

observed in B16F10 tumors treated with the second ITPP protocol (6 injections at days

5,6,12,13,19, and 20 post-tumor inoculations). After the fourth ITPP dose the increase of pO2

was from 9.3±3.97 mm Hg for saline-treated animals to 15.2±6.93 mm Hg after ITPP

(p = 0.009). Despite the slight decrease in pO2 in the ITPP-treated group (9.7±2.9 mm Hg after

the 5th ITPP dose and 11.44±2.99 mm Hg after dose six), in the controls, pO2 was much lower

(5.9±2.5 mm Hg after six saline injections, p = 0,04 after dose five and p = 0,02 after dose six).

In B16F10 tumors, in comparison to 4T1, the pO2 increase was not as high and was achieved

late in the tumor growth, i.e., in old tumors.

In contrast, a considerable increase of local pO2 in 4T1 tumors was observed already after the

second ITPP dose, for BALB/c mice treated with the three-dose ITPP protocol. The observed

Fig 3. Relative changes of pO2 during ITPP treatment. (A, B) Change of pO2 level (ΔpO2 tx-tbefore, for each tumor) and (C, D) tumor growth kinetic of 4T1

and B16F10 tumors. Breast cancer tumors were treated with 3 ITPP injections at 8,12, and 16 days after inoculation, whereas melanoma-bearing mice received

6 ITPP injections at 5,6,11,12,17, and 18 days after tumor inoculation. All pO2 data are represented as means with standard errors as a function of number of

the ITPP dose (time gaps between doses were from 1–6 days). All 4T1 (A, C) and B16F10 (B, D) tumors were divided into normoxic and hypoxic before

treatments. Marked significance only between ITPP and saline treated animals with hypoxic or normoxic tumors, * p�0.05 (Kruskal-Wallis ANOVA).

Additional statistical significance is described in the text. As presented in Fig 1, the same data were collected from 20 BALB/c mice and 18 C57BL/6J mice.

https://doi.org/10.1371/journal.pone.0285318.g003
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maximum reached 27.7±9.94 mm Hg (after the second ITPP dose), whereas the local pO2 for con-

trol tumors was 4.5±4.83mm Hg (p<0.0002). This increase was transient as the third ITPP dose

was not associated with any oxygenation difference (4.2±3.19 mm Hg vs. 6.4±7.12 mm Hg,

p = 0.67). The four-dose ITPP protocol significantly increased local tumor pO2 to 12.4±16.38 mm

Hg, whereas in the control mice, the mean pO2 was 3.6±4.69 mm Hg (p<0.005).

Normoxic and hypoxic tumors react differently to ITPP treatment

To monitor the relevance of tumor oxygenation status before the ITPP treatment, tumors were

classified as normoxic (>10 mm Hg) or hypoxic (<10 mm Hg) based on local pO2 before

injections. For control 4T1 and B16F10 hypoxic tumors, the mean change in the local pO2

level (ΔpO2 = tx-tbefore, calculated for each tumor) was close to zero for the observation period.

The ΔpO2 was introduced because of the high heterogeneity of the population. This was not

surprising, as, in already hypoxic tumors, pO2 cannot decrease much further. What is more,

normoxic control tumors present on average a 10 mm Hg decrease of local pO2 during the

experimental period (Fig 3A and 3B), (p<0.025). This is an expected effect because as tumors

grow, their pO2 decreases. Interestingly, an approximately 40 mm Hg decrease was found for

the four-dose protocol (S2A Fig). These higher values of ΔpO2 confirmed that normoxic 4T1

and B16F10 tumors become more hypoxic due to tumor growth. In comparison, tumors

treated with ITPP demonstrate sustained (e.g., Fig 3B) or transient (e.g., Fig 3A) increases in

local pO2 level. Statistical analysis of pO2 as a function of time (repeated measures ANOVA

test) revealed that pO2 change in ITPP vs. saline group had a high significance both in mice

with 4T1 tumors (p<0.00001) and with B16F10 tumors (p<0.05).

Mice with hypoxic 4T1 tumors treated with a three-dose ITPP protocol responded with an

average of 23±9 mm Hg increase in local pO2 after the second ITPP dose (Figs 3A and S2A),

whereas, in normoxic tumors, pO2 only increased to 11±14.2 mm Hg at the same time point

(p = 0.2). After the third ITPP dose both tumor areas displayed a decrease of the mean pO2: 0.5

±4.3 mm Hg for hypoxic and -13±7.5 mm Hg for normoxic tumors (p = 0.01). Thus, in nor-

moxic vs. hypoxic 4T1 tumors after ITPP treatment, local pO2 was transiently increased but

then decreased rapidly (p = 0.01). In the case of B16F10 tumors, however, no significant differ-

ence of ΔpO2 was found between hypoxic and normoxic B16F10 tumors treated with ITPP,

which was probably due to the low number of mice in this group. In both groups, however, a

tendency for a slow increase of pO2 was observed: 7±6.6 mm Hg for hypoxic and 4±7 mm Hg

for normoxic tumors after the last ITPP dose (Fig 3B). Of note are the high spread of the pre-

sented values, which indicate heterogeneity of the effects.

The evolution of tumor volume changes after treatment, with tumor oxygenation status

before the first dose of saline or ITPP, revealed that hypoxic tumors treated with ITPP grew

slightly slower (Fig 3C and 3D). Hypoxic 4T1 tumors treated with ITPP, after the third ITPP

dose, were on average smaller by 193 mm3 than hypoxic control 4T1 tumors (p<0.04), (Fig

3C). A similar observation was made for hypoxic B16F10 tumors, where hypoxic tumors

treated with the five-dose ITPP protocol were on average smaller by 432 mm3 than control

(p = 0.05) (Fig3D). What is more, normoxic B16F10 tumors were growing a little faster after

ITPP treatment (6th dose at days 5,6,11,12,17,18 post-tumor inoculation) in comparison to

mice injected with saline (p = 0.08, repeated measures ANOVA) (Fig 3D).

Hypoxic but not normoxic tumors demonstrate a transient increase in

blood flow

To determine how ITPP treatment can modify the tumor vasculature, Doppler ultrasound

imaging was used, as it allows the calculation of the percentage of vasculature with the active
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flow in tumor volume (PV). A slightly higher percentage of the vasculature (1.93±1.55%) was

seen in hypoxic 4T1 tumors even before the treatment, in comparison to normoxic tumors

with the mean PV of 0.92±0.78 (Fig 4A). However, this was not significant (p = 0.1), perhaps

due to the small number of animals. There was a tendency to increased volume of blood flow

in tumors that were hypoxic before the treatment: after the first ITPP dose to 2.33±2.45%,

whereas in normoxic tumors, PV was 0.45±0.39% (p<0.04). This increase in PV was observed

to precede the maximum increase of pO2 after the same treatment protocol. After the third

ITPP dose in the hypoxic tumor, the PV in ITPP group was significantly higher (p = 0.025)

than in the control.

Local pO2 did not correlate with the volume of vessels displaying blood flow (Fig 4B).

Discussion

The selected orthotopic tumor models (B16F10 and 4T1) have heterogeneous oxygenation

pO2 distribution on three levels: between the tumors, in the tumor tissue, and over time. This

high variability is especially important when comparing different tumor models, as the intertu-

moral heterogeneity in pO2 was almost 5.5-fold higher in 4T1 than B16 (based on the compari-

son of pO2 SD before therapy). Additional biological variability was possibly introduced by the

separate inoculations (two separate animal series for each treatment protocol). This suggests

high biological heterogeneity of the 4T1 tumors, an important factor to take into account

when planning experiments. We would like to emphasize that making the assumption that the

collected information represents the average of the entire tumor would be unwarranted, as it

pertains only to the specific location of the probe. We posit that this may account for the high

heterogeneity in our data, as we have observed that intratumoral heterogeneity can exceed

intertumoral heterogeneity in our prior experience with 3D tumor imaging. To be able to

draw conclusions in such a heterogenous model before and after the treatment, we decided to

use three analytical strategies: (i) direct mean pO2 analysis (Fig 2), (ii) relative change of pO2

Fig 4. Blood vessels dynamic during ITPP treatment. (A) Doppler detected volume of active blood vessels expressed as a percent of tumor volume (PV) in

normoxic and hypoxic 4T1 tumors after treatment with three ITPP/Saline doses (number of doses presented on the x-axis), data points represent

means ± standard errors. (B) Local pO2 did not correlate with tumor PV, neither for tumors before treatment nor after ITPP/Saline injections. Linear

correlation statistics—before treatment: r = -0.09, p = 0.47, r2 = 0.01; after 1st ITPP dose: r = -0.23, p = 0.52, r2 = 0.05; after 1st saline dose: r = -0.44, p = 0.2, r2 =

0.2. Data were collected from 20 BALB/c mice.

https://doi.org/10.1371/journal.pone.0285318.g004
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for an individual tumor (Fig 3) and (iii) thresholding at 10 mm Hg (Figs 1 and S1). The ques-

tion can be raised about choice for the threshold value, but we have followed the radiobiologi-

cal approach and significant radioresistance of cells and tissues below the threshold of 10 mm

Hg, which has clinical implications also for other therapies [35]. We have used the same

threshold to define hypoxic and normoxic areas (S1 Fig). On one hand, thresholding simplifies

our data, but on the other, it allows to predict changes after treatment, especially in combina-

tion with radiotherapy.

We decided to adjust the ITPP protocols and OxyChip inoculation technique according to

the rate of tumor growth, i.e. the faster B16 tumors require higher ITPP dosing frequency. We

did not observe any significant changes in tumor growth kinetics in general, but our study

strongly suggests that knowledge about tumor oxygenation prior to the ITPP treatment can

answer the question about the possible treatment benefits. In this context, the data obtained by

El Hafny-Rahbi et al. [36] can be better understood.

The systemic treatment with ITPP showed an apparent increase in tumor pO2, demonstrat-

ing that hypoxia in preclinical tumors may be successfully mitigated. The second six-ITPP-

dose protocol in B16F10 generated a prolonged oxygen therapeutic window, as the increase of

pO2 was stable over time (Fig 2). Even though the pO2 increase was no greater than 10 mm Hg

on average, this is more than enough from the clinical point of view to make tumors more sus-

ceptible for radio- or immunotherapy [37]. In contrast, other protocols generated a transient

oxygen therapeutic window, even though pO2 values increased by 20 mm Hg. A higher ITPP

dosing frequency seems to be more effective, as seen by comparing the two six-dose protocols.

Although, on average, an increase in local pO2 was seen (Fig 2), some tumor areas were not

responsive to ITPP (Fig 1). It should be pointed out that a slow but steady increase in pO2 seen

in old B16 tumors seems to be more promising in terms of stable vessel normalization.

The lower number of ITPP doses and the rapid growth might be responsible for the tran-

sient pattern of pO2 increase in 4T1 tumors. There are some known differences between these

tumor models. B16F10 murine melanoma is a widely applied preclinical model, fast-growing,

and known to be very hypoxic. The pO2 was around 2–3 mm Hg in subcutaneous B16 tumors

[38]. Correspondingly, as seen in Fig 1A, approximately 50% of the tested areas in tumors

before the treatment are hypoxic, despite their small volume. On the other hand, 4T1 mam-

mary carcinoma is a model of a triple-negative breast cancer, known for its spontaneous

metastases [39,40]. A relatively rich vascular network is present in young tumors, deteriorating

quickly with tumor growth. Even though pO2 in young 4T1 tumors may be high (Fig 2), it

declines rapidly, rendering the tumors hypoxic [33,41]. The ITPP dosing frequency needs to

be adjusted to tumor growth rate, with shorter intervals in fast-growing tumors.

An increase of pO2 after ITPP was not only seen in hypoxic but also in normoxic areas of

the tumors. In B16F10 tumors, the effect was the same in hypoxic and normoxic areas, whereas

in 4T1, the increase in pO2 was lower in normoxic areas than in the hypoxic areas (p<0.05

after the 1st and 3rd ITPP doses, hypoxic vs. normoxic areas). Previous data has demonstrated

that ITPP elevates pO2 in hypoxic tumor sites, but it does not do so in normoxic muscle [17].

To clarify the effect of ITPP on normoxic tissues, further experiments are needed.

The vascular function as measured by blood flow (Fig 4A) remained nearly unchanged after

ITPP. It has to be kept in mind that our Power Doppler US does not detect microvessels, but

more extensive vasculature, of more than 50 μm (based on transducer frequency). All the

tumors that were hypoxic before the treatment had higher PV than normoxic at the early

stage, which is representative of an overabundant and inefficient vascular network in hypoxia.

The tendency to increased PV was seen after the 1st ITPP dose in these tumors, followed by a

pO2 increase after the second dose (Fig 4A), which suggests that some vascular remodeling
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was taking place. In general, local pO2 did not correlate with PV (Fig 4B), again, being symp-

tomatic of the overall inefficiency of tumor vasculature.

Our study results are similar to those obtained by Tran et al. [33], who measured pO2 in six

murine and two rat tumor models, and demonstrated an increase in tumor pO2 by 7–10 mm

Hg for up 72–96 h with slightly different ITPP protocols. They also demonstrated radiosensiti-

zation to single-dose radiation, similar to Grgic et al., who demonstrated increased DNA dam-

age after ITPP and radiation [42]. In earlier research, Kieda et al. showed a stable increase in

pO2 for up to 72 h after two ITPP injections in B16 and 4T1 tumors [17]. However, our data

show the possibility for long-term hypoxia mitigation, which may have implications beyond

radiotherapy. The protocols of ITPP delivery, adjusted to tumor models, may generate oxygen

therapeutic windows in other preclinical experiments.

Several approaches to improving tumor oxygenation have been tried over the years but

with little success [43]. One of the most straightforward ones involves systemic oxygen breath-

ing. It is known, however, to lead to vascular contraction, which makes it ineffective in increas-

ing tumor pO2. Nevertheless, periodic oxygen supplementation over several weeks, such as,

e.g., 100% O2; 60 min/day for 21 days or similar, has led to a moderate inhibition of tumor

growth and enhancement of antitumor therapies in preclinical ovarian, breast cancer, and

melanoma models [44–47]. No significant long-term change of tumor pO2 was observed.

Oxygen delivery, either systemically or directly into the tumor, has been attempted using

perfluorocarbons and nanotechnological techniques [48]. Oxygen microbubbles administered

intravenously and then sonicated with an ultrasound pulse in the tumor provide another way

of delivering molecular oxygen directly to the tumor tissue. Oxygen microbubbles have been

shown to increase tissue oxygenation and sensitize tumors to radiation [49–53].

The properties that render ITPP capable of increasing pO2 inside tumors and any hypoxic

site offer new possibilities to revert hypoxia in pathologic tissues during hypoxia-dependent

diseases.

The mechanism by which ITPP helps Hb to release its bound oxygen results in a rapid pO2

increase that can be observed in shortly after injection. It was demonstrated that BAND 3 pro-

tein in red blood cells, which destabilizes glycolytic enzymes, participates in lowering the pH

inside the red blood cells, interacts with ITPP and helps release oxygen [15]. The structure of

ITPP and its effects on the molecular modifications of endothelial cells in the vessels upon

such treatment prompted the hypothesis of its interaction with phosphatases, which, like

PTEN, are the primary regulators of angiogenesis. As PTEN is the tumor suppressor that con-

trols the growth of the endothelial cells both at the level of the tip cells where it regulates the

Notch DLL signaling for stalk cells as well as their growth of the latter by regulation of the

PIK3/AKT/mTOR pathway, it appears as the target for stable vessels normalization. Both

mechanisms cooperatively participate in modifying the angiogenic status since PTEN activity

is sensitive to hypoxia/reoxygenation with essential effects on the regulation of the microenvi-

ronment status [54–56].

Conclusions

Observed changes in local tumor oxygenation after ITPP treatment indicate two patterns of

pO2 increase–transient or sustained. Which pattern will be observed depends on ITPP delivery

schedule, primarily on the intervals between ITPP doses and the numbers of ITPP doses in

relation to the tumor growth rate. It was shown that ITPP treatment could generate a thera-

peutic oxygen window by shifting hypoxic tumor areas to become normoxic. This strategy

may be successfully used for anti-tumor therapies influenced by hypoxia, such as radio-,

photo- or immunotherapy. Tumors hypoxic and normoxic before therapy present differences
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in responding to ITPP treatment. As expected, saline-treated animals with normoxic tumors

exhibit a decrease in local tumor oxygenation, which means tumors become more hypoxic

over time. At the same time, hypoxic tumors treated with ITPP grew slower than tumors from

the control group treated with saline. Moreover, normoxic tumors from mice treated with

ITPP may present accelerated growth.

Supporting information

S1 Fig. Pie chart of hypoxic (H, dark blue) and normoxic (N, light blue) tumor areas before

and after ITPP treatment. Data from all the All pO2 data collected at a particular time point

for each protocol were thresholded as hypoxic (<10 mm Hg) or normoxic (>10 mm Hg).

B16F10 tumors oxygenation data are presented in A and B; both protocols contained 6 ITPP

doses but with different time regiments, A: 5,6,11,12,17 and 18 days post tumor inoculation, B:

5,6,12,13,19,20 days post tumor inoculation. Data from 4T1 tumors are presented in C: 3 ITPP

doses were administrated at 8,12 and 16 days post tumor inoculation, D: 4 ITPP doses admin-

istrated at 8,9,15,16 days post tumor inoculation. Time points after ITPP/Saline injection were

categorized in the following periods for 4T1 tumors 8–11, 12–16 and>16 days and for B16F10

tumors 5–10, 11–16, 17–20 and>20 days. 1B - Due to the different setup of experiments, only

one treatment protocol has information on B16F10 tumor oxygenation before the first ITPP/

Saline dose (see methods 2.1 and 2.3). 1A –no pie chart for saline>20 due to animals sacrificed

related to tumor size. Numbers of animals in the study—A: ITPP N = 11, saline N = 7; B: ITPP

N = 6, saline N = 5; C: ITPP N = 10, saline N = 10; D: ITPP N = 10, saline N = 9. The numbers

of pO2 measurement session used in the study (n) is presented closed to the pie charts symbols

H or N. Data collected from 39 Balb/c mice and 29 C57BL/6J mice.

(TIF)

S2 Fig. Change of pO2 and 4T1 tumor volume after ITPP protocol with 4 doses at days 8,

9, 15 and 16. (A) Change of pO2 level (ΔpO2 tx-tbefore, for each tumor) and (B) tumor kinetic

of 4T1 tumors. All pO2 data are represented as means with standard errors as a function of

ITPP doses (time gaps between doses were from 1–6 days). Tumors were divided into nor-

moxic and hypoxic before treatments. Marked significance only between ITPP and Saline

treated animals with hypoxic or normoxic tumor, * p�0.05 (ANOVA Kruskala-Wallisa).

Additional statistical significance described in the text. Data collected from 19 Balb/c mice.

(JPG)

S3 Fig. Average tumor volume kinetics for ITPP (first row) and saline (second row)

groups. Measurements in B16F10 tumors (6 ITPP doses injected at 5,6,11,12,17,18 or

5,6,12,13,19,20 days after tumor inoculation) and 4T1 (ITPP injected at 8,12,16 or 8,9,15,16

days after tumor inoculation). All points represent mean tumor volume with SD for all mea-

surements performed after 1–6 ITPP doses (depends on protocol). Time gap between ITPP

injections was between 1–6 days. * p<0.05 based on comparison between saline and ITPP

treated mice after selected conditions (Kruskal-Wallis ANOVA). The same data as presented

in Fig 1, collected from 39 Balb/c mice and 29 C57BL/6J mice.

(JPG)
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