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Abstract: Hypoxia plays an extensive role in the development of the tumor microenvironment (TME), particularly in
mediating immunosuppression. Respiratory hyperoxia therapy has the potential to improve the effects of conven-
tional cancer therapies via molecular mechanisms mediating antitumor immunity. Here, we investigated whether
hyperoxia therapy can restore tumor immunity and inhibit lung metastases in a mouse model of triple-negative
breast cancer (TNBC) by treating a 4T1 mammary carcinoma mouse model with normoxia (21% oxygen) or hyperoxia
(60% oxygen) therapy, after tumor development. Using flow cytometry analysis, we observed significant organ-specif-
ic expansion of myeloid-derived suppressor cells (MDSCs) and protein expression upregulation of the programmed
death-ligand 1 (PD-L1) in the hypoxic TME of 4T1 tumor-bearing mice maintained under normoxia conditions, with
the TME converting to a T-cell immune-suppressive state as early as the premetastatic phase. Markedly, hyperoxia
treatments ameliorated hypoxia levels in the lung TME and decreased the proportion of MDSCs and the expression
of PD-L1 in both the primary tumor and in the metastatic lung, when compared to animals treated with respiratory
normoxia therapy. In addition, the number of lung metastatic nodes fell from 90 per lung in the normoxic treated
group to 13 per lung in the hyperoxic treated group (P < 0.05), with the latter having limited hyperoxia effects on
primary tumor growth (mammary glands). Notably, hyperoxia therapy was characterized by the differential recruit-
ment of CD4* and CD8" T-cells. Thus, our study confirms that hyperoxia therapy may be used to overcome TME im-
munosuppression and control the extend of lung metastases in TNBC. Importantly, changes in immunosuppressive
MDSCs frequency and PD-L1 expression levels may serve as biomarkers of hypoxia levels in cancer affected tissues
that can benefit from hyperoxia treatments.
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Introduction [4-6]. Hypoxia induces the recruitment of MD-

SCs to the primary tumor and regulates the
The degree of hypoxia in the tumor microenvi- function and differentiation of MDSCs in the
ronment (TME) is considered one of the most TME [4, 7]. Importantly, hypoxia induces PD-L1

significant determinants of cancer progression expression via transcription factor activation,

_[1‘3]- A.mong all the effects meqi?ted by hypox- such as the hypoxia-inducible factor 1 (HIF-1),
ia, an important one is the ability to regulate which is present in cells belonging to the TME

immunosuppressive mechanisms that involve [8]. Notably, both, MDSCs and PD-L1 signals
myeloid-derived suppressor cells (MDSCs), tu- are major components of the immune-suppres-

mor-associated macrophages (TAMs), regulato- sive TME [9, 10].
ry T-cells (Treg cells), and immune checkpoint
pathways, such as the programmed cell death- Given the role of hypoxia in regulating immuno-

1 (PD-1)/programmed death-ligand 1 (PD-L1) suppression, significant attention is being paid
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to the potential of respiratory hyperoxia therapy
in restoring tumor immunity and in treating can-
cer progression [11, 12]. Currently, respiratory
hyperoxia is mainly used for the treatment of
hypoxic tissue damage, however it has also
been shown to improve oxygen supply to hypox-
ic tumor zones in animal models [13]. In addi-
tion, respiratory hyperoxia has been shown to
improve the treatment efficacy of chemothera-
peutic agents and drug resistance in rat mam-
mary tumors and osteosarcoma mouse models
[14, 15]. Clinical studies in early development
have shown that respiratory hyperoxia can
effectively treat malignant gliomas, when used
in combination with radiotherapy and chemo-
therapy modalities [16, 17]. Therefore, it is like-
ly that the molecular mechanisms underlying
the benefits of hyperoxia therapy are related
to tumor immunity. Notably, a previous study
reported that respiratory hyperoxia served as
an immunological adjuvant therapy combined
with dual immunotherapy treatments, in the
form of monoclonal antibodies [mAbs] for CTLA-
4/PD-1 immunocheckpoint pathways in meta-
static tumors [11]. Respiratory hyperoxia has
been also shown to inhibit immunosuppress-
ive pathways, such as the CD39/CD73-A2AR/
A2BR in the TME [12].

Triple-negative breast cancer (TNBC) is a highly
immunogenic type of breast cancer with a poor
prognosis that is associated with a high risk of
distant metastasis [18]. Importantly, the lungs
are common target sites for TNBC metastases
[19]. Therefore, immunotherapeutic strategies,
which intend to trigger or enhance antitumor
immunity are attractive treatment options for
the clinical management of metastases in TN-
BC patients [20]. Recent studies have shown
that immune suppression reversal could inhibit
metastases in a TNBC mouse model [21]. In
addition, clinical trials have shown that mono-
clonal antibodies blocking the PD-1/PD-L1 pa-
thway play a therapeutic role in metastatic
TNBC patients [22]. Another clinical trial report-
ed a significant high response rate in metastat-
ic TNBC patients treated with both a PD-L1
inhibitor (atezolizumab) and the nanoparticle
albumin-bound chemotherapeutic agent, pacli-
taxel (nab-paclitaxel) [23].

Given the status of the current research, we
sought to investigate whether hyperoxia thera-
py could prevent and/or regulate immunosup-
pression of the lung TME in metastatic TNBC
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and evaluated the underlying molecular mecha-
nisms driving this regulation. To this end, a 4T1
mammary carcinoma mouse model was devel-
oped for this study, given that the 4T1 mam-
mary carcinoma transplantable tumor cell line
can spontaneously metastasize throughout the
body, thereby mimicking TNBC in humans. Mo-
reover, it has been reported that 4T1 tumor
mouse models can be effectively treated via
the elimination of MDSCs [21, 24]. In our study,
hyperoxia (60% oxygen) was selected for our
respiratory treatment, given the fact that this
is a concentration considered clinically safe in
humans in other indications [25]. Here, we de-
monstrate that respiratory hyperoxia treatment
reduces hypoxia in the lungs of the metastatic
4T1 TNBC mouse model. Particularly, reduced
hypoxia inhibits the recruitment of bone mar-
row (BM) MDSCs to metastatic tumors in the
lungs, in addition to primary tumors of the ma-
mmary glands. Reduced hypoxic conditions in
the TME can lead to decreased PD-L1 expres-
sion levels, which in turn, promote the regres-
sion of the primary tumor and lung metastases
by promoting tumor immunity in the TME.

Overall, respiratory hyperoxia therapy appears
to effectively overcome immunosuppression in
the TME, limiting lung metastases in a TNBC
mouse model. For TNBC patients, respiratory
hyperoxia therapy may be a valuable modality
for antitumor treatment. Moreover, the fre-
quency of MDSCs and levels of PD-L1 expres-
sion might also serve as biomarkers of hypoxia
and hyperoxia treatment efficacy.

Cell lines and mice

4T1 mammary carcinoma cells were obtain-
ed from the American Type Culture Collection
(ATCC; Manassas, VA, USA), and were cultured
in RPMI-1640 media, supplemented with 10%
(v/v) fetal bovine serum (FBS, Gibco-Invitrogen;
Waltham, MA, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin (all from Gibco-Invit-
rogen) at 37°C, in a 5% CO, humidified incuba-
tor. 8-12 weeks old wild-type BALB/c female
mice, were purchased from Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China)
and bred in our animal facility under specific-
pathogen-free conditions. All animal procedu-
res were performed under protocols that com-
plied with the Institutional Animal Care and
Use Committee Guidelines for Ethical Conduct
in the Care and Use of Animals.
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4T1 TNBC mouse model

Approximately 10° 4T1 cells suspended in 50 pl
of Hank’s Balanced Salt Solution (HBSS, Gibco-
Invitrogen) were injected subcutaneously (sc)
into the fourth abdominal mammary gland of
BALB/c female mice. The appearance of tumors
was monitored daily by palpating the injection
area with gloved fingers, which happened ap-
proximately between day 5 and day 7, with all
tumors being palpable by day 7 (Figure S1A).
When a tumor was palpable, the primary tumor
diameter (TD) was measured every two days
using vernier calipers. The tumor volume was
then calculated according to the formula: V =
(@2 x b)/2, where ‘@’ is the shortest transverse
diameter and ‘b’ is the longest transverse diam-
eter. Experimental mice were sacrificed when
the TD reached 14 to 16 mm or the mice be-
came moribund (according to the University of
Maryland Baltimore County Institutional Animal
Care and Use Committee guidelines), occurring
approximately between day 28 to day 35 (Fig-
ure S1B). On day O, 7, 14, 21, or 28, tissues of
interest from tumor-bearing mice and tumor-
free mice were harvested and fixed in 10%
paraformaldehyde (PFA) for hematoxylin and
eosin stain (H&E) stain and immunofluorescen-
ce analysis (IF) or were processed immediately
using flow cytometric imaging techniques.

Clonogenic assays for the evaluation of spon-
taneous lung metastases

The clonogenic procedure used in this study
has been described previously [26] and was
performed with minor modifications. In brief, on
day 7, 14, or 21, 4T1 tumor-bearing mice we-
re sacrificed, and their lungs were harvested.
Lung samples were finely minced and digested
in 5 ml of an enzyme cocktail containing 1 x
RPMI-1640, 2% (v/v) FBS, 0.002% (w/v) colla-
genase D (Sigma-Aldrich; Saint Louis, MO, USA)
and 0.002% (w/v) DNA polymerase | (Sigma-
Aldrich) for 1 hour at 37°C. All samples were
then filtered through a 70 um cell strainer (BD
Biosciences; San Jose, CA, USA) and washed
twice with 1 x phosphate buffered saline (PBS;
Gibco-Invitrogen). Single-cell suspensions from
the lungs of each mouse were plated into a 10
cm tissue culture dish in medium containing 60
mM of 6-thioguanine (Sigma-Aldrich) to selec-
tively grow tumor cells. After 10 to 14 days, the
cells were fixed in methanol and stained with
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0.03% methylene blue (Sigma-Aldrich). The nu-
mber of tumor foci were then counted.

Respiratory hyperoxic therapy

Mice presenting 4T1 tumors were randomly
selected to receive either normoxia (21% oxy-
gen) or hyperoxia (60% oxygen) treatment on
day 7, when primary tumors became palpable,
until the end of the experiment (day 28), as
previously reported [27]. Of note, the mice were
randomized according to the tumor size to
ensure similar tumor sizes at baseline when
treatment started. The two treatment groups
were then placed in a custom-built chamber
(Biospherix; Redfield, NY, USA), which was con-
nected to a supply of oxygen (0,) gas. The com-
pact oxygen controller, ProOx P110 (Biosphe-
rix), was used to ensure that the desired levels
of oxygen were maintained inside each cham-
ber throughout the experimental procedures.

Flow cytometry analysis

OndayO0, 7, 14, 21, and 28, cleanly excised pri-
mary tumors and lungs were placed in petri
dishes, and were minced finely with a scalpel
blade, then digested, filtered, and washed as
described in the Clonogenic Assay for the
Evaluation of Spontaneous Lung Metastasis
section to obtain unicellular suspensions of tis-
sues. The entire spleen was passed through a
70 um cell strainer and pressed with a plunger.
Total BM cells were freshly isolated from the
femurs and tibias by flushing with 1 x PBS.
After single-cell suspensions of spleen, blood
(anticoagulant), and BM were prepared, red
blood cells were removed with red blood cell
(RBC) Lysis Buffer (ThermoFisher Scientific;
Waltham, MA, USA) according to the manufac-
turer’s protocol.

The cell suspensions mentioned above were
incubated with anti-mouse BD Fc Block (anti-
CD16/32 clone 2.4G2; BD Biosciences) for 10
minutes at 4°C. Afterward, the cells were sta-
ined with the following fluorophore-conjugated
antibodies for 40 minutes at 4°C: CD45-PE-
Cy7, CD3-PE, CD4-APC-Cy7, CD8-PerCP-Cy5.5
(PC5.5), Gr-1-PerCP, CD11b-APC-Cy7, and PD-
L1-PE and/or the respective PE-conjugated,
isotype-matched control 1gGs (ThermoFisher
Scientific). The labeled cells were washed twi-
ce with staining buffer (BD Biosciences) and
were analyzed on a CytoFLEX Flow Cytometer
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(Beckman Coulter; Brea, CA, USA) using the
FlowlJo software (FlowJo LLC; Ashland, OR,
USA). MDSCs were gated as CD45*Gr-1'CD11b*
cells, and the percentage of MDSCs in CD45*
cells and in the total population of tissue cells
(or total leukocytes from blood, BM, and spleen)
was calculated, as dissecting out the organs
changed their cell content and number. T-cells
were gated as CD45*CD3* cells and PD-L1*
cells were gated using isotype control antibod-
ies as described in Figure S4.

Evaluation of hypoxic tissue

A Hypoxyprobe™-1 Plus Kit (Hypoxyprobe, Inc.;
Burlington, MA, USA) was used to detect hy-
poxia in tissues [28]. The hypoxyprobe-1, also
named as pimonidazole HCI, is activated in
hypoxic cells and forms stable covalent adducts
with the thiol groups of proteins, peptides, and
amino acids [28]. The anti-hypoxyprobe fluo-
rescein isothiocyanate (FITC)-labeled antibody
against pimonidazole (MAb1), which is also
included in the kit, binds to these adducts,
allowing their detection using immunohisto-
chemical (IHC) procedures (Figure S2). On day
7, BALB/c mice with established 4T1 tumors
were treated with 60% oxygen (hyperoxia) or
maintained at 21% oxygen (normoxia) treat-
ment for 7 days (day 14) and 21 days (day 28).
Treated mice were then injected intraperitone-
ally (IP) with 80 mg/kg of Hypoxyprobe-1 and
primary tumors and lungs were harvested 1.5
hours later to be processed for IF staining with
MADb1.

Immunofluorescence (IF) staining

Primary tumors and tumor-bearing lungs from
28-day 4T1 TNBC mice, as well as 0-day mice
lungs were harvested after being injected with
Hypoxyprobe-1 as described above. Tissues
were then embedded in optimal cutting tem-
perature (OCT) compound and frozen in liquid
nitrogen. Tissue sections were cut at a thick-
ness of 5 um, fixed in acetone solution, and
pretreated with Peroxidase Block (Dako/Agilent
technologies, Inc.; Santa Clara, CA, USA). After
washing with 1 x PBS, the sections were incu-
bated with 3% BSA at room temperature for 30
minutes, followed by incubation of antibodies
against Gr-1 (ThermoFisher Scientific), PD-L1
(ThermoFisher Scientific), and FITC-conjugated
MAb1 against Hypoxyprobe-1 at a dilution of
1:100 at 4°C overnight. Additionally, Alexa
Fluor®594-conjugated fluorescent secondary
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antibody (Abcam; Cambridge, UK) was added to
the slides the next day. Finally, the slides were
washed and counterstained with 4’,6-diamidi-
no-2-phenylindole (DAPI, Sigma-Aldrich). Tissue
sections were imaged under a Zeiss fluores-
cence microscope (Carl Zeiss; Jena, Germany)
and were analyzed using four or five random
fields per sample.

Statistical analysis

Statistical significant differences in survival
were calculated using the log-rank (Mantel-
Cox) test, and the differences in tumor size
were evaluated suing two-way ANOVA analysis.
Statistical significant differences in clones,
IHC, and flow cytometry analysis were evaluat-
ed using the Student’s T-test. Statistical signifi-
cances were defined as a P value less than (<)
0.05.

Results

4T1-derived tumor progression follows a con-
sistent time course with distinct premetastatic
and metastatic phases

Given that BALB/c female mice bearing 4T1
cells developed highly aggressive TNBC with
lung metastases (Figure 1A), we first investi-
gated the time course it took for the spontane-
ous metastasis to occur. Clonogenic assays
readily detected metastatic tumor cells in the
lungs of mice bearing 4T1 tumors at day 21,
while there was no evidence of tumor metas-
tases to the lungs at day 7 or even at day 14
(Figure 1B). Notably, at day 28, clonogenic
assays were not suitable for tumor detection,
given the high number of tumor cells present.
These findings were confirmed upon gross ex-
amination of lung lesions by staining lung tis-
sue sections with H&E (Figure 1C). A number of
malignant cell clusters were detected in the
H&E-stained lung sections of tumor-bearing
mice at day 28. Malignant cell groups (arrows in
Figure 1) were also observed in the lung tissue
at day 21, whereas, in accordance to the clono-
genic assay results, no tumor cells were found
in the lungs of tumor-bearing mice at day 7 and
day 14 (Figure 1B and 1C). A previous study
reported that tumor cells migrated to the lungs
16 to 18 days after 4T1 cell inoculation [29].
Based on this evidence and our results, we
divided the time course it took to develop lung
metastases in the 4T1 TNBC model into two
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Figure 1. Time course for lung metastases in the 4T1 mammary carcinoma mouse model of triple negative breast
cancer (TNBC). A. Representative photograph of the 4T1 mouse lungs with a high tumor burden after TNBC metasta-
sis. Representative tumors are marked by arrows; scale bar = 1 mm. B. Clonogenic analyses of 4T1 cell colonies per
lung. Mean values * standard error of the mean (SEM), n = 5 mice per treatment group. *P < 0.05. C. Representa-
tive images of hematoxylin and eosin (H&E)-stained lung sections. Tumor metastases are indicated by arrows. The
region of inflammatory aggregation is indicated by the red oval. Upper panels, scale bar = 500 um; middle panels,
scale bar = 100 um; low panels, scale bar = 20 um. These data are representative of at least three independent
experiments.

phases: the premetastatic phase (day O to day Moreover, the results of our histopathologi-
14) and the metastatic phase (day 15 to day cal examination revealed obvious inflammatory
28), respectively. cell infiltration around the pulmonary alveoli at
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Figure 2. Time-dependent and tissue-specific expansion of myeloid-derived
suppressor cells (MDSCs) in 4T1 mice. Flow cytometry analysis of Gr-
1*CD11b* MDSCs in the blood, spleen, bone marrow (BM), lungs, and pri-
mary tumor harvested on day 7, day 14, day 21, and day 28 from 4T1 tumor-
bearing mice, compared with day O non-tumor bearing mice. Percentage of
MDSCs in the CD45" cell population (A) and in the total cell population (or the
total leukocyte population) (B). Mean values + standard deviation (SD). Each

experiment was repeated three times (n = 3).

day 14, when compared with tumor-free mice
at day O (see lymphocyte aggregation in Figure
1C), indicating an altered TME in the distant
metastatic organ, despite the fact that there
was no dissemination of tumor cells from the
primary lesion. Based on the absence of meta-
static tumor cells and the highly inflammatory
conditions observed, the lungs of 4T1 tumor-
bearing mice at day 14 were called premeta-
static lungs, while those at day 21 and day 28
were considered metastatic lungs.

MDSCs are important TME components in 4T1
mice

MDSCs are known to be major components of
the immunosuppressive TME [9]. To determine
when and to what extent MDSCs expansion
occurs during tumor progression in the 4T1
mouse model, we used flow cytometry analysis
to evaluate the frequency of MDSCs (known as
Gr-1*CD11b* cells in mice) in the primary tumor,
as well as in the different organs affected by
tumor metastasized growth (Figure 2A and 2B).
Given that dissecting out the organs can ch-
ange their cell content and number, we calcu-
lated the percentage of MDSCs in the CD45*
cell population (Figure 2A) as well as in the
total cell population of the affected tissues (i.e.,
primary tumor in the breast and in the lungs) or
in the total leukocyte cell population of blood
samples, and other hematopoietic organs (i.e.,
the BM and the spleen; Figure 2B). Consistent
trends have been observed using this appro-
ach and using both calculation methods. Nota-
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T
14

Tumor growth (days)

21 28 fold and 15-fold increase in

the percentage of MDSCs in
the total population of leuko-
cytes in the spleen or in the
total population of lung cells,
respectively. The increase in
the percentage of MDSCs in
the total population of blood
leukocytes and BM leuko-
cytes was more moderate, as
we only observed an 8-fold
and 2.3-fold increase in the number of MDSCs
found in the blood and BM, respectively. In
addition, the percentage of primary tumor-infil-
trating MDSCs out of the total number of cells
gradually increased over time, from 0.47% at
day 7 to 4.9% at day 28 (Figure 2B).

Furthermore, MDSCs were found in more than
half of the CD45* cells in all organs (blood,
spleen, BM, and lung) and primary tumors of
4T1 mice at day 28 (Figure 2A), accounting for
as many as 80% of blood leukocytes, 70% of
BM leukocytes, 40% of spleen leukocytes, up
to 30% of the total population of lung cells,
and only 5% of the total primary tumor cells
(Figure 2B). Notably, we observed the presen-
ce of MDSCs in the lungs after 4T1 cell inject-
ion as early as day 7, long before tumor cell
metastasis (day 15 to day 28; Figure 1).

Overall, the expansion of MDSCs in the 4T1
mouse model is time-dependent and tissue-
specific event. MDSCs appeared in the lungs
during the premetastatic phase (day O to day
14) long before tumor cells metastasized there,
suggesting that primary tumor cells can regu-
late the expansion and migration of MDSCs
from afar.

Recruitment of MDSCs and upregulation of
PD-L1 in the hypoxic TME of 4T1 tumor-bear-
ing mice

We next asked whether hypoxia drove the re-
cruitment of MDSCs to the primary tumor and

Am J Cancer Res 2019;9(3):529-545
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A B primary tumor

Figure 3. Gr-1* MDSCs and PD-L1" cells
accumulate within the hypoxic areas of
the tumor microenvironment (TME). (A)
Representative images showing hypoxic
staining of a day 28 4T1 tumor-bearing
mice lung (right panel) compared with
a day O non-tumor bearing mice lung
(left panel). Green, hypoxic cells; blue,
cell nuclei. Original magnification, x 10;
Scale bar =2 mm. (B) Gr-1* MDSCs and
(C) PD-L1* cell distribution within hy-
poxic areas of intradermal (left panel)
and lung (right panel) TME from day
28 mice. Red, MDSCs or PD-L1* cells.
Green, hypoxic cells; blue, cell nuclei.
Original magnification is x 100; scale
bar =200 um.
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lung metastatic sites in the 4T1 TNBC mouse
model. To test this, we stained frozen sections
with the myeloid cell marker Gr-1, which de-
tects MDSCs, and the in vivo hypoxia marker,
Hypoxyprobe, belonging to primary tumors at
day 14 and metastatic lungs at day 28. As
expected, tumor growth increased the levels of
pathophysiological hypoxia in the lung TME of
4T1 tumor-bearing mice, as significantly stron-
ger Hypoxyprobe fluorescence staining was
observed in lungs harvested from day 28 4T1
tumor-bearing mice, when compared with lungs
harvested from day O mice (Figure 3A). Analy-
sis of the different anatomical locations of the
primary tumor and lung sections showed that
Gr-1* MDSCs preferentially infiltrated more hy-
poxic areas of tumor and lung metastases
(Figure 3B).

We next looked at the expression levels of the
PD-L1 protein, another important factor regu-
lated by hypoxia in these regions [8]. For this,
we first used IF to detect the PD-L1* cell distri-
bution within the primary tumor and lung TME.
In our analysis, we found that PD-L1 and Hy-
poxyprobe staining patterns significantly over-
lapped, with an increased number of PD-L1*
cells present in hypoxic tissues relative to nor-
moxic tissues (Figure 3C). These data suggest
that PD-L1 expression is tightly related to hy-
poxia in our TNBC mouse model.

Moreover, it has been reported that PD-L1 is
upregulated in several of the cell types resid-
ing in the TME, including MDSCs [8]. We then
investigated the changes in PD-L1 expression
levels in MDSCs infiltrates in the TME (Figure
4). Day 14, 21, and 28 primary tumors and
lungs were harvested from 4T1 cell injected
mice, and then analyzed for cell expression
of PD-L1 on MDSCs. As shown in Figure 4A
and 4B, the percentage of PD-L1* cells among
primary tumor-infiltrating MDSCs at day 28
(41.6%) was significantly higher than at day 14
(24.4%), and day 21 (30.9%). Moreover, upre-
gulation of PD-L1 expression in MDSCs was
observed in both premetastatic lungs (day 14)
and metastatic lungs (day 28), when compar-
ed with lungs from day O mice (Figure 4A and
4B). The percentages of PD-L1* cells in lung-
infiltrating MDSCs from 4T1 tumor-bearing
mice at days 14 (22.7%), 21 (29.8%), and 28
(42%) were all significantly higher than those
from day O mice (4.6%). Overall, the expression
levels of PD-L1 in tumor-infiltrating MDSCs and
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lung-infiltrating MDSCs were both increased
over time and significantly augmented in the
later phases of tumor growth and metastasis.

In order to determine whether PD-L1 expres-
sion on 4T1 tumor cells was upregulated in
vitro, we analyzed the 4T1 mammary carcino-
ma cell cultures used to inoculate the TNBC
mouse model in this study. In addition, 4T1 tu-
mor cells derived from primary tumors in vivo
were tested for PD-L1 expression using flow
cytometry techniques. To this end, we gated
4T1 tumor cells from in vivo primary tumor sin-
gle-cell suspensions as large CD45 negative
cells and evaluated the PD-L1 expression lev-
els induced within the TME, as with MDSCs
above. Particularly, high expression levels of
PD-L1 were observed in the 4T1 tumor cells
collected in vivo, when compared to the 4T1
cell cultures in vitro. Markedly, the percentage
of PD-L1* cells obtained from the 4T1 cells
collected in vivo consistently increased over
time (Figure 4C and 4D).

Collectively, our results demonstrate that lung
oxygen levels decrease after lung metastasis
in the 4T1 tumor bearing mice. Additionally,
hypoxic conditions appear to be major drivers
of MDSC recruitment and PD-L1 upregulation
in the TME.

Antitumor T-cell immunity suppression in the
TME of 4T1 tumor-bearing mice

We next studied the roles increased MDSC
frequency and PD-L1 expression, may have on
regulating antitumor immunity in the hypoxic
TME. On days O, 14, 21, and 28 after 4T1 cell
injections, primary tumors and lungs were har-
vested from injected mice and analyzed in
order to identify the frequency of tumor-infil-
trating and lung-infiltrating CD4* T-cells, CD8*
T-cells, and T-cells. Furthermore, flow cytome-
try time course assay analysis showed that
hypoxia inhibited the accumulation of T-cells in
both the lung and primary TME (Figure 5). In the
metastatic phase (i.e., day 21 and day 28), the
percentage of CD4* and CD8* T-cells among
the total population of T-cells, as well as the
percentage of CD4*, CD8" T-cells, and the total
population of T-cells among the total popula-
tion of pulmonary cells, showed a marked de-
crease, when compared with day O mice, espe-
cially on day 28 of the metastatic phase (Fig-
ure 5A and 5B). In contrast, we did not observe
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Figure 4. Upregulation of PD-L1 in MDSCs and tumor cells of 4T1 tumor-bearing mice. A. Left: Percentage of PD-L1*
cells among MDSCs obtained from lung metastases and primary tumors at the indicated times. Right: Representa-
tive histograms depicting the surface expression of PD-L1 in MDSCs compared with the isotype control (shaded
histogram). B. Statistically significant differences (indicated by asterisks) in the proportion of PD-L1* cells among
MDSCs (n = 3 mice per group). C. Representative histograms depicting the surface expression levels of PD-L1 in cul-
tured 4T1 cell line (in vitro) and in in vivo derived 4T1 tumor cells compared with the isotype control (shaded area).
D. Statistically significant differences in the percentage of PD-L1* cells between cultured and in vivo derived 4T1 tu-
mor cells (n =4 mice per group). *P < 0.05; Mean values + SEM. Each experiment was repeated three times (n = 3).
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primary tumor

Figure 5. Reduction of T-cells in the primary tumor and lung TME. T-cells were
gated as CD45*CD3" cells. Results show the percentages of CD4* T-cells and
CD8* T-cells in respect to (A) lung-infiltrating and (C) tumor-infiltrating total
population of T-cells, as well as the percentages of (B) lung-infiltrating and
(D) tumor-infiltrating CD4* T-cells, CD8* T-cells, and the total population of T-
cells relative to the total population of the tissue cells. *P < 0.05; n =5 mice.
Mean values + SEM. Each result was repeated three times (n = 3).

a significant difference in the percentages of
CD4*, CD8*, or total T-cells in premetastatic
lungs (day 14) and tumor-free (O day) lungs
(Figure 5A and 5B). Markedly, the percentage
of both primary tumor-infiltrating CD4* and
CD8* T-cells gradually decreased with the
growth of the primary tumor (Figure 5C and
5D). Together these data led us to conclude
that as the primary tumor progresses, increas-
ed levels in PD-L1 expression and in the fre-
quency of MDSC associated with hypoxia, re-
sult in the conversion of the TME into an im-
munosuppressive environment in primary tu-
mors and metastatic lungs.

538

primary tumor

being palpable between day
5 and day 7 (Figure S1A), and
on the increased presence of
MDSCs, which could be dete-
cted in the lungs as early as 7
days after injection (Figure 2).
Figure 6A shows less hypoxic
conditions after Hypoxyprobe
staining in the lungs of tumor-
bearing 4T1 mice treated with hyperoxia thera-
py at day 28, when compared to the lungs of
tumor-bearing 4T1 mice treated with normoxia
at day 28. This demonstrated that respiratory
hyperoxia can, indeed, decrease lung TME hy-
poxic conditions.

We next examined whether treating 4T1 mice
with hyperoxia could affect the recruitment of
MDSCs to different organs. Our results showed
that during the premetastatic phase (i.e., day
14), respiratory hyperoxia therapy can lead to a
significant decrease in the frequency of MDSCs
in the primary tumor, spleen, and lungs of 4T1
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Figure 6. Respiratory hyperoxia inhibits MDSCs recruitment and PD-L1 expression in the 4T1 mouse model of TNBC. (A) Respiratory hyperoxia decreases tumor-
associated hypoxia in the lungs. Green, hypoxic areas; blue, cell nuclei. Scale bar = 2 mm. Respiratory hyperoxia differentially changes the frequency of MDSCs
in various organs at (B) day 14 and (C) day 28. n = 4 mice per group. (D and E) Respiratory hyperoxia decreases PD-L1 expression in lung-infiltrating and tumor-
infiltrating MDSCs. n = 3 mice per group. *P < 0.05. Mean values + SEM. Each result was repeated three times (n = 3).
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Figure 7. Respiratory hyperoxia increases T-cell accumulation, inhibiting pri-
mary tumor growth and the incidence of lung metastasis in the 4T1 mouse
model of TNBC. (A) Percentage of lung-infiltrating and (C) tumor-infiltrating
CD4* T-cells, CD8" T-cells, and total population of T-cells in relation to total
tissue cell population from normoxia and hyperoxia treatment groups. (B)
Percentages of lung-infiltrating and (D) tumor-infiltrating CD4* T-cells and
CD8" T-cells among T-cells. *P < 0.05; n = 4 mice. Mean values + SEM. (E)
Respiratory hyperoxia inhibits primary tumor growth and (F) lung metastases
in mice treated with hyperoxia therapy (60% oxygen levels), when compared
with mice treated with normoxia therapy (21% oxygen levels). *P < 0.05; n
= 5 mice; Mean values + SEM. Each experiment was repeated three times
(n=3).

phase (i.e., day 28) (Figure
6C). Naturally, we were intri-
gued to see a significant re-
duction of PD-L1 expression
in primary tumor-infiltrating
MDSCs in tumor-bearing 4T1
mice, when treated with hype-
roxic conditions during both
premetastatic and metastatic
phases (Figure 6D and 6E).

Additional flow cytometric an-
alysis indicated that respira-
tory hyperoxia treatments re-
sulted in an increase of T-cell
infiltration in tumor and lung
tissues (Figure 7). An increase
in the percentages of CD8,
CD4*, and the total populat-
ion of T-cells in relation to the
total cell population obtained
from the hyperoxia treated
mouse group was observed
in lung-infiltrating T-cells dur-
ing the metastatic phase (i.e.,
day 28), when compared with
mice from the normoxia treat-
ed group. However, during the
premetastatic phase (i.e., day
14), no significant changes in
the hyperoxia treated group
were observed (Figure 7A).
Interestingly, we also obser-
ved a variation in the respon-
se to hyperoxia treatments
between CD4* and CD8* T-
cells. The percentage of CD8*
T-cells among the total T-cell
population in the lung TME
was affected during both the
premetastatic and metastatic
phases, while the CD4* T-cell
population was only affected
during the metastatic phase.
In addition, there were more
significant changes observed
in the CD8* T-cell population,

tumor bearing mice, when compared with their
normoxia treated counterpart. Notably, these
observations were not seen in the blood and
BM samples of treated animals (Figure 6B). In
contrast, we found no differences in the fre-
quency of lung- or tumor-infiltrating MDSCs be-
tween the mice groups treated with hyperoxia
and normoxia conditions during the metastatic
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compared to the CD4* T-cell population of the
lung TME (Figure 7B).

The percentages of CD4* and CD8* T-cells, as
well as the percentage of the total population
of T-cells among all cells of the TME found in
primary tumor-infiltrating T-cells, increased in
the hyperoxia treated group during the premet-

Am J Cancer Res 2019;9(3):529-545



Respiratory hyperoxia antitumor effects via immunological mechanisms

astatic phase (i.e., day O to day 14). Only the
percentage of CD8*" T-cells among all cells
showed a hyperoxia-mediated increase during
the metastatic phase (i.e., day 28; Figure 7C);
while the percentages of CD4* T-cells and CD8*
T-cells among all T-cells were not affected dur-
ing either the premetastatic or metastatic pha-
se (Figure 7D). Of note, the effects seen on
CD4* and CD8" T-cells might be a result of dif-
ferent regulatory mechanisms - and possibly
not all through hypoxic conditions.

Nevertheless, our data provide evidence that
respiratory hyperoxia treatments are able to
decrease tissue hypoxia in the TNBC 4T1 mou-
se model, which in turn prevents the suppres-
sion of antitumor T-cell immunity by inhibiting
the expansion of MDSCs and upregulation of
the PD-1/PD-L1 pathway. However, hyperoxia
treatments alone, are unable to induce a long-
lasting decrease of infiltrated MDSCs in the
TME.

Respiratory hyperoxia therapy has antitumor
effects

We next tested whether respiratory hyperoxia
could have an inhibitory effect on the growth
of lung metastases in the 4T1 TNBC mouse
model. To this end, hyperoxia treatments con-
sisting of 60% oxygen were delivered to mice
on day 7 after 4T1 cell inoculation, before me-
tastasis to the lungs took place. Our results
showed that respiratory hyperoxia treatments
could inhibit tumor growth slightly, with none of
the mice showing a complete regression of pri-
mary tumors (Figure 7E). Nevertheless, in lung
tissue, we found that hyperoxia treatment could
induce a strong regression of lung metastases
on day 28 (Figures 7F and S3). Importantly, the
number of lung metastatic modes fell from 90
per lung in the normoxic treated group to 13
per lung in the hyperoxic treated group (P <
0.05). Hyperoxia therapy can then be seen as
an effective means of overcoming immunosup-
pression in the TME, given our data demon-
strating tumor growth and lung metastases
regulation in the 4T1 mouse model of TNBC.

Discussion

Hypoxia plays a pivotal role in regulating both
tumor and immune cell functions, especially
related to immunosuppressive processes [4].
It has been shown that respiratory hyperoxia
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therapy can increase oxygen content in the hy-
poxic TME and thereby improve the effective-
ness of conventional anti-tumor treatments
[14]. Nonetheless, the molecular mechanisms
underlying the relationship between respiratory
hyperoxia and tumor immunity remains unclear.
Based on the anti-tumor potential that respira-
tory hyperoxia has demonstrated in previous
studies, we sought to investigate its effective-
ness and underlying molecular pathways in in-
hibiting metastases and in restoring tumor im-
munity of a metastatic organ in a TNBC model.

In our study, a 4T1 mouse model of TNBC sh-
owed a tumor-dependent and organ-specific
expansion of MDSCs in multiple organs, dem-
onstrating that MDSCs are key components of
the TME. In addition, increased levels of patho-
physiological hypoxia in the lung TME account-
ed for most of the tissue area in the 4T1 mouse
model. Interestingly, the frequency of MDSCs
and PD-L1 expression levels changed accord-
ing to the levels of hypoxia, not only in the pri-
mary tumor TME, but also in the metastatic
lung TME. Thus, the frequency of MDSCs and
PD-L1 expression levels may serve as biomark-
ers for the detection of hypoxia in the TME.
Compared with traditional markers such as HIF-
1a, which are assessed by IHC [1, 30], the fre-
quency of MDSCs and PD-L1 expression as bio-
markers, represent not only the level of hypox-
ia, but also the levels of hypoxia-induced im-
munosuppression.

Our results showed important modifications of
the premetastatic lung TME, not only the recrui-
tment of MDSCs, but also an increased expres-
sion of PD-L1 levels in MDSCs. These findings
are consistent with previous reports showing
that MDSCs accumulate to form a premetastat-
ic niche in the premetastatic lung and brain,
but not in other organs [26, 31]. Here, we spec-
ulate that the changes observed in our study
are also lung specific and may contribute to the
fact that the lungs are a preferential metastatic
site of the 4T1 TNBC mouse model. We plan to
confirm this in a future study. However, our data
also showed that lung-infiltrating T-cells are not
as affected in the premetastatic phase as they
are in the metastatic phase, suggesting that
metastasized tumor cells to the lungs can af-
fect T-cell accumulation in the TME. We specu-
late that this could be due to changes in the
cytokine/chemokine tumor profile and also ch-
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anges in the expression of chemokine recep-
tors on T-cells after the arrival of tumor cells to
the lungs.

In our study, respiratory hyperoxia treatments
weakened the MDSC- and PD-L1-mediated
immunosuppression of the primary tumor and
lung metastases in the 4T1 TNBC mouse
model. However, hyperoxia treatments alone
could not decrease lung-infiltrating or tumor-
infiltrating MDSCs at the end of our study (i.e.,
day 28), likely because of the excessive produc-
tion and recruitment of MDSCs in hematopoi-
etic organs at day 28, thus preventing hyperox-
ia from inducing a long-lasting decrease in
MDSC frequency. Other studies suggest chang-
es in the cytokine levels in the TME and chang-
es in the expression of chemokine receptors on
MDSCs [7], which is a plausible and important
hypothesis for further investigation.

In addition, we observed that CD4* and CD8*
T-cells were differently affected in the TME of
4T1 tumor-bearing mice when maintained at
21% oxygen levels, compared with day O mice.
CD4* and CD8* T-cells were also differentially
affected by respiratory hyperoxia treatments,
with more prevalent changes in CD8" T-cells
than in CD4* T-cells. Other regulatory mecha-
nisms may be involved in the recruitment of
CD4* and CD8" T-cells to the TME and possibly
not all taking place through hypoxic mecha-
nisms. Further studies examining the differenc-
es in the expression of chemokine receptors,
known as chemokine profiles, in CD4* and CD8*
T-cell populations are urgently needed. None-
theless, the therapeutic effects observed in
our study from respiratory hyperoxia treat-
ments were strong, although less obvious in
T-cells present in primary tumors than in the
T-cells identified in the lungs. The limited recov-
ery of T-cell infiltration in the primary tumor may
provide an explanation for the limited tumor
growth control achieved via hyperoxia therapy
in this study.

Overall, our results indicate that respiratory
hyperoxia may provide a readily available adju-
vant therapy in the prevention and control of
lung metastases in TNBC patients. We propose
the clinical testing of respiratory hyperoxia ei-
ther alone or in combination with other immu-
notherapy treatments in patients with advanc-
ed TNBC. Based on the PD-L1 expression level
changes obtained with the hyperoxia treat-
ments in our study, we propose that respiratory
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hyperoxia treatments would be most effective
when combined with existing immunotherapy
targeting pathways, such as PD-1/PD-L1, pro-
viding non-invasive treatment options for me-
tastatic TNBC, which constitute the highest un-
met need population in breast cancer patients.
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Figure S1. 4T1 cells injected into wild-type BALB/c female mice develop into highly aggressive TNBC with metasta-
ses to the lung. A. The primary tumor volumes were calculated as described in the “Materials and Methods” section.
n =5 mice. B. The mice were sacrificed when the tumor diameter reached an average of 14 to 16 mm or when the
mice became moribund; n = 6 mice.

Figure S2. Immunohistochemical (IHC) staining with Hypoxyprobe-1 in a biopsy specimen of a primary tumor at day
14. (A) Original magnification is x 100; (B) Original magnification is x 200. White areas represent necrotic regions in
which tumor cells have died from inadequate oxygen supply. The blue areas represent well-oxygenated (normoxic)
cells, which are hypoxyprobe-1 negative. The brown staining indicates cells that are hypoxyprobe-1 positive, which
are viable hypoxic cells.
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Figure S3. Respiratory hyperoxia inhibits lung metastasis formation in the 4T1 mammary carcinoma mouse model.
Representative photographs of lungs with a high tumor burden harvested at day 28 from normoxia (left) and hyper-
oxia (right) treated groups of tumor bearing 4T1 mice.
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Figure S4. Fluorescence-activated cell sorting (FACS) analysis of MDSCs and T cells. Gating strategy and representa-
tive plots of (A) the MDSCs and (B) T-cell population.



