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Abstract

Antitumor T cells either avoid or are inhibited in hypoxic and extracellular adenosine-rich tumor
microenvironments (TMES) by A2A adenosine receptors. This may limit further advances in
cancer immunotherapy. There is a need for readily available and safe treatments that weaken the
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hypoxia—A2-adenosinergic immunosuppression in the TME. Recently, we reported that
respiratory hyperoxia decreases intratumoral hypoxia and concentrations of extracellular
adenosine. We show that it also reverses the hypoxia-adenosinergic immunosuppression in the
TME. This, in turn, stimulates (i) enhanced intratumoral infiltration and reduced inhibition of
endogenously developed or adoptively transfered tumor-reactive CD8 T cells, (ii) increased
proinflammatory cytokines and decreased immunosuppressive molecules, such as transforming
growth factor— (TGF-B), (iii) weakened immunosuppression by regulatory T cells, and (iv)
improved lung tumor regression and long-term survival in mice. Respiratory hyperoxia also
promoted the regression of spontaneous metastasis from orthotopically grown breast tumors.
These effects are entirely T cell- and natural killer cell-dependent, thereby justifying the testing of
supplemental oxygen as an immunological coadjuvant to combine with existing immunotherapies
for cancer.

INTRODUCTION

T lymphocytes and natural killer (NK) cells are inhibited in hypoxic and extracellular
adenosine-rich, inflamed (1), and cancerous tissues (2, 3) because of immunosuppressive
adenosine 3’,5’-monophosphate (CAMP)-mediated signaling, triggered by A2A adenosine
receptors (A2ARs). A2ARs interfere with the trafficking and activities of T and NK cells
because of the heterologous desensitization of chemokine receptors and reduced
proinflammatory cytokines (2, 4). Hypoxia-A2AR-mediated signaling may also recruit
and/or further amplify other immunosuppressive mechanisms (5, 6) in the tumor
microenvironment (TME), thereby limiting further advances in promising immunotherapies
of cancer (7-13). This may explain the paradoxical coexistence of tumors and antitumor T
cells in cancer patients and mice (6, 14). This view is supported by findings of enhanced T
cell- and NK cell-mediated tumor rejection in mice that are genetically deficient in A2AR
(2,15) or adenosine-generating CD39/CD73 (13, 16-19) or in the presence of A2AR
antagonists (2, 19, 20). In addition, the overexpression of extracellular adenosine-generating
CD73 on human breast tumors and A2 adenosine receptors on antitumor immune cells was
implicated in the protection of tumors from chemotherapy and immunotherapy (21).

Thus, there is strong justification and motivation to develop safe treatments that weaken the
hypoxia-driven and CD39/CD73-mediated accumulation of extracellular adenosine and
immunosuppressive signaling through A2AR on T and NK cells in the TME by targeting
CD39 or CD73 ectoenzymes (13, 16-19) or by antagonizing the A2AR (2, 3, 6, 13). We
hypothesized that the reduction of tumor hypoxia using clinical supplemental oxygen
protocols (22-24) may inhibit the hypoxia-driven accumulation of extracellular adenosine in
the TME (25) and weaken the A2AR-mediated immunosuppression. This, in turn, may
further improve cancer immunotherapy approaches and enable tumor regression by
unleashing antitumor T and NK cells.

To test this hypothesis, tumor-bearing mice were placed in chambers with well-controlled
gas composition (60% oxygen) to mimic protocols of supplemental oxygen delivery to
humans (22-24). This immunological mechanism-based motivation to use respiratory
hyperoxia (60% oxygen) as an anti-adenosinergic treatment is conceptually different from
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the classic approach to generate reactive oxygen species (ROS) in radiotherapy and
photodynamic therapy of cancer by breathing 95% 04/5% CO- (carbogen) (26-29).

Respiratory hyperoxia has antitumor effects

In studies of the weakly immunogenic MCA205 fibrosarcoma pulmonary tumor model with
a predictable time course and intensity of T cell response (30, 31), mice breathing 60%
oxygen demonstrated improved regression of lung tumors (Fig. 1A). Tumor regression was
observed in mice with established lung tumors (11 days) treated with respiratory hyperoxia,
long after tumor inoculation (day 11, identified in Fig. 1A as “60% O,*”). An even stronger
regression was observed when mice were treated with respiratory hyperoxia starting
immediately after tumor inoculation until assay completion on day 21 (identified as “60%
0,"). Hyperoxia-induced tumor regression was also observed in the poorly immunogenic
B16 melanoma pulmonary tumor model (Fig. 1B). Using a less aggressive model of induced
metastasis, respiratory hyperoxia (60% O,) commencing after tumor inoculation resulted in
the complete regression of lung tumors and survival of 40% of mice compared to mice
breathing ambient 21% O, (Fig. 1C). The data in Fig. 1D also demonstrate reduced lung
tumor nodules in the spontaneously metastasizing 4T1 triple-negative breast cancer (TNBC)
model when mice with 7-day established orthotopic tumors were treated with respiratory
hyperoxia. The 4T1 tumor cells express high levels of the adenosine-generating ectoenzyme
CD73 to mimic drug-resistant TNBC (21).

These data provide support for the clinical testing of anti-A2-adenosinergic interventions,
including systemic oxygenation (25), as treatments for chemotherapy-resistant TNBC.
Indeed, the overexpression of CD73 by TNBC and subsequent adenosine-A2AR/A2BR-
mediated immunosuppression in the TME was shown to contribute to resistance to
chemotherapy in the analysis of more than 6000 triple-negative and chemotherapy-resistant
breast cancers (21).

The antitumor effects of respiratory hyperoxia require the activities of endogenous T and

NK cells

We tested whether the observed antitumor effects of respiratory hyperoxia were mediated by
the increased activities of endogenously developed tumor-reactive T and NK cells or,
alternatively, represent the result of direct cytotoxicity or oxidative stress—mediated tumor
damage caused by ROS generated by hyperoxia (26-29) or formed independently of
hyperoxia during purine metabolism.

To discriminate between these mechanisms, we tested whether the hyperoxia-induced tumor
regression would still be observed in mice genetically deficient in T and NK cells (24)
[common gamma (yc)/Rag-2~/~ mice] or in tumor-bearing wild-type mice treated with ROS
scavengers. It was expected that if the antitumor effects were the result of ROS generated by
60% oxygen, then respiratory hyperoxia would be capable of inducing tumor regression
even in the absence of T and/or NK cells.
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Figure 2A and fig. S1 demonstrate that the improved tumor regression seen in wild-type
mice breathing 60% oxygen was lost in yc/Rag-2~/~ mice breathing 60% oxygen. This
established the necessity of tumor-reactive T and NK cells for the hyperoxia-enhanced
antitumor response. These data also serve as genetic controls indicating that hyperoxia has
no effect on tumor seeding or colonization, because breathing 60% oxygen immediately
after tumor inoculation did not reduce the number or size of lung tumors in yc/Rag-2~/~
mice. Similarly, the tumor-regressing effects of hyperoxia were observed in wild-type mice
with established tumors even when hyperoxic exposure began after the 11th day of tumor
growth, after seeding and colonization (Fig. 1A). Independent confirmation of the lack of
effects of 60% oxygen—generated ROS was provided by testing the effects of a ROS
scavenger [N-acetylcysteine (NAC)] on lung tumor growth in mice treated with respiratory
hyperoxia (26-29). Figure S2 demonstrates that daily treatment with NAC at doses that are
shown to reduce ROS in positive control assays (fig. S2A) does not significantly inhibit the
tumor-regressing effects of respiratory hyperoxia (fig. S2B).

To determine the relative contribution of different immune cell subsets in the hyperoxia-
induced tumor regression, wild-type mice were depleted of T and NK cells using
monoclonal antibodies (mAbs). Figure 2B shows that the improved regression of pulmonary
tumors by 60% oxygen is mediated to a large extent by endogenous T cells, because mice
depleted of CD4 and CD8 cells demonstrated severely impaired tumor regression after
respiratory hyperoxia.

The depletion of NK cells alone virtually eliminated the antitumor effects of respiratory
hyperoxia, although NK cell-depleted mice still retained CD4 and CD8 T cells. Although it
has been well established that NK cells are important in antitumor immunity (32, 33), our
data suggest that the full antitumor potential of NK cells may not be realized because of
hypoxia—A2-adenosinergic inhibition in the TME. These in vivo observations also extend
previous in vitro demonstrations (4) of the high susceptibility of NK cells to A2AR-
mediated inhibition. This is further supported by the data in fig. S3, demonstrating hypoxia
and A2AR-mediated inhibition of NKG2D expression, NK cell activation, and cytokine
secretion.

Thus, respiratory hyperoxia may enhance the antitumor activities not only of T cells but also
of NK cells. These data extend previous observations of the critical importance of NK cells
in enabling T cell-mediated tumor regression under normal oxygen conditions (32, 33).

hyperoxia acts upstream of the hypoxia-adenosinergic pathway

Because we recently established that breathing 60% oxygen was capable of reducing
hypoxia and adenosine in the TME (25), we hypothesized that respiratory hyperoxia might
block the upstream stage of the hypoxia-adenosine-A2AR-mediated immunosuppressive
pathway in the TME (6). If so, then hyperoxia would not be able to further improve tumor
regression in A2AR ™~ mice as compared to wild-type mice (2). In agreement with this
hypothesis, Fig. 2C (right side) demonstrates that respiratory hyperoxia did not further
improve tumor regression in A2AR™/~, suggesting that the reversal of hypoxia was acting
upstream of A2AR signaling. This conclusion was confirmed in adoptive transfer
experiments, where respiratory hyperoxia enhanced the therapeutic efficacy of wild-type T
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cells, but not A2AR™~ T cells (fig. S4). Data from Fig. 2C (identified as “21% WT” versus
“21% A2AR™~") also extend previous observations of the enhanced rejection of intradermal
tumors in A2AR™~ mice (2) to the pulmonary foci tumor model. Together, data in Figs. 1
and 2 provide genetic evidence that hyperoxia prevents the inhibition of antitumor T and NK
cells by acting upstream of the hypoxia-[adenosine]H19"-A2 AR-[cAMP]Hig" pathway .

In support of the hypothesis that the reversal of hypoxia in the TME prevents the inhibition
of antitumor immunity, analysis of tumors in different anatomical locations shows markedly
fewer CD8 and CD4 T cells in hypoxic areas of tumors compared to normoxic neighboring
regions of the same tumor (Fig. 3A and fig. S5). This demonstration that T cells seem to
avoid hypoxia provides an explanation of the limited tumor infiltration by T cells and the
less than optimal clinical outcomes of the immunotherapies in cancer (34).

Using a molecular in vivo hypoxia marker (25), Fig. 3 (B and C) demonstrate that
respiratory hyperoxia reduced the exposure of lymphocytes to hypoxia in the TME as well
as in lymphoid organs. Both CD8 and CD4 T cells from the lungs and spleen of tumor-
bearing mice breathing 60% oxygen had less hypoxic staining. These observations extend
and support our previous data demonstrating that respiratory hyperoxia decreased
intratumoral hypoxia and the concentrations of extracellular adenosine in the TME (25).

Respiratory hyperoxia converts an immunosuppressive TME into an immunopermissive

TME

Additional analysis of the TME demonstrated that the conversion to an immunopermissive
TME by respiratory hyperoxia resulted in the highly desirable (34) enhancement of tumor
infiltration by antitumor CD8 T cells (Fig. 4A). This was confirmed and extended in a flow
cytometric time course assay showing the hyperoxia-enhanced accumulation of highly
activated CD8 T cells in the pulmonary TME (Fig. 4B). Mice with established pulmonary
tumors treated with respiratory hyperoxia demonstrated an increase in the number of CD8*,
CD69", and CD44* cells in the TME. Because T cells demonstrate aversion to hypoxia (Fig.
3A), the reduction in the exposure of T cells to hypoxia in the TME after hyperoxic
breathing may explain their increased presence in the TME. In these assays, the recruitment
of CD4 T cells was not affected, suggesting that respiratory hyperoxia may differentially
affect CD8 versus CD4 T cells. This could be due to changes in the cytokine/chemokine
profile in the TME after respiratory hyperoxia or differences in the expression of chemokine
receptors.

In Fig. 4 (C and D), we used custom-made reverse transcription polymerase chain reaction
(RT-PCR) arrays to scan the pulmonary TME for hyperoxia-induced changes among 94
proinflammatory and tolerogenic mediators, including 4 chemokine receptors, 20 chemokine
ligands, and 27 different cytokines and chemokines (35). The hyperoxia-associated increase
in the levels of proinflammatory cytokines [IL-2 (interleukin-2) and IL-12] and chemokines
[CXCL9 (CXC motif ligand 9), CXCL10, and CXCL11] (Fig. 4C) was accompanied by the
simultaneous decrease in the immunosuppressive cytokine transforming growth factor—3
(TGF-b) (Fig. 4D).
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Respiratory hyperoxia may weaken immunosuppression by regulatory T cells in the TME

Experiments in Fig. 5A addressed a well-appreciated problem in clinical immunotherapy
protocols, which is the presence of suppressive regulatory T cells (Tyegs) in the TME that
inhibit the antitumor immune response (36). We hypothesized that respiratory hyperoxia
may decrease immunosuppression by Tregs in the TME because of the proposed role of
hypoxia and cAMP response element (HRE/CRE)—mediated transcription in the
development and function of Tyegs (5). To this end, we analyzed the effect of respiratory
hyperoxia on the time course of CD4*, CD25", Foxp3™ Teq tumor infiltration and the
expression of negative regulators of the immune response.

Data from Fig. 5 suggest that hyperoxia weakens Treg-mediated suppression of the immune
response in the pulmonary TME by four distinct mechanisms. Respiratory hyperoxia
resulted in (i) a decrease in the percentage of Tyegs in the pulmonary TME (Fig. 5A, left), (ii)
reduced levels of the transcription factor Foxp3 in Tregs (Fig. 5A, right), (iii) reduced
expression of the adenosine-generating enzymes CD39/CD73 on Tiegs (Fig. 5, B and C), and
(iv) a decrease in the expression of CTLA-4 (cytotoxic T lymphocyte—associated protein 4)
on Tregs (Fig. 6A), which has been shown to be critical for Tyeg-mediated suppression (37).

In accordance with data from Fig. 3 on CD4 and CD8 T cells in the TME, Tegs from tumor-
bearing mice breathing 60% oxygen demonstrated less exposure to hypoxia (Fig. 6B).
Because respiratory hyperoxia reduced CTLA-4 on Tyegs (Fig. 6A) and CTLA-4 is important
for the functions of Tyegs (37), the relationship between hypoxia and CTLA-4 expression on
Tregs Was further evaluated. Figure 6C and fig. S6 demonstrate that CTLA-4High Tregs from
the lung TME and spleen of tumor-bearing mice were exposed to lower oxygen tension
when compared to CTLA-4L0W Tpooo. Although both CTLA-4M19" and CTLA-4L0W Tygg
were present in mice breathing 21% and 60% oxygen, the hypoxia staining from the
CTLA-4High Treg POpulation was lower in hyperoxia-treated mice. This, in turn, may inhibit
HRE- and CRE-mediated immunosuppressive transcription of suppressive mediators, such
as TGF-p (Fig. 4D) (5).

To extend the studies of endogenously developed tumor-reactive T cells and to gain
additional mechanistic insights into hyperoxia-mediated enhancement of tumor regression,
we studied adoptively transferred tumor-reactive T cells in mice breathing 60% oxygen.
Mice with 11-day established pulmonary tumors were infused intravenously with in vitro
culture-activated antigen-specific T cells (fig. S7) derived from tumor-draining lymph nodes
(TDLNSs). Twenty-four hours before transfer, mice were treated with cyclophosphamide to
mimic clinical protocols of adoptive cell transfer (30, 31). As shown in Fig. 7A,
commencing respiratory hyperoxia on the same day as adoptive T cell immunotherapy in
mice with 11-day established tumors enhanced tumor regression when compared to mice
treated with T cells alone (Fig. 7A; 60%%*). An even stronger therapeutic effect, shown by
the complete regression of lung tumors by adoptively transferred tumor-reactive T cells, was
achieved if mice were breathing 60% oxygen from the time of tumor inoculation until the
assay completion on day 21 (Fig. 7A; 60%). In control assays, adoptively transferred tumor-
reactive A2AR™/~ T cells demonstrated no improved efficacy when combined with
respiratory hyperoxia (fig. S4).
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Because limited tumor infiltration of antitumor T cells has been shown to diminish the
effects of immunotherapy, we examined the trafficking of adoptively transferred tumor-
reactive T cells in the TME. Figure 7B shows the facilitation of intratumoral infiltration and
the increased number of carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled
adoptively transferred T cells in pulmonary tumors of mice treated with respiratory
hyperoxia. These results are complementary to and extend the observation of increased
intratumoral infiltration of endogenously developed CD8 T cells in mice breathing 60%
oxygen (Fig. 4, A and B). Respiratory hyperoxia also increased the production of interferon-
v (IFN-y) by adoptively transferred (Thy1.1%) and endogenously developed (Thy1.2+)
tumor-reactive T cells from the pulmonary TME (fig. S8).

Because data from Fig. 2 (A and B) pointed to the importance of NK cells in the hyperoxia-
induced tumor regression, we also examined the effect of respiratory hyperoxia on
adoptively transferred activated NK cells. Figure S3D demonstrates that respiratory
hyperoxia enhanced the tumoricidal activities of transferred NK cells against established
B16 pulmonary tumors. Confirming and extending data from Fig. 1B, respiratory hyperoxia
improved tumor regression of established B16 tumors even in the absence of NK cell
transfer. However, combination with adoptive transfer of NK cells resulted in the strongest
tumor regression. The hyperoxia-mediated enhancement of NK cell activity occurred
without adjunctive IL-2 therapy, which is often critical for effective NK cell therapy (38).

Additional studies also determined whether the antitumor effects of supplemental oxygen
could be accomplished by less than 60% oxygen. Figure 7C demonstrates in dose-response
studies that breathing as low as 40% oxygen was also capable of promoting tumor
regression. By alternating the breathing of 60% oxygen with 40 or 21% oxygen every 12
hours, we established that breathing 60% oxygen 24 hours/day was necessary to achieve the
strongest antitumor effects (Fig. 7D). Because CTLA-4/PD-1 (programmed cell death
protein 1) blockade represents one of the most important recent advances in cancer
immunotherapy (8-12), we also tested whether respiratory hyperoxia would be capable of
enhancing the therapeutic efficacy of CTLA-4/PD-1 blockade against pulmonary tumors.
Figure 7E demonstrates that the tumor regression induced by dual blockade of CTLA-4/
PD-1 was enhanced by respiratory hyperoxia.

DISCUSSION

This study demonstrates that the weakening of upstream tumor hypoxia by supplemental
oxygenation decreases the intensity of the downstream A2AR-mediated immunosuppression
in the TME. This, in turn, releases the restraints of the otherwise inhibited antitumor
activities of T and NK cells and enables tumor regression and survival.

These previously unappreciated and potentially medically valuable immunoenhancing
antitumor effects of 60% oxygen were observed because of the assumption that oxygenation
must be combined with the parallel activities of tumor-reactive T and NK cells. Indeed,
these data demonstrate that the tumor-regressing effects of respiratory hyperoxia are
dependent on the presence of T and NK cells. In accordance with earlier studies focused on
the mechanisms of cytotoxicity, these data suggest that the improved tumor rejection could
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be accounted for by exocytosis of perforin-containing granules and by FAS-mediated
cytotoxicity of antitumor T and NK cells unleashed by the weakening of hypoxia
adenosinergic immunosuppression(39). Werecentlydemonstrated that respiratory hyperoxia
induced the up-regulation of major histocompatibility complex class | on tumor cells,
enhancing T cell-mediated cytotoxicity (25). This resulted in the increased recognition and
destruction of tumor cells invitro(25). Additionally, respiratory hyperoxia increased the
production of proinflammatory cytokines and chemokines, including IFN-y. This may
contribute to starvation-induced apoptotic tumor cell death, potentially mediated by the
increased levels of IFN-y (2).

The use of respiratory hyperoxia offers a feasible direction in attempts to improve the
immunotherapy of cancer by inhibiting not only the tumor-protecting hypoxia-CD39/CD73-
mediated accumulation of immunosuppressive extracellular adenosine but also the hypoxia-
driven formation of intracellular adenosine (40-42). This is another important potential
source of extracellular adenosine (40-42). Hypoxia may increase the formation of
intracellular adenosine by (i) decreasing intracellular levels of adenosine triphosphate, (ii)
increasing intracellular AMP, (iii) inhibiting adenosine kinase, and (iv) increasing the
expression of 5’-nucleotidase (40-42). Indeed, hypoxia/HIF-1a (hypoxia-inducible factor—
la)—driven inhibition of adenosine kinase leads to the accumulation of intracellular
adenosine (41). This, in turn, may elevate levels of extracellular adenosine independent of
CD39/CD73, further contributing to immune suppression (16-19, 21, 42).

It remains a possibility that suppression by tumor-associated macrophages (TAMs) or
myeloid-derived suppressor cells (MDSCs) (43-45) might also be altered by the reversal of
hypoxia. It has been well established that these cell types play an important role in tumor
growth, metastasis, and suppression of the antitumor immune response. Moreover, it has
recently been shown that hypoxia and HIF-1a drive the recruitment of MDSCs and TAMs
to the TME, as well as M2-like polarization and activity (43-45).

Among the limitations of this study are the yet to be fully understood mechanisms of
oxygenation-mediated de-inhibition of NK cells and their potential role in orchestrating
antitumor T cell responses. In addition, it is not yet clear whether the weakening of TME
hypoxia in vivo affects the repertoire of activating versus inhibitory NK ligands.

An additional limitation exists in the requirement of 24-hour/day respiratory hyperoxia to
accomplish the maximal outcome in these preclinical studies. However, the continuing
advances in the design and use of high-oxygen masks may increase patient compliance with
protocols of respiratory hyperoxia. A promising solution would be to decrease the required
treatment time of respiratory hyperoxia by combining it with synthetic A2AR antagonists to
further prevent immunosuppressive A2AR signaling by tumor-produced adenosine.

Although it is established that high levels of supplemental oxygen (>95% O>) can cause
oxygen toxicity as well as nonspecific inflammatory responses, the use of 60% oxygen is not
associated with high-oxygen toxicity and is considered to be safe in long-term treatments
(22). However, the delivery of 60% oxygen should be considered with an understanding that
although long-term treatment has been proven to be safe, our previous reports attracted
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attention to the possibility that 60% oxygen may exacerbate ongoing acute inflammatory
lung injury by inhibiting the hypoxia—HIF-1a—[adenosine] 119"-A2AR pathway (23, 46).

Therefore, it will be important to avoid using inhibitors of hypoxia—A2-adenosinergic
immunosuppression, including respiratory hyperoxia, in cancer immunotherapy patients
during simultaneous episodes of acute inflammation (23, 46). Respiratory hyperoxia may
not only enable stronger antitumor activities by de-inhibited tumor-reactive immune cells
but also increase the inflammatory damage in normal tissues by de-inhibited myeloid cells
or T cells activated by other antigens in patients with concomitant acute inflammation (23).

Because respiratory hyperoxia is widely used in clinical settings, it can be readily combined
with existing immunotherapies for cancer and with already available and safe natural or
synthetic antagonists of A2AR. We propose the clinical testing of respiratory hyperoxia
either alone or in combination with the blockade of A2AR and inhibition of the CD39/
CD73-mediated extracellular adenosine generation. It is expected that selective antagonists
of A2AR will be most effective when combined with methods to reduce extracellular
adenosine accumulation in the TME.

MATERIALS AND METHODS

Study design

The objective of this study was to test whether respiratory hyperoxia may prevent hypoxia-
driven immunosuppression in the TME. The tumor immunology assays in mice were
expected to provide proof of principle for the potential therapeutic use of respiratory
hyperoxia to overcome the inhibition of antitumor T and NK cells and improve tumor
rejection. Sixty percent oxygen was selected because it is used in clinical protocols of
respiratory hyperoxia. Treatment of cancer patients with advanced lung metastasis was
mimicked by treatment of mice with well-established lung tumors. The maximal antitumor
capacity of respiratory hyperoxia was determined by commencing treatment soon after
inoculation of tumors. The MCA205 tumor cell line was used because of the predictable
time course and intensity of T cell response (30, 31). The more aggressive B16 melanoma
was used to represent poorly immunogenic tumors (31, 38). Orthotopically grown, CD73-
expressing 4T1 breast tumors were also used in this study to mimic human TNBCs.

We compared 40 to 60% oxygen to provide a clinical alternative that might increase patient
compliance with protocols of respiratory hyperoxia. To extend the clinical applicability,
respiratory hyperoxia was combined with two major types of immunotherapy by testing
whether respiratory hyperoxia would improve the preclinical therapeutic efficacy of
adoptive T cell immunotherapy and dual blockade of CTLA-4 and PD-1.

Sample sizes were predetermined on the basis of statistical considerations and on pilot
experiments that indicated the number of mice per group needed to generate statistical
significance. Two-sided testing was performed with a confidence level of 95% for statistical
analyses. Littermate mice were given tumors and randomly assigned to experimental or
control groups. Where possible, treatment groups were blinded until statistical analysis. All
experiments were repeated at least twice to confirm findings, and representative experiments
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are shown. The experimental procedures were approved by the Institutional Animal Care
and Use Committee at Northeastern University.

Female C57BL/6N (B6) or Balb/c mice, 8 to 12 weeks old, were purchased from Charles
River Laboratories; B6/Thyl.1 mice were purchased from The Jackson Laboratory; yc/
Rag-2~/~ mice were purchased from Taconic. These animals were housed in a specific
pathogen—free environment according to the National Institutes of Health (NIH) guidelines.
All animal experiments were conducted in accordance with Institutional Animal Care and
Use Committee guidelines of Northeastern University.

MCAZ205 fibrosarcoma is a 3-methylcholanthrene—induced tumor of B6 origin (30, 31), and
B16-F10.P1 is a poorly immunogenic subclone of the spontaneously arising B16/BL6
melanoma (31, 38). For establishment of pulmonary tumors, B6 mice were injected
intravenously with either 3 x 10> MCA205 or B16-F10.P1 tumor cells suspended in 200 pl
of Hanks’ balanced salt solution (HBSS). On day 21, MCAZ205 tumor-bearing lungs were
counterstained with India ink, and tumors were enumerated. Lungs with more than 250
nodules were assigned >250 as the maximum number that can be counted reliably. For
survival studies, B6 mice were injected intravenously with 0.75 x 10° MCA205 tumor cells
suspended in 200 pl of HBSS. For establishment of solid tumors, B6 mice were injected
intradermally with 1 x 105 MCA205 tumor cells suspended in 100 pl of HBSS. For studies
of spontaneous metastasis of orthotopically grown breast tumors, 1 x 10° 4T1 cells (20, 21)
were injected into the third mammary fat pad of Balb/c mice.

Hyperoxic breathing

Mice were placed in chambers with well-controlled gas compaosition to mimic protocols of
supplemental oxygen delivery to humans (23). Self-contained oxygen generators (AirSep)
were used to ensure that desired levels of oxygen were maintained inside each unit.
Hypercapnic acidosis was avoided by replacing traditional mouse cage tops with aerated
wire lids and by using Sodasorb (Grace & Co.) (23, 47, 48). Composition of inhaled gas
inside units was confirmed by analyzing PCO, (partial pressure of CO,) and PO, (partial
pressure of O,) values in an equilibrated atmosphere. CO5 levels inside the chamber never
exceeded 0.4%, whereas hypercapnia typically occurs at levels higher than 2%.
Confirmation of the levels of CO5 and O» in control and experimental groups treated with
21 or 60% oxygen was done in collaboration with R. Marsh (Northeastern University).
Fractional concentrations of O, and CO, were monitored by pulling a sample from the
chamber at a rate of 100 ml min~1 using a Sable Systems Model SS3 sample pump (Sable
Systems). The gas sample was pulled in order through the following: (i) a column of Drierite
to remove water vapor; (ii) a Sable Systems model CA-1 CO» analyzer to measure the
fractional concentration of CO»; and (iii) a Sable Systems model FC-10 O, analyzer to
measure the fractional concentration of O,. The O, analyzer was calibrated using dry, CO5-
free air that was assumed to be 20.95% oxygen, and the CO, analyzer was calibrated using a
5.0% calibration gas from Medical-Technical Gases. Analog signals from the gas analyzers
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were recorded on a Macintosh computer using a 16-bit A-D converter (ADInstruments
model Sp16) and the application LabChart from ADInstruments.

Monoclonal antibodies

For depletion of subsets of T and NK cells, immune cells were depleted (by intraperitoneal
injection of 500 pg of either GK1.5, YTS 169, PK-136, or isotype control, Bio X Cell) 2
days before tumor inoculation and 60% oxygen treatment, preventing attack by T or NK
cells on tumor cells. To maintain immune cell depletion, mAbs (250 pg) were given
intraperitoneally each week until assay completion (21 days). Rat immunoglobulin G (I1gG)
isotype controls were given to control mice at the same dose. For CTLA-4/PD-1 dual
blockade, mAbs against CTLA-4 (9H10, Bio X Cell) and PD-1 (J43, Bio X Cell) were
injected (500 pg) intraperitoneally into tumor-bearing mice on days 3, 6, and 9. Mice were
treated with respiratory hyperoxia from days 3 to 21 or maintained at 21% O» until assay
completion at day 21.

Evaluation of TME hypoxia

For hypoxic localization of T cells, mice with established lung or intradermally grown
MCAZ205 tumors were injected with Hypoxyprobe-1 (80 mg/kg). After 1.5 hours of labeling,
lungs were snap-frozen, 5-um cryosections were prepared from 10 to 20 different cutting
surfaces, and immunohistochemistry was performed. For hypoxic lymphocyte analysis, mice
with 11-day established MCAZ205 lung tumors were placed in 21 or 60% oxygen for 48
hours, and the MFI of Hypoxyprobe-1 on T cells from the lung and spleen was analyzed by
flow cytometry.

Immunohistochemistry and analysis of intratumoral T cells

The infiltration of endogenous CD4/CD8 T cells into lung tumor nodules was quantified by
the Harvard Medical School Pathology Department at Brigham and Women's Hospital in
analyses using Spectrum Plus and Aperio's ScanScope slide scanners. Mice with 11-day
established MCA205 pulmonary tumors were treated with 60% oxygen or maintained at
21% oxygen. After 4 days, the infiltration of CD4 and CD8 T cells into ~50 different lesions
per group was assessed in mice breathing 21 and 60% oxygen. Immunohistochemistry was
performed using 4-um-thick acetone-fixed, optimum cutting temperature compound (OCT)-
embedded tissue sections. The slides were soaked in —20°C methanol-acetic acid for 2 min
and then air-dried for 20 min at room temperature. Slides were pretreated with Peroxidase
Block (Dako). Primary rabbit anti-CD8 or anti-CD4 antibody (BD Pharmingen) was applied
at a concentration of 1:100 at room temperature for 1 hour. Rabbit anti-rat Ig antibody was
applied at a concentration of 1:750 in Dako diluent for 1 hour. Slides were detected with
anti-rabbit Envision+ kit (Dako). Immunoperoxidase staining was developed using a
diaminobenzidine chromogen (Dako) and counterstained with hematoxylin. Cell number per
unit area was calculated after tumors were annotated using Spectrum Plus and Aperio's
ScanScope slide scanners by the Harvard Medical School Pathology Department at Brigham
and Women's Hospital.

For analysis of the localization of T cells in the hypoxic versus normoxic TME, tumor-
bearing lungs or intradermal tumors were imbedded with OCT compound and frozen in
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liquid nitrogen. Sections were cut at 5 um and mounted on glass slides. Sections were fixed
in 1:1 acetone/methanol solution and stained with fluorescent-labeled Hypoxyprobe-1, CD4,
and CD8 antibodies at a concentration of 1:200 for 3 hours. The slides were washed and
counterstained with 4’,6-diamidino-2-phenylindole (Molecular Probes). The numbers of T
cells/mm? in >180 hypoxic versus normoxic areas in both lung and intradermal tumors were
analyzed using ImageJ software (NIH, MacBiophotonics).

Analysis of lung TME and flow cytometry

For studies of TME-infiltrating lymphocytes, mice with 11-day established MCA205
pulmonary tumors were placed in either 21 or 60% oxygen for up to 4 days. Tumor-bearing
lungs were homogenized and passed through a 70-um strainer. Lymphocytes were recovered
using 40% Percoll separation, incubated with mAbs (BD Pharmingen and eBioscience) in
fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline + 0.5% bovine
serum albumin), and acquired on a FACSCalibur or FACSCalibur Cytek DxP 8. Using this
method, >98% of the lymphocytes were determined to be live cells by propidium iodide
staining. Lymphocytes were analyzed with a lymphoid gate using CellQuest (BD
Biosciences) and FlowJo (Tree Star) softwares.

Reverse transcription polymerase chain reaction

Mice with 11-day established MCA205 pulmonary tumors were placed in either 21 or 60%
oxygen for 72 hours. A custom 96-well RT-PCR array was developed (Sylvester
Comprehensive Cancer Center), primer sets were synthesized (Sigma), and RT-PCR was
performed using the RT2 SYBR Green PCR Mastermix (SuperArray) on an Applied
Biosciences 7300 PCR platform as described previously (35). Housekeeping genes Hrpt-1
and B-actin were used as controls. See table S2 for primer sequences.

Western blot

Mice with 11-day established lung tumors were placed in either 60 or 21% oxygen for 72
hours. Lungs were snap-frozen in liquid nitrogen and then homogenized in lysis buffer.
After fractionation with SDS—polyacrylamide gel electrophoresis followed by semidry
transfer, TGF-f in samples was detected with rabbit anti-mouse TGF-f3 polyclonal antibody
conjugated to horseradish peroxidase (1:500, Santa Cruz). Levels of B-actin were detected
using anti-mouse B-actin mAb (1:5000, Sigma-Aldrich).

Preparation of TDLN T cells for adoptive immunotherapy

B6 mice were inoculated subcutaneously with 1 x 108 MCA205 tumor cells in both flanks.
Twelve days later, inguinal TDLNs were harvested, and single-cell suspensions were
prepared and culture-activated as described previously (30, 31, 49). Four days later, TDLN
cells (Fig. 7) were resuspended in HBSS for adoptive immunotherapy (30, 31, 49).
Therapeutic efficacy of transferred T effector cells was assessed in the treatment of 11-day
established MCA205 pulmonary tumors by intravenous injection of 5 x 106 culture-
activated T cells to each mouse. Tumor-bearing mice were pretreated intravenously with
cyclophosphamide (100 mg/kg) 1 day before infusion of T cells. Cyclophosphamide
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treatment is routinely used to improve the therapeutic efficacy of adoptively transferred T
cells and was also administered to untreated tumor-bearing control mice (38, 49).

Assessment of in vivo trafficking and cytokine production of tumor-reactive T cells

For fluorochrome labeling, cells were resuspended at 1 x 107/ml in HBSS containing 5 uM
CFSE (Molecular Probes) as previously described (31). Forty-eight hours after transfer of 5
x 108 CFSE-labeled culture-activated TDLN T cells into tumor-bearing mice, lung samples
were harvested and fixed in 4% formalin for 24 hours and then placed in 30% sucrose.
Tissues were snap-frozen, and 5-um cryosections were prepared from 10 to 20 different
cutting surfaces. The number of CFSE-labeled cells in ~100 tumors from three mice per
group was averaged and presented as the number of cells per mm? tumor tissue. Significance
was evaluated by a Mann-Whitney test (P = 0.01). For cytokine analysis, TDLN T cells (5 x
10%) derived from donor B6/Thy1.1* congenic mice were labeled with CFSE and injected
into B6/Thy1.2* tumor-bearing recipients. Four days after transfer, Thy1.1* and Thyl.2* T
cells were isolated from tumor-bearing lungs (~150 to 200 nodules), incubated with anti-
CD3 (0.1 uM) for 4 hours, and analyzed by flow cytometry for the production of IFN-y.

Statistics

The significance of differences in the numbers of pulmonary tumors between groups was
measured by the Student's t test (two-sided), and tumor-bearing lung weights were analyzed
by the Wilcoxon rank sum test. Survival studies of MCA205 tumor—bearing mice were
analyzed using the log-rank test. Differences in hypoxic staining, cell numbers, RNA levels,
tumor size, and flow cytometry data were analyzed by the Student's t test. The infiltration of
transferred T cells was analyzed by the Mann-Whitney test. P values are listed within the
figures and figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Respiratory hyperoxia promotestumor regression and survival and decr eases metastasis
(A) Respiratory hyperoxia promotes tumor regression in mice with 11-day established

MCAZ205 pulmonary tumors. Mice were placed in chambers with 60% oxygen after 11 days
of tumor growth (identified as 60% O,*; P = 0.001), and lungs were harvested at day 21.
Stronger regression was observed when mice were placed in 60% oxygen units immediately
after tumor inoculation (identified as 60% O»; P = 0.0003) (n = 5 mice per group, averages
represented as horizontal bars). (B) Hyperoxia-enhanced tumor regression in mice with B16
melanoma pulmonary tumors (n = 5 mice per group, averages represented as horizontal bars;
P = 0.0001). (C) Respiratory hyperoxia leads to long-term survival in 40% of MCA205
tumor—bearing mice (n =5 mice per group; P = 0.009). (D) Respiratory hyperoxia strongly
decreases spontaneous lung metastasis of orthotopically grown 4T1 breast tumors (n =5
mice per group; P = 0.005). Balb/c mice were injected in the third mammary fat pad with
4T1 tumor cells. After tumors became palpable at day 7, mice were placed in either 21 or
60% oxygen until assay completion on day 28.
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Fig. 2. Antitumor effects of respiratory hyperoxiarequire endogenous T and NK cells
(A) Tumor-regressing effects of hyperoxia are lost in yc/Rag-2~/~ mice deficient in T and

NK cells. MCA205 tumor—bearing wild-type(WT) or yc/Rag-2~/~ mice were placed in 21 or
60% oxygen after tumor inoculation, and lung tumors were assessed after 21 days (n =5
mice per group, averages represented as horizontal bars; P = 0.0001). (B) Hyperoxia-
induced regression of MCA205 pulmonary tumors is mediated by CD4, CD8, and NK cells.
Depletion of different T cell subsets or NK cells using mAbs 2 days before tumor
inoculation impaired or completely abrogated the antitumor effects of 60% oxygen (n =5
mice per group, averages represented as horizontal bars; *P = 0.001, **P = 0.0001, ***P <
0.0001). (C) Respiratory hyperoxia improves tumor regression in MCA205 tumor—bearing
WT mice but does not significantly improve the therapeutic benefit of genetic elimination of
A2AR (n =5 mice per group, averages represented as horizontal bars; P = 0.002 and P =
0.77 for WT and A2AR™/~, respectively).
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Fig. 3. Antitumor T cellsavoid hypoxic areas of the TME
(A) Immunohistochemical demonstration of CD8 T cells (red) preferentially localized

outside of hypoxic areas (green) of intradermal (left panel) and lung (right panel) TME.
Tissue sections from 14-day established lung or intradermal MCAZ205 tumors were
analyzed. Statistical comparison between hypoxic and normoxic locations of CD8 T cells
seen in the representative images on the left (scale bar, 100 um) is shown in the histogram
on the right (dermal: n = 3 mice, P = 0.0002; lung: n = 3 mice, P = 0.01). (B) Respiratory
hyperoxia decreases hypoxic exposure of CD4 and CD8 T cells in the lung TME and spleen
of tumor-bearing mice. Lymphocytes were isolated from MCAZ205 tumor—bearing lungs or
spleen of mice breathing 21 or 60% oxygen, and the mean fluorescence intensity (MFI) of
Hypoxyprobe-labeled T cells was analyzed by flow cytometry (lung: n = 4 mice per group;
CD8 P =0.005, CD4 P = 0.003; spleen: n = 3 mice per group; CD8 P =0.003, CD4 P =
0.03).
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Fig. 4. Respiratory hyperoxiaresultsin an immunoper missive TME
(A) Immunohistochemical demonstration of the enhanced infiltration of endogenous CD8 T

cells into established MCAZ205 pulmonary tumors due to hyperoxic breathing (means +
SEM, P =0.015; n = 3 mice per group; scale bar, 200 um). (B) Hyperoxic breathing
promotes the accumulation of highly activated endogenous CD8 T cells as shown by flow
cytometric analysis of the pulmonary TME. Mice with 11-day established MCA205
pulmonary tumors were treated with respiratory hyperoxia for 4 days, and the number of
CD8*, CD69*, and CD44" cells was analyzed by flow cytometry (means + SEM, *P = 0.04;
n = 3 mice per group). (C) Respiratory hyperoxia increases the levels of immunostimulating
cytokines and chemokines as detected using custom-made RT-PCR arrays to screen for
changes in 94 different chemokines and cytokines. Mice with 11-day established MCA205
pulmonary tumors were treated with respiratory hyperoxia for 72 hours (means + SEM,
exact P values listed in table S1; n = 3 mice per group). (D) Respiratory hyperoxia decreases
the levels of TGF-B in the lung TME (means £ SEM, P = 0.03; n = 3 mice per group). Inset:
Immunoblot for TGF-B in lung tumors from mice breathing 21 and 60% oxygen. Mice with
11-day established MCA205 pulmonary tumors were treated with respiratory hyperoxia for
72 hours.
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(A) Left: Respiratory hyperoxia decreases the percentage of CD4¥/CD25%/Foxp3™ Tyegs in
the lung TME (P = 0.03; n = 5 mice per group). Mice bearing 11-day established MCA205

pulmonary tumors were placed in either 21 or 60% oxygen for 72 hours. Right: The

expression of Foxp3 was also reduced by respiratory hyperoxia. The average MFI was 2227
and 1572 in mice breathing 21% versus 60% oxygen, respectively (P =5.82 x 10°;n=5
mice per group). (B and C) Left: Respiratory hyperoxia reduces the expression of CD39 (B)
and CD73 (C) on Tiegs in the TME (P = 0.02 and P = 0.05; n = 5 mice per group). Right:
The following are the average MFIs from 21 and 60% oxygen, respectively: CD39 (6329,

4226; P = 0.03) and CD73 (17054, 15761; P = 0.02).
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Fig. 6. Respiratory hyperoxia decr eases exposur e of T ggs to hypoxia and reduces expression of

CTLA-4

(A) Respiratory hyperoxia reduces the expression of CTLA-4 by Tyeqs. The average MFI of
CTLA-4 on Tyegs Was 4786 in mice breathing 21% O, and 2684 in mice breathing 60% O,
(P =0.01; n =5 mice per group). (B) Respiratory hyperoxia reduces the exposure of Tyegs to
hypoxia in both the lung and the spleen of MCA205 tumor—bearing mice (lung: P = 0.0002,
n = 4 mice per group; spleen: P = 0.001, n = 3 mice per group). (C) CTLA-4High Tregs in the
lung TME were also HypoxyprobeHi9h, reflecting in vivo exposure to deeper levels of
hypoxia. Respiratory hyperoxia decreased the numbers of CTLA-4High Tregs cOmpared to
mice breathing 21% oxygen (P = 0.002; n = 4 mice per group).

Sci Transl Med. Author manuscript; available in PMC 2015 November 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hatfield et al.

Page 23

A
ONormal tissue
®Cancerous tissue
>250
4
S 200
2 =
s 150 P=001
: |
2 100
=}
S 50
z o I
o P &
[Oxygen]  21% 21% 60%" 60% 21%0, 60%0,
Tcells - + + +
P=005 p-gos

C P=0.046
>250 @ g

200

N
s}
S

a
_ P <0.0001

o
S

No. of tumors/lung
=]
S

=
£
2
2
<]
E
2
s
S
2

No. of tumors/lung

o
S

B &

[Oxygen]  21% 40% 60% [Oxygen] 21% 60% 60%% 60%! [Oxygen] 21% 21% 60% 60%
40% ¥ 21%! CTLA4/PD1 = + - +

Fig. 7. Respiratory hyperoxiaimprovestumor regression in preclinical models of
immunother apies
(A) Adoptive immunotherapy in combination with respiratory hyperoxia enabled the

complete regression of 11-day established MCA205 pulmonary tumors. Mice identified as
60%* were placed in the 60% oxygen units the same day as adoptive T cell immunotherapy,
whereas mice identified as 60% were placed in oxygen units for the duration of the assay
(21 days) [n = 5 mice per group, averages represented as horizontal bars; P = 0.03 (60%%*)
and P = 0.01 (60%)]. (B) Hyperoxia facilitates the infiltration of adoptively transferred T
cells into 11-day established pulmonary tumors. Left: Fluorescent micrographs (scale bar,
200 um) of CFSE-labeled adoptively transferred T cells (green) in mice breathing 60 or 21%
oxygen 48 hours after adoptive transfer. Right: Enumeration of tumor-infiltrating transferred
T cells. The average infiltration from ~100 tumors was 249 cells/mm? in control mice and
723 cells/mm? in mice breathing 60% oxygen (n = 3 mice per group; means = SEM, P =
0.01). (C) Breathing as low as 40% oxygen results in pulmonary tumor regression [n =5
mice per group, averages represented as horizontal bars; P = 0.046 (40% O,) and P = 3 x
1076 (60% 0,)]. (D) Alternating between breathing 60 and 40% oxygen or 60 and 21%
oxygen every 12 hours enables tumor regression compared to mice continuously breathing
21% oxygen (n =5 mice per group, averages represented as horizontal bars; P = 0.001 and P
= 0.01, respectively). Breathing 60% oxygen continuously (24 hours/day) causes the
strongest antitumor activity. (E) Respiratory hyperoxia improves the outcome of dual
CTLA-4/PD-1 blockade in preclinical studies of lung tumor rejection. Mice were inoculated
with MCA205 tumor cells and given mAbs for CTLA-4/PD-1 intraperitoneally on days 3, 6,
and 9 (500 pg). Mice were treated with respiratory hyperoxia from days 3 to 21 or
maintained at 21% O until assay completion (day 21) (n = 5 mice per group, averages
represented as horizontal bars; P = 0.04).
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