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A B S T R A C T

The role of nitric oxide (NO) in cancer progression has largely been studied in the context of tumor NOS2
expression. However, pro- versus anti-tumor signaling is also affected by tumor cell-macrophage interactions.
While these cell-cell interactions are partly regulated by NO, the functional effects of NO flux on proin-
flammatory (M1) macrophages are unknown. Using a triple negative murine breast cancer model, we explored
the potential role of macrophage Nos2 on 4T1 tumor progression. The effects of NO on macrophage phenotype
were examined in bone marrow derived macrophages from wild type and Nos2−/− mice following in vitro
stimulation with cytokine/LPS combinations to produce low, medium, and high NO flux. Remarkably, Nos2
induction was spatially distinct, where Nos2high cells expressed low cyclooxygenase-2 (Cox2) and vice versa.
Importantly, in vitro M1 polarization with IFNγ+LPS induced high NO flux that was restricted to cells harboring
depolarized mitochondria. This flux altered the magnitude and spatial extent of hypoxic gradients. Metabolic
and single cell analyses demonstrated that single cell Nos2 induction limited the generation of hypoxic gradients
in vitro, and Nos2-dependent and independent features may collaborate to regulate M1 functionality. It was
found that Cox2 expression was important for Nos2high cells to maintain NO tolerance. Furthermore, Nos2 and
Cox2 expression in 4T1 mouse tumors was spatially orthogonal forming distinct cellular neighborhoods. In
summary, the location and type of Nos2high cells, NO flux, and the inflammatory status of other cells, such as
Cox2high cells in the tumor niche contribute to Nos2 inflammatory mechanisms that promote disease progression
of 4T1 tumors.

1. Introduction

Historically, NO flux from murine macrophages was thought to be
in the anti-tumor, anti-angiogenic and anti-pathogen range
(> 500 nM), but more recently, lower levels (< 500 nM) were found to
be critical in wound healing responses exploited by the tumor during
disease progression [1–4]. Early studies have shown that exposure of
ANA-1 macrophages to different M1-polarizing cytokine combinations
generated different NO flux. Because NO effects are concentration de-
pendent, these results implicated stimulus-specific biological ramifica-
tions of NO produced by macrophages [5]. Importantly, this range of
NO flux can be produced by cytokine-stimulated macrophages in the
tumor microenvironment (TME) [6]. High levels of NO induce apop-
tosis in leukemic cells in murine models as well as necrosis in

glioblastoma multiforme in humans, but high expression of NOS2 and
co-expression with COX2 is associated with poor prognosis in Estrogen
Receptor negative (ER-) breast cancer patients [1,2,7–9]. Previous
studies have examined the expression of NOS2 and COX2 within the
tumor and the downstream effects of high versus low expression of
these proteins within tumor cells [8]. In addition to tumor cell sig-
naling, Nos2 elicits specific effects within the host immune compart-
ment. Toward this end, immunosuppressive effects of NO have been
reported, involving T cell inhibition through increased IL-10 and TGFβ,
thus reducing therapeutic efficacy [10,11,49]. In contrast, Nos2high

macrophages have been shown to increase trafficking of CD8 cytolytic T
cells and myeloid cells [12,13] to regions affected by focussed irra-
diation or cytosine-phosphorothioate-guanine oligodeoxynucleotide
(CpG-ODN) applications, suggesting both spatially- and temporally-
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dependent ‘push-pull’ type of mechanisms where increased CD8 cyto-
lytic activity could then be limited by IL-10 induction. As localized NO
flux within the TME can determine the fate of the tumor, NOS2 ex-
pression by immune cells provides an important target for improved
therapeutic efficacy. Therefore, our current understanding of these
processes can be improved by exploring the mechanistic impact of host
Nos2-derived NO levels within the TME in murine tumor models.

We previously showed that NOS2-derived NO contributes to the
aggressive phenotype of invasive ER negative (ER-) MDA-MB-231 xe-
nografts, which is mediated at least in part by NO feed-forward me-
chanisms that up-regulate NOS2, COX2, TLR agonist S100A8, and in-
flammatory cytokines IL-6 and IL-8 [1,2]. More recently, we showed
that elevated tumor expression of both NOS2 and COX2 strongly pre-
dicted poor disease specific survival in ER- breast cancer patients while
the dual inhibition of these enzymes reduced primary tumor growth of
MDA-MB-231 xenografts [8].

In the current study, we show that Nos2−/− mice have considerably
decreased metastatic burden implicating the host Nos2 in tumor pro-
gression. Furthermore, we show that low flux NO increases migration in
4T1, murine mammary tumor cells, while higher flux limits motility
and causes cytostasis. Thus, the level of NO and proximity to the NO
source will impact these functional effects. We show that different cy-
tokine/LPS stimuli activate macrophage cell lines and BMDMs (from
WT and Nos2−/− mice) to produce different NO flux. We find that NO
flux is dependent on both the Nos2 expression in individual cells and
more importantly the density of Nos2 expressing cells. This suggests
that higher density of Nos2 expressing cells leads to higher NO flux
which impacts morphology as well oxygen consumption within the
TME. Furthermore, we illustrate the importance of the synergy between
Cox2 and Nos2 in regulating inflammation and demonstrate that high
Nos2 and high Cox2 expressing cells are spatially separated and support
one another in a paracrine fashion. These results suggest that at the
single cell level, Nos2high and Cox2high cells act in trans to affect me-
tabolic changes within neighboring cells in the TME that tunes the in-
flammatory microenvironment.

2. Results

2.1. Host Nos2 promotes pulmonary metastasis of aggressive breast cancers

Previous studies showed that elevated tumor NOS2 expression
predicted poor survival in patients with ER- breast cancer and that NO
flux equivalent to that produced by ~300 μM DETA/NO could drive a
feed-forward signaling loop, which promoted disease progression [1,2].
Pharmacological inhibition of NOS2 and COX2 significantly reduced
ER- breast tumor growth in nude mice [1,7,8]. Importantly, pharma-
cological inhibition affects both tumor and host NOS2 and COX2.
Herein, we attempt to delineate a functional role of host Nos2-derived
NO in breast tumor progression using 4T1 tumor-bearing mice, a
murine model for triple negative breast cancer (TNBC) where meta-
static disease develops spontaneously from the primary tumor, and
progressively spreads to lymph nodes, lung, and liver similar to human
disease [14]. The 4T1 triple negative murine syngeneic model is a
suitable model for comparison to human disease as metastatic lesions
develop spontaneously from the primary tumor, and the progressive
spread to lymph nodes, lung, and liver is very similar to that of human
disease [15,16]. Indeed, 4T1 cells exhibited an increased migratory
potential in vitro with increasing doses of exogenous NO generated by
the NO donor DETA/NO at concentrations up to 100 μM (Fig. 1A and B)
while at higher doses (1000 μM) the motility was reduced. These results
suggest that extracellular NO produced in the TME by macrophages
could promote tumor cell migration. Many molecules in the in-
flammatory microenvironment regulate Nos2 expression. Our recent
work showed that COX2, via its product prostaglandin E2 (PGE2), is
one important regulator of NOS2 expression in human breast cancer
[8]. To explore potential Nos2/Cox2 roles in disease progression, tumor

growth, and lung metastatic burden was examined in 4T1 tumor-
bearing WT and Nos2−/− mice treated with or without the COX in-
hibitor indomethacin. Lung metastatic burden was significantly re-
duced in Nos2−/− mice while indomethacin slowed growth of the
primary lesion. This effect was augmented in Nos2−/− mice (Fig. 1C
and D). Because indomethacin treated mice survived longer due to
delayed tumor growth, more metastatic lesions were visible, however
the number of metastases were not significantly different in WT and
Nos2−/− mice receiving indomethacin. Mechanistically, indomethacin
showed anti-proliferative effects directly in 4T1 cells grown in vitro over
an 83h window at 50 and 100 μM concentrations (Fig. 1E). A trend of
increased median survival from 51 days in treated WT mice to 60 days
in treated Nos2−/− mice was observed (Fig. 1F). Together, these results
suggest that host NO production facilitates 4T1 motility and escape
from primary tumor site thereby increasing metastatic lesions. How-
ever, effects of different doses of NO are vastly different and as we
found a role of host NO in the TME, we sought to further explore the
context of this relationship by examining NO production by macro-
phages under various stimuli that are known to exist in a tumor niche,
namely combinations of IFNγ, IL1β, TNFα and TLR4 ligands (LPS).

2.2. Different proinflammatory stimuli induce distinct extracellular NO flux

ANA-1 murine macrophages stimulated with combinations of cy-
tokines/LPS produce different levels of NO characterized by low, in-
termediate, and high NO flux generated by IFNγ+IL1β, IFNγ+TNFα
and IFNγ+LPS, respectively, as visualized by Nos2 protein expression,
nitrite levels, and nitrosative capacity (N2O3; DAN nitrosation) profiles
of stimulated cells (Fig. 2A) [5]. Similar responses were observed in
murine bone marrow-derived macrophages (BMDMs) from BALB/c
(Fig. 2B) or C57BL/6 (BL6) (Fig. S1A) mice, with the exception that in
BMDM, LPS alone (18hr) elicited intermediate NO flux which was
markedly augmented when combined with IFNγ. In contrast,
IFNγ+TNFα generated lower NO flux. Unlike the BMDMs,
RAW264.7 cells, appear to be activated by single treatment with LPS or
IFNγ, and NO production is augmented by their combination (Fig. S1A).
Thus, the response to cytokine combinations is similar to results pre-
viously described in ANA-1 cells [5]. Apart from IFNγ+LPS treatment,
Nos2 protein induction profiles induced by 18h cytokine stimulation
was less robust in BL6 and BALB/c BMDMs when compared to similarly
treated immortalized macrophages (Fig. 2A, Fig. S1A). Time course
analyses revealed that Nos2 induction was temporally-regulated based
on specific cytokine combinations. Nos2 induction occurred as early as
4h in stimulated ANA-1 (Fig. S1C). In contrast, IFNγ+LPS stimulation
of BL6 BMDMs induced Nos2 protein within the 24h window and
peaked at 42h (Fig. S1D). Real-time production of N2O3 measured by
DAN peaked at 24h then modestly decreased at 42h; this result is
supported by elevated nitrite levels, which peaked at 42h and is con-
sistent with the Nos2 protein expression profile in response to
IFNγ+LPS stimulation (Fig. S1D). IFNγ+TNFα combination induced
Nos2 protein, N2O3 measured by DAN, and nitrite at 42h (Fig. S1D). In
BALB/c BMDMs, IFNγ+TNFα stimulation produced measurable levels
of Nos2 protein and nitrite at 24h and 42h and slightly higher ni-
trosative capacity at 42h (Figs. 2C and S1E). Stimulation with
IFNγ+LPS potently induced Nos2/NO, while other cytokine combina-
tions were weaker stimulants and slower inducers of Nos2/NO. Also,
citrulline levels (the product of L-arginine oxidation by Nos2) increased
consistently with NO flux in WT and not Nos2−/− cell lysates after 42h
cytokine stimulation, L-arginine consumption by arginase was negli-
gible (Fig. S1B). Therefore, citrulline can also be employed as a robust
intracellular readout of NO flux under these conditions. To further
analyze the physiological relevance of macrophage-derived NO flux in
cancer progression, we performed transwell experiments to explore the
NO-induced migratory potential of 4T1 cells cultured with cytokine-
stimulated ANA-1 macrophage. Nitric oxide produced by IFNγ+IL1β or
IFNγ+TNFα stimulated ANA-1 cells significantly induced 4T1
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migration; in contrast, 4T1 migration in IFNγ+LPS stimulated ANA-1
cocultures was similar to that observed in the presence of unstimulated
ANA-1 cells (Fig. 2D, Fig. S1F).

Cellular morphology can be used as an index of inflammatory status
as M1 but not M2 macrophages have a flattened morphology [17].
Cytokine stimulated WT cells displayed a flattened M1-like morphology
suggesting that Nos2 is required for this phenotype (Fig. 3A). Statistical
analysis of altered cellular morphology analyzed using an automated
MATLAB algorithm, revealed that stimulated WT BMDMs significantly

deviated in shape from unstimulated cells (deviation from Sphericity).
This was not observed in Nos2−/− BMDMs that were treated with the
same combinations of stimuli (Fig. 3B). These results suggest that in-
termediate to high Nos2 protein and NO levels are necessary to induce
M1-proinflammatory morphology in stimulated macrophages. Despite a
42h stimulation by IFNγ alone or IFNγ+IL1β, cells are unable to reach
the highly proinflammatory phenotype induced by IFNγ+LPS in terms
of morphological changes or NO production. The persistence of these
stimuli within the TME at different stages of disease progression could

Fig. 1. Migration speed of (A) and distance moved by (B) 4T1 cells treated with varying doses of DETA/NO using in vitro migration assay. C. Number of metastatic
lesions in the lungs of tumor bearing, WT and Nos2−/− mice that are untreated or treated with 30 mg/L indomethacin (n≥6). D. Tumor volume measurements in WT
and Nos2−/− mice that are untreated or treated with 30 mg/L indomethacin (non-linear regression) (n≥6). The untreated tumor bearing mice were euthanized on
day 32 when the mice reached tumor limit (2000 mm3). The indomethacin treated mice were subjected to staggered euthanasia as the tumors reached the permitted
size limit of 2000 mm3 and tumors and lungs were harvested. E. 4T1 viability (trypan blue assay) in presence of varying concentrations of Indomethacin. F. Survival
analysis of indomethacin treated, tumor-bearing WT and Nos2−/− mice, (n = 6). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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promote distinct NO-dependent effects. Thus, we have delineated the
flux dependent effects of NO in inflammatory macrophages. Previously,
in cancer cells, and currently in macrophages, we found a synergy be-
tween Cox2 and Nos2 expression. Hence, we further explored the role

of host Nos2-derived NO flux gradients on Cox2 expression and
downstream metabolic effects within the TME.

Fig. 2. Extracellular NO flux are entirely dependent on temporally regulated Nos2 expression and correlate with intracellular citrulline levels. WES (Nos2 protein
expression), Griess assay (nitrite levels) [46] and DAN Assay (nitrosative capacity) [45], were performed on ANA-1 cells (A) or BALB/c BMDMs (B) stimulated for 18h. C.
Nos2 protein analysis in BALB/c BMDMs stimulated for 24h (top panel) or 42h (middle panel) and Griess assay in BALB/c BMDMs stimulated for 24h and 42h (bottom
panel). Error bars show SEM (n≥3). RFU: Relative Fluorescence Units. D. Quantification of the migrated 4T1 cells from transwell assay using 6h stimulated ANA-1 cells
in the lower compartment of the chamber (Left panel). Right panel shows the nitrite production by 6h-stimulated ANA-1 cells after the 20h transwell assay.
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2.3. Nos2-Cox2 synergy in inflammation

Inflammatory macrophages have been shown to tolerate prolonged
exposure to high NO flux [18]. Given that Cox2 is an important in-
flammation-associated protein, we examined Nos2 and Cox2 expression
in stimulated macrophages in order to investigate a potential Nos2/
Cox2 synergy in this effect. Remarkably, we found their expression to

be spatially distinct; Nos2high cells were always Cox2low (Figs. 4A and
S2B) and the intensity of Nos2 correlated inversely with that of Cox2
(Figs. 4B, S2A, S2B). Regardless, Cox inhibition by indomethacin ab-
rogated the nitrosative capacity of IFNγ+TNFα and IFNγ+LPS stimu-
lated ANA-1 cells (Fig. 4C) as well as stimulated RAW264.7 cells (Fig.
S2C). Conversely, addition of DETA/NO to ANA-1 cells caused a dose-
dependent induction of Cox2 with 300 μM DETA/NO eliciting levels of

Fig. 3. A. Nos2-derived high NO flux induces ‘M1’ morphology. Light microscopy images of unstimulated and 42h stimulated WT and Nos2−/− macrophages.
Differences in morphology between ‘M0’ and ‘M1’ macrophages computed using an automated algorithm to measure the flattening of BMDMs upon ‘M1’ stimulation.
White arrows indicate the cells showing flattened morphology. B. Pearson correlation analysis of flattening (Sphericity-1) and nitrite production by stimulated
macrophages shows a significant correlation between reduction in sphericity/increased flattening and increasing nitrite levels. Stimulated Nos2−/− BMDMs do not
show this increase in flattening.
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Cox2 comparable to IFNγ+LPS stimulation (Fig. 4D). Further, Cox2
induction by combination stimuli was limited in Nos2−/− BMDMs
(Fig. 4E) although LPS can induce significant Cox2 expression and
PGE2 production in the absence of Nos2, IFNγ+LPS- and IFNγ+TNFα-
mediated Cox2 induction is much lower in Nos2−/− cells indicating a
role of Nos2-mediated Cox2 induction under these stimuli (Fig. 4E, Fig.
S2D). These data suggest Nos2/Cox2 cross-talk regulation in macro-
phages in a manner similar to that shown in breast cancer cells [8],
indicating a critical interplay between these important inflammatory
proteins and cell types.

2.4. Nos2 and Cox2 affect a mutual, reciprocal, paracrine regulation in vivo

Elevated NOS2 and COX2 expression is a strong predictor of poor
clinical outcome in ER- breast cancer (TNBC) [2,8]. To further explore
this relationship within the TME, the spatial organization of Nos2 and
Cox2 expression within tumor tissues was examined in 4T1 murine
triple negative mammary tumors. In support of our earlier work in
human breast cancer cells [1], cytokine stimulated 4T1 murine TNBC
cells produce biochemically detectable levels of Nos2 protein and N2O3

(Fig. 5A and B). In contrast to macrophages, 4T1 tumor cells showed

Fig. 4. Nos2-Cox2 synergy in inflammation. A. Nos2 and Cox2 expression in 18h stimulated ANA1 cells analyzed by fluorescent microscopy, scale bar = 50 μm. B:
Intensity plots of Nos2 and Cox2 in unstimulated and IFNγ+LPS stimulated cells. C. Nitrosative capacity of stimulated ANA-1 treated with indomethacin. D. WES
analysis of Cox2 expression in 24h DETA/NO treated ANA-1 compared to IFNγ+LPS stimulated ANA-1. Fold change in Cox2 protein compared to Hprt with
increasing doses of DETA/NO and IFNγ+LPS stimulation are indicated. E. WES in 42h stimulated WT and Nos2−/− BMDMs. Error bars show SEM (n≥3).
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highest Nos2 induction and N2O3 upon stimulation with IFNγ+IL1β or
IFNγ+TNFα but were induced less by IFNγ+LPS (Fig. 5A and B). 4T1
cells express basal levels of Cox2, which does not increase appreciably

with stimuli (Fig. S6). However, in a manner similar to stimulated
macrophages, Nos2 and Cox2 protein expression was spatially distinct
and the intracellular expression of these proteins was in general

Fig. 5. Nos2 and Cox2 affect a mutual, reciprocal, paracrine regulation in vivo. A. Nos2 expression in 24h cytokines/LPS stimulated 4T1 cells. B. In vitro nitrosative
capacity of 4T1 cells stimulated for 24h with cytokines/LPS. C. Nos2 and Cox2 expression observed in separate cells in 4T1 tumors. Single channel grayscale images
are shown. Scale bar = 20 μm. D. Statistical analysis (Pearson correlation) of Nos2+ and Cox2+ cells based on fluorescence signal intensity.
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inversely correlated (Fig. 5C and D). Importantly, the reciprocal reg-
ulation of Nos2 and Cox2 by one another is largely a paracrine effect
suggesting that the spatial regulation of Nos2 and Cox2 between cells is
a mutually synergistic and relevant relationship within the TME. These
experiments have also been performed in human breast cancer cells and
have shown the same trend of NO production where intermediate levels
of NO promote survival and metastasis of human breast tumor cells.
This adds credence to the ability of the 4T1 model to recapitulate
human breast cancer.

2.5. Effects of NO on oxygen consumption are dependent on NO flux and
frequency of Nos2+ cells

One of the important roles of NO is tuning the TME with respect to
oxygen and nutrients. In macrophages, high NO flux induced by
IFNγ+LPS inhibits oxidative phosphorylation (OXPHOS) and induces
glycolytic commitment [19,20]. However, different NO flux promotes
distinct metabolic effects at various stages of cancer progression.
Therefore, we explored the impact of gradient NO flux on intracellular
metabolism. It was recently found that Nos2-derived NO caused a break
in the tricarboxylic acid (TCA) cycle by inhibiting the enzyme aconitase
2, which led to an accumulation of intracellular citrate (Unpublished
data). Here, we found that stimuli that elicited intermediate levels of
NO flux, failed to promote citrate accumulation proving that this oc-
curred only at high NO flux, consistent with those induced by
IFNγ+LPS-stimulated BMDMs and was Nos2-dependent as citrate ac-
cumulation did not occur in Nos2−/− BMDMs under the same condi-
tions. (Fig. 6A). This is in contrast to lactate production, an indicator of
glycolysis. We found increased cellular lactate in both WT and Nos2−/−

BMDMs treated with IFNγ+TNFα, and IFNγ+LPS suggesting that cy-
tokines can promote glycolysis independent of Nos2 (Fig. 6B).

The ratio of oxygen consumption rate (OCR) to extracellular acid-
ification rate (ECAR), another readout of mitochondrial metabolism,
was inversely proportional to the NO flux in ANA-1 cells treated with
IFNγ-combination stimuli (Figs. 6C and S3B). BMDMs exhibited re-
duced OCR/ECAR in response to high NO flux (Figs. 6D and S3B). In
addition, cytokine stimuli potently reduced OCR/ECAR in RAW264.7
and BL6 BMDMs (Figs. S3A and S3B). Cytokine stimulation did not
affect OCR in Nos2−/− BMDMs (Figs. S3C and S3D) suggesting that this
phenomenon is driven by medium to high Nos2-derived NO flux when
compared to the response of stimulated WT BMDMs. For each stimulus,
we found that reduction in oxygen consumption was proportional to
cell density in WT BMDMs (Fig. S3C). Mitochondrial OCR was sig-
nificantly reduced upon IFNγ+LPS stimulation irrespective of the
plating density. However, the OCR in IFNγ+LPS stimulated cells
compared to unstimulated cells was significantly higher when
50,000 cells were stimulated compared to 75,000 and 100,000
(Fig. 6E). This is indicative of a cell density dependent effect of Nos2high

cells showing that alterations in the density of NO producing cells ef-
fects local NO concentrations and downstream physiologic affects.

2.6. Spatially distinct Nos2 expression affects single-cell redox
immunometabolism

The cell density-dependent variability in OXPHOS regulation led us
to explore the aspect of heterogeneity that exists in vivo in an in-
flammatory TME. Flow cytometry and microscopic analysis revealed
clustered Nos2 expression in cells stimulated in vitro with IFNγ+TNFα,
which induced intermediate levels of Nos2 while IFNγ+LPS exhibited
densely clustered Nos2 in larger regions of the stimulated cells (Fig. 7A
and B). In contrast, IFNγ+IL1β induced faint Nos2 in the least number
of cells. The median fluorescence intensity (MFI) also followed these
same trends. Nos2 expression increased over time in the stimulated
single macrophages suggesting an NO-mediated feed-forward me-
chanism of Nos2 expression (Fig. 7A), which supports earlier findings in
ER- breast cancer cells [1]. Consistent with the known effects of high

NO flux on mitochondrial function, statistical analysis of stimulated
macrophages stained with the mitochondrial membrane potential dye,
tetramethyl rhodamine ethyl ester (TMRE), revealed that Nos2-negative
cells had significantly higher TMRE fluorescence implicating increased
functional mitochondria when compared to Nos2-positive cells (Fig. 7C
and D; Figs. S4A and S4B). Using conditional probability analysis as
explained in Table S1, we examined the likelihood of TMREhigh cells
being Nos2high and found that in IFNγ+LPS stimulated macrophages
there was a 19.1% chance of polarized cells possessing high Nos2. This
analysis is supported by increased mitochondrial depolarization seen in
macrophages treated with 300–500 μM DETA/NO (Fig. S4C). Co-cul-
ture experiments with GFP-tagged 4T1 tumor cells and stimulated,
Hoechst labelled ANA-1 cells revealed that IFNγ+LPS stimulated ANA-
1 cells (blue) could depolarize the mitochondria of the unstimulated
4T1-GFP cells in the co-culture (Fig. 7E). This shows that NO produced
by stimulated macrophages can function in trans to affect cellular
processes of neighboring cells in the local microenvironment. Next, we
explored the physiologic relevance of NO-mediated effects on oxygen
consumption and mitochondrial depolarization.

The microenvironment is a key modulator of NO effects, as NO is a
diffusible gaseous molecule that reacts quickly with the closest and
most chemically reactive molecule within its microenvironment.
Oxygen is a key reactant with NO, and impacts redox signaling [21]. We
found that tissue hypoxia defined as less than 3% O2 increased the ni-
trosative capacity of stimulated macrophages (Fig. 7F, Fig. S4D). NO
production has been linked to decreased oxygen consumption in hy-
poxic environments. We found that only stimulated macrophage will
migrate to the hypoxic regions (data not shown), thus suggesting NO
may affect pO2 gradient within the TME. To model the effect of mac-
rophages on tumor hypoxia, we utilized a chamber system for cell
culture that forms cell-generated hypoxic and metabolic gradients in
two-dimensions (Fig. 7G) – analogous to diffusion between a capillary
and nearby tissue [22]. High flux NO generated by IFNγ+LPS stimu-
lated ANA-1 macrophages reduced O2 consumption within the
chamber, thus limiting the generation of a hypoxic gradient defined by
the increased distance away from the chamber hole (Fig. 7H). The
hypoxic front remained unaffected in stimulated Nos2−/− BMDMs (Fig.
S4E) thereby implicating Nos2-derived NO flux as a driver of this
phenomenon. Nos2-derived NO from stimulated macrophages reduced
mitochondrial membrane potential (Fig. 7E) and O2 consumption
(Fig. 6E and F), in addition to delayed onset of hypoxia in the chamber
system. Furthermore, direct blocking of mitochondrial complex I with
antimycin A and rotenone was enough to extend the hypoxic front and
this was augmented by IFNγ+LPS stimulation (Fig. 7I). Importantly,
these results implicate attenuated hypoxic gradients into the tumor core
by the blockade of mitochondrial metabolism in Nos2high macrophages,
thus increasing therapeutically targetable regions within the TME. In-
deed, NO has been shown to enhance radiation sensitivity in hypoxic
tumors [23,24].

3. Discussion

Macrophage-derived NO is a key mediator in the fight against tumor
and pathogens as well as intercellular signaling and the modulation of
immunometabolism [10]. Herein, we show that cytokine/LPS stimu-
lated Nos2 expressing macrophages (Nos2high) produce high NO flux
due to the density of spatially distinct Nos2high expressing cells. This
refutes the assumption of equal or homogenous distribution of Nos2
throughout the activated macrophage population and is consistent with
feed-forward signaling shown in tumor cells [1]. Since NO impacts
many cellular functions in a concentration-dependent manner, the ex-
tracellular NO flux that affects the immune response must be under-
stood in terms of this single cell perspective as it provides insight into
niches housing resistant tumor cells within the TME. Thus, extracellular
flux of NO must be considered in terms, not only of the temporal re-
sponse, but also spatial distribution. Mathematical modeling suggests
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that the extracellular NO generated from one Nos2 expressing cell is
rapidly diluted through diffusion away from that cell. However, in-
creased number of Nos2-expressing cells exponentially increased NO
flux, which extended throughout the localized tissue region (Fig. 7B)
[25]. This clustering of Nos2high cells creates neighborhoods in in-
flammatory tissue and tumors where NO levels are dramatically higher
than that produced by a single cell. Thus, the spatial distribution of
Nos2high cells will impact local effective NO flux and downstream ef-
fects.

A key observation of this study demonstrates the effect of Nos2-
derived NO flux on OXPHOS both at the single cell level as well as
neighboring cell. Previous studies revealed that NO regulates OXPHOS
through inhibition of cytochrome c oxidase and by altering the

mitochondrial membrane complexes by removal of iron from the Fe–S
clusters [26,27]. Accumulation of citrate together with high citrulline, a
product of Nos2, occurs at the higher density of cells corresponding to
higher extracellular NO flux. As shown in Fig. S3B, inhibition of OX-
PHOS requires approximately 100–300 nM cellular NO, consistent with
previous estimations of the Nos2high macrophage flux, a cellular flux
50–100 times higher than physiologic levels [10].

The regulation of OXPHOS by NO has critical implications in the
tone of the immune response to cancer in both T cells and myeloid
populations. Active OXPHOS in the immune system maintains macro-
phages and T-cells in an M2/Th2 phenotype. In fact, OXPHOS reduction
occurs in Th1 cytotoxic effector T cells and M1 macrophages. Studies
suggest that activated T cells increase NOS2 expression, which leads to

Fig. 6. Effects of NO on oxygen consumption are dependent on NO flux and frequency of Nos2+ cells. LC/MS analysis performed on cell lysates from 42h stimulated
BALB/c BMDMs for measurement of citrate (A) and lactate (B) levels. OCR/ECAR in ANA-1 (C), and BALB/c (D) BMDMs stimulated with different combination
stimuli for 18h. E. Change in % OCR of stimulated BMDMs compared to unstimulated cells at different plating densities. Error bars show SEM (n≥3).
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T cell exhaustion whereas NOS inhibition preserves memory T cells
[28]. The production of IFNγ and TNFα by activated T-cells could sti-
mulate macrophages to induce the Nos2high phenotype in a population
of myeloid or tumor cells that tune the local immune response. This
may in turn play an important role in tissue/tumor immunometabolism
status of particular cellular neighborhoods. As shown here, elevated NO
increases pO2 which can affect the immune response [29]. Thus, Nos2
expression in the inflammatory microenvironment regulates the meta-
bolic components of the immune response and pO2, where the density
of Nos2 expressing cells provide a tuning mechanism for the extent of
the metabolic effects.

Immune cascades exhibit temporal components; high NO flux is
essential for effective proinflammatory phenotype and transition to
inflammation resolution. Nos2high macrophages can produce extra-
cellular NO flux > 200 μM DETA/NO. This is relevant because
IFNγ+LPS stimulated macrophages can generate this level of NO,
which has been shown to induce the formation of Tregs capable of in-
hibiting IL17 and Th17 responses via IL10 induction [30]. Recently,
autocrine IL10 from M1 macrophages was found to maintain the bal-
ance between inflammation and immunosuppression by dampening
NO-mediated inhibition of OXPHOS [31]. Moreover, IFNγ+LPS sti-
mulated macrophages can also activate TGFβ [11]. These findings
suggest that Nos2 may be critical in the downregulation of in-
flammatory response in all leukocytes. For example, higher levels of NO
from macrophages regulate major histocompatibility complex II
(MHCII). While IFNγ, through the generation of reactive oxygen spe-
cies, increases MHCII, the higher levels of NO induced through an an-
tioxidant mechanism abates MHCII, therefore decreasing Th1 polar-
ization [32]. Thus, the spatial localization and level of NO is critical in
the function of the immune response, regional NO levels, and local
geometry of Nos2high cells could be key mediators of the onset of in-
flammatory versus immunosuppressive phenotypes within the TME.

There are two important features of stimulated macrophages, which
include NO-independent induction of markers such CD86 and cytokine
storm as well as NO-dependent features involving morphological
changes that influence M1 functionality. While the induction of a
proinflammatory cytokine storm in M1 macrophages is NO-in-
dependent, NO flux regulates cellular morphology where flattening of
stimulated macrophages significantly distinguished their phenotype
from that of unstimulated cells in a concentration dependent fashion.
Studies have implied that macrophage cell shape with respect to M1
and M2 can dramatically affect the degree of polarization. For example,
elongated macrophages (a M2 phenotype) may have Nos2 present but
have considerably diminished capacity to release Th1 cytokines com-
pared to flattened/rounded cell shape. This indicates that cell shape
plays a critical role in the degree of ‘M1ness’ and ‘M2ness’ and provides
a tuning mechanism [17,33]. Further, this suggests a potential phy-
siological impact in which IFNγ released from T cells/NK cells could
prime macrophages, which migrate to infected or damaged areas, en-
counter higher levels of NO (from cells exposed to LPS or a cluster of
Nos2high cells) promote morphological changes in these incoming
macrophages that facilitate M1 functionality where they become more
flattened and adhesive as opposed to rounded and less adhesive as
shown in Fig. 3. A positive feedback loop can develop in which mac-
rophages accumulate in an area of high NO and increase the density of
Nos2hi cells thereby increasing M1 type responses. In addition, high NO

flux in a local Nos2hi area would increase local pO2, which may be
important for T-cell proliferation and anti-pathogen or anti-tumor ef-
fects as well as transitioning to a wound-healing response [34,35].
Because macrophages will home to hypoxic areas, the increased NO
may provide a method to increase pO2 in the infected area. Thus, the
Nos2high phenotype has important functional effects on macrophage
morphological changes, regulation of OXPHOS, and decrease in IFNγ
induced MHCII [32,36].

Activated M1 murine macrophages have increased levels of both
Nos2 and Cox2, hinting at an important relationship between the two
proteins in the inflammatory cascade. One important feature is that
Cox2 and PGE2 are critical for M1 macrophages to sustain high levels of
NO [37]. Here, we show that NO induces Cox2 expression and that
Nos2 and Cox2 support their mutual expression and stabilization. This
enables macrophages to sustain high NO flux, i.e. be NO tolerant,
without undergoing apoptosis. Upon extended stimulation, the sus-
tained high NO flux also augments Cox2. Interestingly, Nos2 and Cox2
are expressed in separate cells and regulate each other in a paracrine
rather than autocrine fashion. The distinct expression of Nos2 and Cox2
in separate cells is also observed in tumor tissues from in vivo models. It
is therefore insufficient to simply know the gross Nos2 and Cox2 ex-
pression levels. Thus, the interaction of Nos2 and Cox2 expressing cells,
the proximity of Nos2high and Cox2high cells as well as the locations and
phenotypes of other cells associated with these clustered populations
may be critical in shaping the inflammatory microenvironment and
immune response.

The expression of Nos2 and Cox2 in separate cells, can be explained
in part by the earlier finding that IFNγ inhibits COX2 via STAT1 while
inducing NOS2 in intestinal epithelial cells [38]. Furthermore, STAT1/3
inhibitors increase COX2 in macrophages both in humans and mouse
models, suggesting that STAT1 phosphorylation has a role in inhibition
of COX2 expression [39,40]. In contrast, IFNγ activation of STAT1 leads
to increased NOS2 expression while inhibiting induction of COX2 [41].
TNFα and IL1β induce COX2 in most human and mouse cells [42,43].
The fact that Nos2 expression appears in only specific cell populations
and Cox2 in others, may suggest a distribution of IFNγ sensitivity in the
cell population. Increased Cox2 then leads to PGE2 production that
supports Nos2 in a paracrine regulatory loop. Our previous studies
showed that NOS2 and COX2 in humans are primarily expressed in
tumor epithelium [2,8]. The current study extends our previous find-
ings by showing that in the 4T1 tumor model, which closely resembles
stage IV breast cancer, Nos2 and Cox2 tumor expression is spatially
distinct in both tumor epithelium and macrophages. The stochastic
model of M1 development predicts this would lead to separate cell
populations expressing high levels of Nos2 and Cox2.

The interplay between NO in tumor cells and macrophages is an
important determinant of cancer progression, treatment efficacy and
the role of immune response [18] where Nos2high macrophages are
proinflammatory while tumor Nos2 is immunosuppressive. Although
increased macrophage Nos2 suggests a positive treatment response,
NOS2 in the human tumor cells in vivo has been associated with poor
outcome in many cancers. Importantly, NOS2 and NO have increased
metastatic and increased invasiveness in response to 10–100 μM DETA/
NO in both human and murine breast cancer cells. While elevated Nos2
in the macrophage had anticancer properties, the trans effect of NO
demonstrated in this work suggests that NO produced from M1

Fig. 7. Spatially distinct Nos2 expression affects single-cell redox immunometabolism. A. Flow cytometry analysis of numbers of Nos2+ cells and median
Fluorescence intensity (MFI) values of Nos2 expression in stimulated ANA-1. Error bars show SEM, n > 3. B Microscopy analysis of Nos2+ cells in 18h stimulated
ANA-1. C. IFNγ+LPS stimulated ANA-1 cells that were positive for TMRE (active mitochondria) [47] express low levels of Nos2. D. Statistical quantification of the
red (TMRE) and green (Nos2) fluorescence intensities. Error bars show SD, n≥3, scale bar = 200 μm. E. TMRE staining of 4T1-GFP cells cocultured with IFNγ+LPS
stimulated ANA-1. Error bars show SD, n≥3. F. Nitrosative capacity (DAN assay) of 18h stimulated ANA-1 under normoxia and hypoxia (3% O2). G. Structure of
REEC showing formation of hypoxic gradient. H. Distance to hypoxic front calculated from number of Image iT stained hypoxic, stimulated ANA-1 cells in the REECs
as seen in the fluorescent microscope images. Scale bar = 500 μm. I. Image iT staining of hypoxic ANA-1 cells (stimulated or unstimulated) in the presence of
antimycin A and rotenone in REECs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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macrophages could also induce migration and invasion of adjacent
tumor cells. Indeed, 4T1 tumors in WT mice exhibited increased me-
tastatic burden when compared to tumors in Nos2−/− mice, which
implicates the involvement of immune cell Nos2 in metastatic spread.
Moreover, pretreatment with Nos inhibitors before tumor injection
curbed metastatic spread in 4T1 tumors [44]. Also, tumors in Nos2−/−

mice treated with indomethacin grew slower and the median survival of
these mice trended higher than their WT counterparts. Two Nos2−/−

mice treated with indomethacin showed complete remission and did
not relapse up to four months after removal of the treatment, which is
indicative of immune involvement and not simply a direct inhibition of
tumor cell proliferation by indomethacin. Importantly, these mice re-
mained tumor-free two months after subsequent 4T1 tumor re-chal-
lenge. Furthermore, Nos2 and Cox2 expression was spatially distinct in
tumor tissue as well, implicating the clinical importance of this para-
crine relationship dramatically impacting prognosis through selection
of aggressive tumor phenotypes in patients with ER- breast cancer [8].
Together these results support the use of the 4T1 model in studying
NOS2/COX2 mechanisms as well as therapeutic efficacy of novel drugs.

4. Conclusions

In this report, we describe a new model highlighting the importance
of localized NO flux in inflammatory response. We find that NO flux
tunes the cellular response to inflammatory stimuli. Nos2-dependent
and independent events collaborate to regulate proinflammatory mac-
rophages. Autocrine, single cell effects on mitochondrial metabolism
build up to cause paracrine effects including alleviation of hypoxia.
Nos2 and Cox2 are expressed in different cells and cause paracrine
regulation of one another. This forms another regulatory arm of the
inflammatory response that could be exploited for therapy and prog-
nosis as, Nos2−/− tumor bearing mice develop reduced lung metastasis
compared to WT counterparts and indomethacin curbs primary tumor
growth that was augmented in Nos2−/− mice. Importantly, the spatial
distribution of Nos2high and Cox2high clusters within the tumor micro-
environment could be exploited for therapeutically targeting aggressive
populations localized to these regions. Thus, pretreatment with a Nos2
inhibitor followed by chemotherapy with inexpensive Cox inhibitors
could potentially improve tumor immune response and may provide a
therapeutic option for patients with aggressive triple negative breast
cancer.

5. Materials and methods

5.1. Transwell migration assay

The ability of stimulated macrophages to induce migration of the
aggressive 4T1 cells was studied using indirect coculture technique in a
transwell chamber system. 4 × 105 ANA-1 cells were seeded into wells
of a 24 well multidish, allowed to adhere for 3h and stimulated with
IFNγ or a combination of IFNγ with IL1β, TNFα or LPS. After 6h, the
stimulants were thoroughly washed off and cells were fed 10% DMEM
containing 10 mM L-arginine. 50,000 4T1 cells in 100 μL serum-free
media were seeded into the upper compartment of a 6.5 mm transwell
insert of 8 μm pore size (Corning Inc., Costar™, #3422). The transwells
were inserted into the ANA-1 containing wells and incubated at 37 °C/
5%CO2. After 20h the inserts were removed from the wells, non-mi-
grated cells in the upper compartment were wiped off using cotton
swabs and the inserts were then fixed for 30 min in 4% paraformalde-
hyde, stained in 1% crystal violet for 10min, washed in ultrapure water
and viewed, and photographed using the Echo Revolve microscope.
Nitrite levels in the spent media from the lower compartment was
analyzed using Griess assay.

5.2. Metabolic analysis

Ability of mitochondria in stimulated macrophages to respond to
stress was measured from the Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR), that were examined using the
XF96 Seahorse Metabolic Analyzer from Seahorse Biosciences. Briefly,
cultured BMDMs as well as immortalized macrophages were plated at a
seeding density of 1 × 105 cells/well in 200 μl of complete media ex-
cept for the density experiments which were performed at seeding
densities of 1 × 105, 7.5 × 104 and 5 × 104 cells/well. Metabolic mi-
tochondrial stress tests were performed via manufacturer's protocol.
OCR/ECAR ratios were calculated using the difference between first
three determinations of basal OCR and the last three determinations of
OCR and basal ECAR where indicated.

5.3. In vitro analysis using restricted exchange environment chambers

Restricted exchange environment chambers (REECs) were built with
a 0.1 mm high, 18 mm in diameter stainless-steel O-ring glued to a
18 mm round coverslip with UV-curable epoxy. This was glued to a
Mylar clamp that had been laser cut to fit the dimensions of the plate.
The plates were prepared by gluing a lid to the rims of the wells to
provide a small overhang of Mylar that the clamp could press against,
giving the arms of the chamber a spring-force to keep the clamp air and
water tight against the bottom of the plate. The lid was glued with UV-
curable epoxy and the plate was sterilized in the UV Chamber. ANA-1
macrophages and murine BMDMs were plated at 75% confluency and
adhered for 3 h. The cells were treated with cytokines for 18 h (ANA-1)
or 24 h (BMDMs). For coculture experiments, stimulated ANA-1 cells
were added onto an 18h culture of 4T1 cells at a ratio of 1 (4T1): 8
(ANA-1). For hypoxic gradient experiments, cells were dyed with 10 μM
Image iT Hypoxia Reagent Green (ThermoFisher Scientific, Waltham,
MA) for 30 min in the incubator. For studying the effects of inhibition of
electron transport chain on hypoxia gradient, stimulated ANA-1 were
also treated with 10 μM Antimycin A and 0.5 μM Rotenone
(Mitochondrial Complex I inhibitors) at the same time as Image iT
staining. Fresh media was added to the wells, and REECs were placed
with sterilized forceps. Cells were imaged live after 2 h or every 15 min
for 3 h (4T1-ANA-1 coculture experiments), on a Nikon TI-Eclipse mi-
croscope using a narrow band green filter at 20x and a heated stage
insert. Images were stitched, and background and shading corrected in
the Nikon software with a rolling ball radius of 5 μm and using shading
correction images taken from Chroma slides. The cells were segmented
in Imaris to determine their x,y coordinates with respect to the opening
in the chamber and their fluorescence intensities. The Imaris statistics
output was loaded into R Statistical Software and analyzed appro-
priately by average cell fluorescence vs. distance from center opening.

5.4. In vivo studies

The NCI-Frederick Animal Facility follows the Public Health Service
Policy for the Care and Use of Laboratory Animals and is accredited by
the Association for Accreditation of Laboratory Animal Care
International and follows. Animal care was provided in accordance with
the procedures outlined in the Guide for Care and Use of Laboratory
Animals. For in vivo studies, female BALB/c mice obtained from the
Frederick Cancer Research and Development Center Animal Production
Area were housed five per cage. Eight to ten-week-old female BALB/c
mice were injected with 2 × 105 4T1 cells in the fourth mammary fat
pad. The tumor volume was measured by Vernier caliper and calculated
as volume in cubic millimeters = (width2 × length)/2. Eight days post
tumor injection, 12 WT and 12 Nos-/- tumor bearing mice were started
on 30 mg/L indomethacin in drinking water. Water was changed on
alternate days and treatment was continued till the day the mice were
euthanized. When the tumors reached 2000 mm3, the mice were eu-
thanized, tumors were collected for immunohistochemical analysis,
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lungs were fixed in Bouin's solution and metastatic lesions were
counted. Survival analysis was performed on indomethacin treated
mice.

6. Statistical analysis

Statistical significance was ascertained using either Student t-test or
one-way ANOVA with Tukey's multiple comparisons test. Data analysis
was performed using GraphPad Prism 8 software, and significance is
reported as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, #p≤0.0001. Imaris
software was used to perform statistical analysis on fluorescent mi-
croscopic images as indicated in specific methods.
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