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Solid tumors are covered by stroma, which is hypoxic in nature and composed of

various non-malignant components such as endothelial cells, fibroblasts, and pericytes

that support tumor growth. Tumor stroma represents a mechanical barrier for tumor

infiltration of CD8+ effector T cells in particular. In this context, our previous studies

have demonstrated the therapeutic impact of Low-Dose Radiation (LDR)-primed and

M1-retuned (iNOS+) peritumoral macrophages that produce inducible nitric oxide,

have immunological roles on tumor infiltration of effector T cells, cancer-related

inflammation, and subsequent tumor immune rejection in amousemodel of pancreatic

cancer. These findings suggested a possible modification of tumor endothelium by

LDR-primed macrophages. In line with these observations, here we demonstrate the

influence of LDR in down-modulating HIF-1 in irradiated tumors in the course of

polarization of irradiated tumor-associated macrophages toward an M1 phenotype.

Furthermore, we demonstrate that M1 macrophages which are primed by LDR

can directly influence angiogenic responses in eNOS+ endothelial cells which

produce nitric oxide having both vascular and physiological roles. Furthermore, we

demonstrate that naïve macrophages, upon differentiating to an M1 phenotype

either by Th1 stimuli or LDR, potentially modify sphingosine-1-phosphate/

VEGF-induced angiogenic signaling in tumor-derived endothelial cells with

tumorigenic potential, thus indicating the significance of iNOS+ macrophages in

modulating signaling in eNOS+ tumor-derived endothelium. Our study suggests that

iNOS+ macrophages can activate tumor endothelium which may contribute to

cancer-directed immunotherapy in particular.
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1 | INTRODUCTION

Tumor hypoxia and impermissive endothelium are among a variety

of factors that contribute to poor prognosis and intrinsic resistance

in a variety of tumors against various interventions.1–4 Solid tumors

are often surrounded with stroma rich in eNOS protein, which is

important for the maintenance of the tumor microenvironment,5

endothelium anergy, and intrinsic resistance of tumors to variety of
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tumor-directed therapies.6 Among various tissue-specific

factors that contribute to endothelium anergy, tumor hypoxia

and high-grade tumor metabolism are key factors and character-

istics of solid tumors, which render them refractory in nature.7,8

Tumor hypoxia is executed by hypoxia inducible factor 1 (HIF-1),

which promotes angiogenesis, in part, by enhancing vascular

endothelial growth factor (VEGF) signaling, which interferes with

tumor infiltration of CD8+ and retuning of M1 phenotypic

macrophages across inert endothelium.9–11 A large variety of

tumors rely on VEGF/HIF-1 and sphingosine-1 phosphate (S1P),

which promote tumor angiogenesis. Apart from this, these tissue-

derived factors also promote polarization of tumor infiltrating

naïve/inflammatory macrophages toward the M2 phenotype like

tumor associated macrophages (TAM).12,13 We have previously

demonstrated the indispensable role of low-dose irradiation-

programed iNOS+ (defined as M1) peritumoral macrophages in

immunotherapy against non-resettable tumors of the pancreas,

skin (eg, melanoma),14,15 and colon (unpublished data). This was

accompanied by changes in cancer-related inflammation, endothe-

lium anergy, and angiogenesis, which are limiting factors for tumor

infiltration of T cells. Interestingly, our macrophage depletion

experiments in Rip1Tag5 mice furthermore demonstrated that

selective depletion of M1 macrophages promoted glucose metab-

olism,15 indicating a neuroendocrine impact of low-dose radiation

(LDR) primed M1 macrophages in these mice.

Here, we elaborate on these findings and further demonstrate the

potential of LDR in down-modulating tumor hypoxia in tumors, which

may contribute to retuning of TAM toward an M1 phenotype.

Interestingly, when M1-retuned macrophages were co-cultured with

VEGFR2+ pancreatic β-islet SVR (derivative of SVEN) tumorigenic

endothelium, angiogenic signaling was inhibited in these cells, which

appear to have been induced by various pro-inflammatoary and Th1

factor secreted by primedmacrophages. Thus, these results reveal that

TAM, once polarized toward an M1 phenotype in situ, have the ability

to activate tumorigenic and eNOS+ endothelium to facilitate tumor

infiltration of effector molecules, which may contribute to immuno-

therapeutic approaches to the treatment of cancer.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

RPMI 1640, lipopolysaccharide (LPS), penicillin-streptomycin solu-

tion, NaNO2, sphingosine 1 phosphate, and anti-actin antibody were

purchased from Sigma-Aldrich (Taufkirchen, Germany). Sulphanila-

mide and N-(naphthyl) ethylenediamine dihydrochloride were

purchased from E. Merck (Darmstadt, Germany). CD11b+ human

and mouse MACS MicroBeads and MS Columns were purchased

from Miltenyi Biotec (Auburn, CA). Recombinant mouse IFN

cytokines; rabbit polyclonal anti-mouse NOS2, eNOS, and pAKT;

and caveolin-1 antibodies were purchased from Cell Signaling

(Frankfurt, Germany). VEGFR2 and anti-HIF-1 antibodies were

purchased from Novus Biological (Wiesbaden, Germany). VEGF

peptide was purchased from PeproTech GmBH (Hamburg, Germany).

Goat anti-rabbit and mouse HRP-conjugated secondary antibodies

were purchased from Sigma-Aldrich and Santa Cruz Biotechnology

(Heidelberg, Germany), respectively. Mouse HIF-1-specific siRNA

was purchased from Invitrogen (Schwerte, Germany). Control siRNA

was purchased from Qiagen (Hilden, Germany). Goat anti-rabbit

Alexa Fluor 488, goat anti-rat-Alexa Fluor 569, anti-rat-Cy3, and goat

anti-mouse Cy3-conjugated antibodies were purchased from Dinova

(Koenigswinter, Germany).

2.2 | Total body irradiation

The well characterized RipTag-5 (RT5) transgenic mouse model of

spontaneous insulinoma16 was used for this study. At ∼25 weeks of

age, RT5 mice were irradiated systemically with 2 Gy irradiation at

weeks 25 and 26 by using a Gammatron Cobalt 60 units (Siemens,

München, Germany) at a dose rate of 0.4 Gy/min. Mice were housed

under pathogen-free conditions at the German Cancer Research

Center. All animal experiments were authorized by the local

government.

2.3 | Cell culture experiments

The RAW264.7A murine macrophage line (ATCC-TIB-71™) and the

VEGFR2+ mouse pancreatic β endothelium,17,18 also known as SVR-

1 (CRL-2280), were purchased from the American Type Culture

Collection (ATCC, Manassas, VA). HUVEC cells were received from

Helmut Augustin (Heidelberg, Germany). These cells were

co-cultured both directly and/or indirectly using a cell culture insert

(Millipore, Darmstadt, Germany). For direct co-culture experiments,

RAW 264.7A murine macrophage cells were seeded 1 day in

advance of experimental use to ensure adherence. The next day,

cells were washed once with serum-free media and SVR-1 cells were

seeded over the monolayer of RAW macrophages and cultured for

an additional 12 h for the adherence of the tumor cells over

macrophages. These cells were then treated with different stimuli for

the time intervals as mentioned in the figures. For indirect cell

culture, cells were cultured using a cell culture insert whereby RAW

cells were cultured over the membrane and SVR cells were laid down

at bottom. The RAW macrophages in the upper chamber or RAW

and SVR-1 direct co-cultures were treated with various innate

stimuli or irradiated by using a Gammatron Cobalt 60 unit (Siemens)

at a dose rate of 0.4 Gy/min. For evaluating the activation potential

of irradiation and/or various stimulations, nitric oxide production

was quantified in the culture supernatant by using a standard Griess

reagent method.19 For studies with CD11b+ peritoneal macro-

phages, C57BL/6j mice were injected with 1 mL of 4% brewer

thioglycolate medium intraperitoneally and peritoneal lavage was

harvested on the third day post-injection. Peritoneal lavage was

centrifuged at 1500 rpm for 8min and the cell pellets were

resuspended in fresh serum-free RPMI. CD11b+ macrophages

were purified by using a MACS-based separation method (Miltenyi

Biotec) and were cultured in serum-containing medium overnight.
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Macrophage monolayers were washed on the following day once

with serum-free medium to remove any unbound cells. Cells were

irradiated with different doses using a Gammatron Cobalt 60 unit

(Siemens) at a dose rate of 0.4 Gy/min. Cells were cultured further

for 48 h and the supernatants were collected and centrifuged at

5000 rpm to remove cellular debris. Next, cell-free conditioned

media were collected and used for experiments as mentioned in the

results.

FIGURE 1 Dual role of HIF-1 in macrophage retuning. A, RT5 mice (25 weeks of age) were irradiated twice with 2 Gy irradiation and were
analyzed for the expression of HIF-1 as an indicator of tumor hypoxia. A representative blot from several tumor lysate repeats with similar
outcomes is shown. β-actin was used a loading control. Densitometric analysis of all the Western blots were quantified by ImageJ software
and the mean densitometry values were plotted in terms of relative protein expression. B, HIF-1 proteins were depleted in RAW
macrophages by siRNA-based methods and the macrophages were then irradiated with a dose of 2 Gy and the impact of this treatment was
analyzed on the level of NO in the cell culture supernatants. C, RAW macrophages treated with various doses of CoCl2 (to stabilize the
expression of HIF-1) were stimulated with Th1 effectors (ie, LPS and IFNγ) and NO levels were quantified 24 h posttreatment by using a
Giess reagent method. D, Naïve RAW macrophages were treated with CoCl2 and the impact of treatment on the levels of NO was analyzed.
Shown is the mean level (µM) of NO ± SEM from three independent experiments. E, Expression of iNOS in CD11b+/Gr-1(−) RT5 tumor
macrophages under the influence of CoCl2 treatment was analyzed. Statistical analyses were conducted using either Student's t tests, one-
way or two-way ANOVA, followed by Bonferroni post-test (*P < 0.05; **P < 0.01; ***P < 0.001). All the statistical analyses was carried out with
GraphPad Prism Version 7.0 software
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2.4 | RNA interference

HIF-1 in RAW macrophages was depleted by using a siRNA-based

method. 1 × 104 RAW macrophages were cultured in antibiotic-

free medium for 24 h and were subsequently transfected with

HIF-1 siRNA (Santa Cruz Biotechnology, GmBH) or a scrambled

siRNA (Invitrogen) in antibiotic- and serum-free medium with

varying concentrations using an oligofectamine transfection

reagent from Invitrogen (Darmstadt, Germany). The cells were

incubated with the siRNA mixture for 6 h in serum-free medium.

The medium thereafter was replaced and cells were incubated for

24-h and 48-h time periods, with efficiency of knockdown assessed

by Western analysis.

2.5 | Western analysis

Cells were washed with ice-cold PBS (pH 7.4) and lysed with RIPA

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%

Nonidet P-40, and a protease inhibitor mixture) and sonicated. The

lysate was centrifuged at 14 000 rpm for 20 min at 4°C to separate

the particulate fraction. Protein concentration was determined by

using a BCA kit (Darmstadt, Germany). Twenty micrograms protein

per sample was separated on a Nu-PAGE Bis-Tris Mini Gel system

and blotted onto a PVDF membrane. Blots were blocked at room

temperature for 30 min with 5% nonfat dry milk in TBS-T (20 mM

Tris base, 137 mM NaCl, and 0.05% Tween 20, pH 7.5) and then

incubated overnight at 4°C with primary antibodies, and subse-

quently incubated with horseradish peroxidase-conjugated second-

ary antibodies. Blots were visualized by using an ECL reagent (GE

Healthcare, Dornstadt, Germany). β-actin was used an internal

loading control.

2.6 | Fluorimetric analysis

Various intracellular signaling proteins were measured by using a

Fluorimetric method.14,20 Briefly, cells were cultured in flat bottom

black 96-well plates and subsequently irradiated, stimulated, and

incubated for various time intervals, as mentioned. After incubation,

the cell monolayers were washed once with PBS and fixed with 4%

PFA for 10-15min at room temperature and permeabilized with 0.1%

Triton-X for 5 min. The cell layers were then blocked in PBS containing

1% BSA and 1% serum from the host of secondary antibodies. Next,

the cell layers were incubated with primary antibody at 4°C overnight

in the dark. The next day, the cells were washed twice with 1X PBS.

The cells were then incubated with Alexa Fluor-conjugated secondary

antibodies (Invitrogen) for 1 h at room temperature in the dark. The cell

layers were washed again twice with PBS. The plates were read at

488 nm for Alexa-Fluor 488-labeled antibodies or at 594 nm for Alexa-

Fluor 594-labeled antibodies, respectively, with a reference wave-

length of 630 nm using a 96-well fluorimeter (TECAN Infinite 200 PRO

Systems, Mainz, Germany). Each sample/well was read at multiple

fields for uniformity and the mean fluorescence intensities of stained

cells from each well were calculated.

2.7 | Statistical analysis

All results were expressed as the mean ± SEM of three independent

experiments performed in triplicates. Statistical analyses were

conducted using either Student's t tests, one-way or two-way ANOVA

followed by Bonferroni post-test (*P < 0.05; **P < 0.01; ***P < 0.001).

All the statistical analyses were carried analyzed using GraphPad Prism

Version 7.0 software.

3 | RESULTS AND DISCUSSION

3.1 | Dual role of HIF-1 in macrophage polarization

Whole body irradiation of insulinoma-bearing RipTag5 mice led to the

complete degradation of HIF-1 in the tumors of treated mice

(Figure 1A), which correlatedwith the reduced levels of key angiogenic

proteins in these tumors and M1 retuning of TAM in these mice.14,15

Degradation of HIF-1 and concurrent upregulation of iNOS in the

irradiated tumors and purified CD11b+ TAM from insulinoma-bearing

mice14,15 indicated that depletion of HIF-1 following irradiation may

FIGURE 2 VEGFR2+ tumor-derived endothelium inhibits M1
programing of naïve macrophages. A, Naïve RAW macrophages
were cultured with or without SVR endothelium and NO was
quantified in the culture supernatant at the indicated time intervals.
B, RAW macrophages were cultured with SVR cells and were
stimulated as indicated and NO levels were quantified in the culture
supernatant at the indicated time intervals. Shown are the mean
levels of NO (µM) ± SEM from three independent experiments.
Statistical analysis was conducted using a two-tailed paired t-test
with 95% confidence intervals (*P < 0.05; **P < 0.01)
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contribute in the upregulation of iNOS inmacrophages in thesemice.14

On the basis of these results, we anticipated that HIF-1 depletion

would enhance NO levels in macrophages. To test this, we depleted

HIF-1 in RAW macrophages using an siRNA-based approach and NO

levels were measured in the culture supernatants. Consistent with our

hypothesis, depletion of HIF-1 in these macrophages enhanced NO

levels, particularly in the irradiated macrophages (Figure 1B), which is

in line with recent reports21,22 and our published data.14

HIF-1 is a master transcription factor and when stabilized, in

addition to executing hypoxia related physiological responses, it

also promotes angiogenic signaling in the polarization of tumor

infiltrating Th1 primed macrophages.23,24 To test this, we stabilized

HIF-1 in the naïve macrophages by treating them with a hypoxia-

mimetic agent, CoCl2,
25,26 and treated the cells with Th1 stimuli.

Indeed, the results from these experiments suggested that

stabilization of HIF-1 in the macrophages significantly inhibited

the generation of NO in the culture supernatant of iNOS+ Th1-

primed inflammatory macrophages (Figure 1C). These findings

correlated with results in M1 programing of irradiated TAM in

RipTag5 mice. Several studies with HIF-1 specific knockout animals

have demonstrated the contribution of HIF-1 proteins in Th1

effector responses of iNOS+ and infected macrophages.22–28 Thus,

HIF-1 expression is likely an important contributor to M1

programing of naïve macrophages in tumor-free environments,

suggesting a dual fate of HIF-1 on macrophage polarization. To

clarify this, naïve RAW macrophages were treated with different

concentrations of CoCl2 and NO titers in treated cell culture

supernatants were quantified. Supporting our hypothesis, the

results indicated that low levels of HIF-1 enhanced NO titers in

naïve RAW macrophages (Figure 1D), suggesting that low levels of

HIF-1 support the differentiation of naïve macrophages toward an

M1 phenotype. Surprisingly, an increase in the expression levels of

iNOS proteins after treatment with CoCl2 in purified CD11b+

macrophages from Rip Tag5 mice demonstrated the influence

ofHIF-1 stabilization on re-polarization of TAMs in this system

(Figure 1E). Tissue/tumor hypoxia is known to control both

macrophage activation and their tissue infiltration during inflam-

matory responses. For example, a recent report suggested that

FIGURE 3 Gamma irradiation modifies impermissive VEGFR2+ tumor-derived endothelium. A, VEGFR2+ pancreatic β-islet SVR (derivative
of SVEN) endothelial cells were irradiated with gamma irradiation (2 Gy) viz-a-viz stimulation with Th1 effector cytokines and the impact of
their stimulation was analyzed on the expression of key proteins involved in eNOS signaling/angiogenesis at 6 and 24 h posttreatment/
irradiation. Shown is a representative Western blot from three independent experiments. β-actin was used a loading control. B, Densitometry
quantification of representative Western blots shown under (A) were analyzed by ImageJ and the data were plotted as a mean of protein/
actin ratio. Statistical analysis was conducted using a two-tailed paired t-test with 95% confidence intervals (*P < 0.05; **P < 0.01). C, SVR cells
cultures were irradiated (2 Gy) and eNOS proteins were quantified using a flurometeric-based method at the indicated time intervals.
Similarly, (D) SVR cells were cultured in the presence of conditioned media obtained from naïve or irradiated mouse peritoneal macrophages
and levels of eNOS proteins were quantified using a flurometeric-based method at the indicated time intervals
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HIF-1 promotes the expression of CD68 and CCL2 and enhances

macrophage recruitment in tumor tissues.29–31 Whether HIF-1

promotes M1 or M2 phenotypes in macrophages may depend upon

the increased expression of HIF-2 proteins for which the presence

of active HIF-1 is essential. Stabilization of HIF-2 in macrophages

promoted the degradation of HIF-1 in a protease-dependent

manner and in such chronic conditions, HIF-2 could promote M2

polarization in macrophages. Interestingly, low-dose irradiation of

macrophages led to the activation of HIF-1 in naïve HIF-2 negative

macrophages.14 These results reinforced that the notion that the

presence of HIF-2 and associated signaling pathways, including

non-canonical nf-KB and TGF-β in macrophages,32,33 is important

for dictating the fate of HIF-1 for macrophage activation. Thus,

these results provide a potential explanation for the dual fate of

HIF on NO levels34,35 and its balance in inflamed macrophages,

which may be useful for tumor therapy and open new lines of

investigation.

3.2 | Tumor derived endothelium inhibits Th1
programing of naïve macrophages

To determine whether tumorigenic endothelium would influence

iNOS+ macrophages or not, we co-cultured VEGFR2+ SVR-1 with

RAW macrophages directly or indirectly and measured NO levels

(both constitutive and inducible) in the cultured supernatant. The

influence of RAW macrophages was analyzed on the expression of

various angiogenic proteins in RAW co-cultured SVR-1 cells. We

found that co-cultures of SVR-1 cells and naïve macrophages

enhanced the constitutive NO levels in culture supernatants, but

this remained insignificant over RAW macrophages alone (Figure 2A).

However, SVR-1 inhibited the levels of inducible NO in the culture

supernatant of Th1 primed iNOS+ macrophages (Figure 2B), suggest-

ing that SVR-1 assisted in driving the polarization of these macro-

phages to either M2 or TAM phenotypes. This may be due to VEGF-

R2-mediated angiogenic programing of RAW macrophages,36,37

FIGURE 4 Low dose Gamma radiation inhibits angiogenic responses in primary endothelium. Freshly isolated HUVEC endothelial cells
were irradiated upon treatment with or without conditioned media obtained from M1-differentiated macrophages and the impact of these
treatments was analyzed on various proteins involved in angiogenic signaling. Shown are the MFI of proteins ± SEM from three independent
experiments. Statistical analyses were conducted using either Student's t tests or two-way ANOVA followed by Bonferroni post-test
(*P < 0.05; **P < 0.01; ***P < 0.001)

NADELLA ET AL. | 1669



which was evident with the drop of inducible NO in the co-cultures

(Figure 2B) treated with key angiogenic factors in tumors such as S1P

and VEGF.

3.3 | LDR-primed M1 macrophages modulate
tumor-derived endothelium

Our previous studies have demonstrated the influence of LDR on the

activation of tumor endothelium for permitting the tumor infiltration of

immune effector cells in the rejection of established tumors. This

provoked us to analyze whether gamma irradiation would influence

angiogenic signaling in tumor endothelium directly or not. To test this,

we irradiated both tumor-derived endothelial cells (SVR-1 cells) and

primaryHUVECwith 2 Gy of irradiation and analyzed the expression of

various angiogenic proteins in tumor-derived endothelial cells. We

found that irradiation of these tumorigenic SVR-1 cells inhibited the

levels of eNOS in both SVR-1 (Figures 3A and 3B) and HUVEC cells

(Figure 4), confirming reduced levels of eNOS in irradiated insulin-

oma.14 This could be due to reduced levels of HSP90 protein, a major

chaperone of eNOS proteins in the activated endothelium in irradiated

tumors.14,15 Interestingly, LDR enhanced the expression of caveolin-1

proteins in SVR-1 cells, in line with our previous findings.14,15

However, radiation did notmodify the expression of pAKT significantly

in these endothelial cells. These results suggested that LDR has the

potential to mitigate eNOS signaling, which is largely influenced by

VEGF and other tumor-derived angiogenic factors in endothelium that

likely contributes to their increased permeability to endothelium in

stromal tissues.

We have previously demonstrated that the LDR-driven iNOS+

M1 phenotype14 is decisive for tumor vasculature normalization,

enhanced tumor infiltration of T cells, and subsequent tumor

immune rejection in RipTag5mice.14,15 On the basis of these results,

we anticipated that iNOS+ macrophages would influence angiogenic

signaling in tumorigenic endothelium. To test this presumption, we

cultured SVR-1 cells in the presence of conditioned media from

irradiated CD11b+ mouse primary macrophages that had acquired

an M1 phenotype postirradiation14 and analyzed the expression of

eNOS proteins. Following our expectation, conditioned media from

2 Gy irradiated primary macrophages by their virtue of the M1

phenotype14 inhibited the expression of eNOS in SVR-1 (Figure 3C-

D), and HUVEC cells (Figure 4A-D). These results further confirmed

the angiostatic impact of LDR-primed iNOS+ macrophages. Further,

low-dose gamma irradiation directly or via LDR-primed macrophages

reduced the levels of S1P and VEGF-induced angiogenic proteins in

HUVEC cells. This is likely due to the presence of various Th1

effector cytokines (eg, IFN-γ and TNF-α) in the conditioned media of

2 Gy-exposed macrophages.14 Thus, these data not only corrobo-

rated our previous studies15 where depletion of iNOS proteins in

insulinoma bearing RipTag5 mice enhanced tumor-related inflam-

mation, T cell infiltration,15 and inhibited pro-inflammatory re-

sponses, but also reinforced the involvement of iNOS proteins in

modulating the angiogenic responses in tumors, which is one of the

key hurdles in cancer therapy.
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