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 35 

ABSTRACT 36 

Myeloid-derived suppressor cells (MDSC) include immature monocytic (M-37 

MDSC) and granulocytic (PMN-MDSC) cells that share the ability to suppress 38 

adaptive immunity and hinder the effectiveness of anti-cancer treatments. Of 39 

note, in response to interferon-γ (IFNγ) M-MDSC release the tumor-promoting 40 

and immunosuppressive molecule nitric oxide (NO), whereas macrophages 41 

largely express anti-tumor properties. Investigating these opposing activities, 42 

we found that tumor-derived prostaglandin E2 (PGE2) induces nuclear 43 

accumulation of p50 NF-κB in M-MDSC, diverting their response to IFNγ 44 

towards NO-mediated immunosuppression and reducing TNFα expression. At 45 

the genome level, p50 NF-κB promoted binding of STAT1 to regulatory 46 
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regions of selected IFNγ-dependent genes, including inducible nitric oxide 47 

synthase (Nos2). In agreement, ablation of p50 as well as pharmacological 48 

inhibition of either the PGE2 receptor EP2 or NO production reprogrammed 49 

M-MDSC towards a NOS2low/TNFαhigh phenotype, restoring the in vivo 50 

antitumor activity of IFNγ. Our results indicate that inhibition of the 51 

PGE2/p50/NO axis prevents MDSC suppressive functions and restores the 52 

efficacy of anticancer immunotherapy. 53 

 54 

SIGNIFICANCE 55 

Tumor-derived PGE2-mediated induction of nuclear p50 NF-κB epigenetically 56 

reprograms the response of monocytic cells to IFNγ towards an 57 

immunosuppressive phenotype, thus retrieving the anticancer properties of 58 

IFNγ. 59 

 60 

INTRODUCTION 61 

Microenvironmental signals are sensed by myeloid cells through cytokine 62 

and/or innate immune receptors, whose differential engagement leads 63 

different polarized programs (1,2). This functional plasticity is exemplified in 64 

the M1 vs M2 extremes of macrophage polarization (1-3) and has major 65 

impacts in the orchestration of cancer-related inflammation, 66 

immunosuppression (4-6) and clinical responses (2,7). Of note, a time-67 

dependent M1 to M2 transcriptional reprogramming of myeloid cells was 68 

reported in response to prolonged exposure to Toll-like receptors (TLR) 69 

ligands (e.g. lipopolisaccharide) (i.e. LPS tolerance) (8,9), which requires the 70 

nuclear accumulation of p50 NF-B and results in altered responsiveness to 71 
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polarizing cytokines, such as IFN and IL-4 (9). Cancer fuels myeloid cells 72 

heterogeneity also by sustaining altered myelopoiesis (10-13) that supports 73 

resistance to anticancer immunotherapy (14). Of relevance, divergent 74 

outcomes have been reported in response to immunotherapy, either with 75 

cytokines (15-17) or checkpoint inhibitors (18,19). In particular, IFN, originally 76 

termed “macrophage activating factor” (20), was paradoxically shown to be 77 

equally necessary for melanoma development and rejection (21). Indeed, 78 

IFN has pleiotropic and contrasting effects in the tumor microenvironment. 79 

On one hand it exerts anti-angiogenic activities, suppression of pro-80 

tumorigenic properties, enhancement of tumoricidal activity of macrophages 81 

and of processing and presentation of tumor antigens to T lymphocytes 82 

(17,22). On the other hand, IFN promotes immunosuppressive functions in 83 

myeloid cells (13) inducing expression of the immunosuppressive enzymes 84 

indoleamine 2,3 dioxygenase (Ido) and inducible nitric oxide synthase (Nos2), 85 

involved in the catabolism of L-tryptophan (23) and L-arginine (12), as well as 86 

the ligand programmed-death receptor-ligand 1 (PD-L1, B7-H1) (24), whose 87 

interaction with the coinhibitory receptor Programmed Death-1 (PD-1) can be 88 

blocked to restore antitumor immunity (25). Mixed responses to IFN were 89 

also reported in different human malignancies (16,17,26). We have previously 90 

reported that accumulation of nuclear p50 NF-B plays an essential role in the 91 

M2 orientation of tumor-associated macrophages (TAM) (9,10), which share 92 

common myeloid precursors and a similar M2-like gene signature with M-93 

MDSC (10). Here, we investigated how tumor-derived signals affect 94 

transcriptional activities and myeloid cell functions in response to immune 95 
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stimulatory cytokines and the impact of these events on cytokine-mediated 96 

cancer immunotherapy. 97 

 98 

MATERIALS and METHODS 99 

Mice and ethics statement. The study was designed in compliance with: 100 

Italian Governing Law (Legislative Decree 116 of Jan. 27, 1992); EU 101 

directives and guidelines (EEC Council Directive 86/609, OJ L 358, 102 

12/12/1986); Legislative Decree September 19, 1994, n. 626 (89/391/CEE, 103 

89/654/CEE, 89/655/CEE, 89/656/CEE, 90/269/CEE, 90/270/CEE, 104 

90/394/CEE, 90/679/CEE); the NIH Guide for the Care and Use of Laboratory 105 

Animals (1996 edition). All experiments involving animals described in this 106 

study were approved by the Ministry of Health (authorization numbers 107 

160/2012-B and 25/2018-PR). The study was approved by the scientific board 108 

of Humanitas Clinical and Research Center. Mice have been monitored daily 109 

and euthanized when displaying excessive discomfort. p50 NF-B deficient 110 

mice on the C57BL/6J background were available in the laboratory(27). The 111 

NFKB1flox/flox (p50flox) mice was recently generated (28). p50flox mice were 112 

crossed with B6.Cg-Tg(Tek-Cre)1Ywa mice (Jackson Laboratories, Bar 113 

Harbor, Maine, USA) to generate p50flox; Tie2Cre mice (p50Tie2 mice). OT-I 114 

mice were obtained from Jackson Laboratories (Bar Harbor, Maine, USA).  115 

Tumor models. 8 weeks old mice were injected intramuscularly in the left leg 116 

with 105 cells of murine fibrosarcoma (MN/MCA1) or subcutaneously with 117 

5x105 cells of murine melanoma (B16). Tumor growth was monitored 3 times 118 

a week with a caliper. Bone marrow transfer and schedule of treatments are 119 

described in the supplementary Material & Methods 120 
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MDSC’s purification. MDSC’s purification from the spleens of tumor-bearing 121 

mice has been performed by magnetic separation (MACS Miltenyi) (11), as 122 

described in the supplementary Materials & Methods.  123 

Cell culture and reagents for mouse studies. Bone marrow MDSC (BM-124 

MDSC) were derived from bone marrows (BM) cells isolated from C57BL/6 125 

mice as previously described (29) and reported in the supplementary 126 

Materials & Methods. Peritoneal Exudate Macrophages (PEC) were obtained 127 

as previously described (10). Preparation of MN/MCA1 tumor supernatant 128 

(TSN) and reagents used for mouse studies are described in the 129 

supplementary Materials & Methods.  130 

Cell culture and reagents for human studies Human monocytes were 131 

isolated from peripheral blood as previously described (9) and cultured in 132 

RPMI-1640 containing 10% FBS, 2 mmol/L glutamine, 100 units/mL penicillin-133 

streptomycin. Culture of human pancreatic carcinoma cell line PANC1 and 134 

preparation of tumor-conditioned supernatant (TSN) are described in the 135 

supplementary Materials & Methods.  136 

The concentration for the different treatments were as follows: PANC1 137 

supernatant (30%), human IFNγ (Peprotech) 20ng/ml, PGE2 receptor 138 

(EP2/EP1) antagonist AH6809 (Tocris) 10-5 mol/L.  139 

Nitrite production. 2*105 cells were plated and stimulated with IFNγ 140 

(Peprotech 200U/ml) for indicated time points. Nitric oxide production was 141 

evaluated in culture supernatant using the Griess Reagent System (Promega) 142 

as described in supplementary Material & Methods.  143 

Suppression assay M-MDSCs (CD11b+Ly6C+Ly6G- cells) and PMN-MDSCs 144 
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(CD11b+Ly6Clow/-Ly6G+ cells) were isolated from spleen and tumor of WT and 145 

p50-/- MN-MCA1 tumor-bearing mice.  2x105 splenocytes from naive C57Bl6 146 

mice were labelled with 1M CFSE and then co-cultured with 1x105, 5x104 or 147 

2.5x104 WT M-MDSCs, in the presence of anti-CD3 (3 g/ml, 2C11, 148 

Biolegend) and anti-CD28 (2g/ml, 37.5, BD).  Similarly, M- and PMN-MDSC 149 

from WT and p50-/- mice were stimulated with IFNγ (200U/ml) for 3 days and 150 

then co-cultured with activated CSFE-labeled splenocytes. After 3 days of co-151 

colture, cells were stained and CFSE signal of gated lymphocytes was used 152 

to analyze cell proliferation. For antigen-specific suppression assay Mixed-153 

lymphocyte reaction (MLR) was performed as previously reported (11) M-154 

MDSC isolated from the spleen of tumor bearing mice were then stimulated 155 

with IFNγ (200U/ml), in the presence or absence of 500μM of L-NG-156 

monomethylarginine (L-NMMA, Calbiochem). At day 3, 50 μl of supernatant 157 

were tested for NO production (as control) and 2x105 splenocytes from OT-I 158 

mice were added for additional 72h in the presence of 250 μg/ml of ovalbumin 159 

peptide (OVA257–264) (Sigma). [3H] thymidine was added for the last 16 160 

hours of culture and its incorporation was analyzed by MicroBeta plate 161 

counter (Perkin Elmer). As controls OT-1 splenocytes alone were pulsed with 162 

OVA peptide (250 μg/mL) or kept in culture media. All conditions were 163 

evaluated in triplicates.  164 

Isolation of MDSCs from colorectal cancer (CRC) patients. The study was 165 

conducted in accordance with recognized ethical guidelines (Declaration of 166 

Helsinki) was approved by the Institute Ethical Committee, and written 167 

informed consent was obtained from 20 patients. 20 ml of peripheral blood 168 

were collected from healthy donors and T2 or T3 CRC patients. CRC patients 169 
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did not receive radiation or chemotherapy before sample collection. Blood 170 

was stratified on Ficoll gradient to separate peripheral blood mononuclear 171 

cells (PBMC). All blood samples were analysed within 3 hr after collection by 172 

FACS-analysis. Briefly, 1*106 cells were re-suspended in HBSS (Hank’s 173 

balanced salt solution, Lonza) supplemented with 0.5% BSA (Sigma). 174 

Staining was performed at 4°C for 30 minutes, with a cocktail of mABs to 175 

HLA-DR-Pacific Blue (clone L243); CD14-PE, -APC, -FITC (clone M5E2); 176 

CD33-PerCp-Cy5.5 (clone WM53); iNOS/NOS Type II-FITC (Clone 177 

6/iNOS/NOS Type II), from BD Bioscence or BioLegend. Further we used 178 

unconjugated rabbit monoclonal anti human EP2R (clone EPR8030(B); 179 

Abcam) followed by incubation with secondary goat anti rabbit Alexa Fluor® 180 

488 conjugated antibody (Life Technologies). For intra-cellular staining, 181 

Foxp3/Transcription Factor Staining Buffer Set (eBioscence) were used 182 

according to the manufacturer’s instruction. Cells were analyzed using the BD 183 

FACSCanto™ II or BD LSRFortessa™ and BD FACSDiva and FlowJo (9.3.2) 184 

software. When needed, cells were stained, sorted using a BD FACSAria™ III 185 

cell sorter and subsequently analyzed by confocal microscopy. 186 

Bone marrow (BM) colony formation. BM cells were isolated from the tibias 187 

and femurs of WT or p50-/- mice and the colony formation capacity was 188 

measured by detection and quantification using MethoCultTM GF M3434, that 189 

supports optimal growth of granulocyte-macrophage progenitors (CFU-GM, 190 

CFU-M, CFU-G), of erythroid progenitors (BFU-E) and and multi-potential 191 

granulocyte, erythroid, macrophage, megakaryocyte progenitors (CFU-192 

GEMM). 12 days after seeded, colonies were counted independently by two 193 

separate operators.  194 
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Histopathological analysis of mice BM. Sections of WT and p50-/- BM were 195 

routinely stained with Haematoxylin and Eosin (H&E) and analyzed by an 196 

expert pathologist (CT) using a Leica DM2000 optical microscope (x400 and 197 

x630 magnification) and microphotographs were collected with a Leica 198 

DFC320 digital camera using the Leica IM50 imaging software.  199 

Quantification of circulating granulocytes in peripheral blood smears. 200 

Cell counts were visually performed on five May-Grunwald Giemsa-stained 201 

smears on high-power microscopic fields (x400 magnification) and the 202 

average number of total and immature granulocytes was determined by 203 

averaging the counts.  204 

Flow cytometry and sorting. Splenocytes were collected from spleen after 205 

disaggregation and filtration through Falcon strainers (70 µm). Primary tumors 206 

were cut into small pieces, disaggregated with 0.5 mg ml−1 collagenase IV 207 

and 150 U ml−1 DNase I in RPMI-1640 for 30 min at 37 °C and filtered through 208 

strainers. Cells (10^6) were re-suspended in HBSS (Hank’s balanced salt 209 

solution, Lonza) supplemented with 0.5% BSA (Sigma) and the staining was 210 

performed at 4°C for 20 minutes with specific antibodies.  (detailed 211 

information is provided in the supplementary materials and methods). Cells 212 

were analyzed using the BD FACSCanto™ II or BD LSRFortessa™ and BD 213 

FACSDiva and FlowJo (9.3.2) software.  214 

mRNA Sequencing (mRNA-Seq) Total RNA was extracted from 1-5*106 M-215 

MDSC (RNeasy kit, Quiagen), and 2-5 μg were used to generate sequencing 216 

libraries with a Truseq RNA Sample Prep Kit V2 (Illumina) according to the 217 

manufacturer’s instructions. Sequencing was performed on a HiSeq2000 218 
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(Illumina).  219 

Chromatin Immunoprecipitation (ChIP). ChIP was carried out with a 220 

previously described high-throughput protocol (30,31). Details are reported in 221 

the supplementary Materials & Methods. 222 

Computational methods: computational analysis of data generated by RNA-223 

SEQ and ChIP-SEQ is described in the supplemental experimental 224 

procedures.   225 

Confocal microscopy on BM-MDSC, spleen MDSC and PEC. Cells were 226 

seeded on Poly-L-Lysine (Sigma-Aldrich) coated sterile rounded glasses at 227 

2x105 cells/ml in medium and fixed with 4% PFA for 10 minutes at room 228 

temperature. Cell staining and analysis are described in supplementary 229 

Material & Methods.  230 

Statistics. Statistical significance between two groups was determined by 231 

two-tailed Student’s t test or two way ANOVA corrected for multiple 232 

comparison by Sidak’s test and among more than two groups by one-way or 233 

two-way ANOVA corrected for multiple comparison by Tukey’s test (Prism 234 

version 6).  *p <0.05; ** p <0.01; *** p <0.001. 235 

Real time PCR analysis, MTT assay, Enzyme-linked Immunosorbent 236 

Assay (ELISA) are described in the supplementary Materials & Methods 237 

 238 

RESULTS 239 

p50 NF-B controls both M-MDSC suppressive functions and 240 

differentiation of myeloid precursors. 241 
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Nuclear accumulation of p50 NF-B, as occurring in TAMs and LPS-tolerant 242 

macrophages, impairs both M1 polarization and antitumor activities (9,10). 243 

Similar to TAMs, confocal microscopy analysis showed selective nuclear 244 

accumulation of p50 NF-B in splenic and tumor-infiltrating monocytic (M) –245 

MDSCs (CD11b+Ly6G-Ly6C+ cells) from fibrosarcoma (MN/MCA1) bearing 246 

mice, at advanced stages of tumor development (day 21; Fig. 1A, 247 

Supplementary Fig. S1A). As inhibition of T cells proliferation validated the 248 

suppressive activity of these cells (Supplementary Fig. S1B), we explored 249 

whether p50 NF-B could be actually involved in accumulation of suppressive 250 

M-MDSC occurring during tumor development. According to our previous 251 

findings (10,27), C57BL/6 p50-/- mice displayed both reduced tumor growth 252 

and metastasis formation, as compared to WT mice (Fig. 1B) but, 253 

paradoxically, displayed increased accumulation of splenic and tumor myeloid 254 

cells expressing the M-MDSCs phenotype CD11b+Ly6G-Ly6C+ (Fig. 1C-D 255 

and Supplementary Figure S1C). Of note this event coincided temporally 256 

with the nuclear accumulation of p50, as observed in WT mice (21 days) (Fig. 257 

1A). Cells expressing the PMN-MDSCs phenotype CD11b+Ly6G+Ly6Clow/- 258 

also accumulated during disease progression (Fig. 1C-D and 259 

Supplementary Figure S1C), however without exhibiting nuclear 260 

accumulation of p50 NF-B (Fig. 1A and Supplementary Fig. S1A).  Hence, 261 

we analyzed whether p50 could affect the expression of genes encoding for 262 

immunosuppressive activities (12,32). Noteworthy, in the absence of p50, 263 

magnetically sorted splenic CD11b+Ly6G-Ly6C+ cells (Supplementary Fig. 264 

S1D) showed a drastic reduction of both Nos2 gene expression (Fig. 1E) and 265 

NO production (Fig. 1F), in response to IFNtreatment. Accordingly, p50 266 
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depletion impaired in vivo NO production in tumor tissues (Supplementary 267 

Fig. S1E). In contrast, both Nos2 mRNA (Fig. 1E) and NO production (Fig. 268 

1F) were poorly induced by IFN treatment in both WT and p50-/- splenic 269 

CD11b+Ly6G+Ly6Clow/- cells (Supplementary Fig. S1D). Furthermore the 270 

expression of arginase I (Arg1) (13), indoleamine-2,3-dioxygenase (Ido1), and 271 

Programmed Cell Death 1 Ligand 1 (CD274) were poorly affected by the lack 272 

of p50 in both splenic and tumor CD11b+Ly6G-Ly6C+ and 273 

CD11b+Ly6G+Ly6Clow/-  cells (Supplementary Fig. S1F-G) and not further 274 

investigated. To establish the actual role of p50 NF-B in the suppressive 275 

activity of both myeloid subsets, CD11b+Ly6G-Ly6C+ and 276 

CD11b+Ly6G+Ly6Clow/- cells were isolated from tumor and spleen of 277 

fibrosarcoma (MN/MCA1)-bearing mice, activated with IFNand tested for 278 

their ability to inhibit T cell proliferation. Consistently, both splenic and tumor 279 

M-MDSC from WT mice strongly inhibited T cell proliferation, whereas the 280 

p50-deficient counterparts displayed impaired suppressive ability (Fig 1G, 281 

1H).   282 

In accordance with the lack of p50 nuclear accumulation, 283 

CD11b+Ly6G+Ly6Clow/-, both WT and p50-deficient, showed no suppressive 284 

activity (Fig 1G, 1H).  To further characterize the mechanisms underpinning 285 

the suppressive activity of p50 NF-B, splenic M-MDSCs isolated from tumor 286 

bearing mice were activated with IFNand tested for antigen-specific 287 

suppressive activity. In keeping with the data above, p50-/- M-MDSC displayed 288 

reduced suppressive activity (Fig. 1I, left), and NO levels in the co-culture 289 

supernatants (Fig. 1I, right). The M-MDSC suppressive activity was NO-290 

dependent, as addition of the NOS inhibitor L-NMMA to the co-culture 291 
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abolished both T cell suppression (Fig. 1I, left) and NO production (Fig. 1I, 292 

right). These data suggested that the NO-dependent suppressive capacity of 293 

M-MDSCs in response to IFN, relies on p50 nuclear accumulation. We next 294 

determined whether the nuclear accumulation of p50 was also observable in 295 

blood M-MDSCs (13, 33) from colorectal carcinoma patients (CRC). 296 

Compared to healthy donors, the frequency of M-MDSC (CD33+CD14+HLA-297 

DRlow/-) was increased and these cells expressed higher level of NOS2 298 

(Figure 1J and Supplementary Fig. S2A), as well as increased nuclear 299 

levels of p50 (Fig. 1K), as compared to peripheral blood mononuclear CD14+ 300 

cells from healthy donors. To confirm the role of p50 in human myeloid cells, 301 

circulating CD14+HLA-DR+ mononuclear cells from healthy donors were 302 

transfected with a small interfering RNA against p50 (p50 siRNA). Silencing of 303 

p50 (Supplementary Fig. S2B), significantly inhibited NOS2 mRNA 304 

expression in response to IFN treatment (Supplementary Figure S2C). 305 

The predominant increase in the M-MDSCs subset within the spleen of tumor-306 

bearing mice might results from its accelerated proliferation rate or 307 

preferential skewing of precursors. To study the implication of p50 in either 308 

normal or emergency hematopoiesis, we first evaluated the BM of naïve mice 309 

for composition in hematopoietic stem cells (HSC), along with their 310 

proliferation and differentiation potential. HSCs are immunophenotypically 311 

defined as cells lacking lineage specific markers (Lin-) but expressing Sca-1 312 

and c-Kit (Lin-Sca-1+c-kit+, LSK), while the methylcellulose based colony-313 

forming unit (CFU) assay allows to quantify their derived progeny in vitro. We 314 

observed a significant enrichment of LSK progenitors (Lin-Sca-1+c-kit+) in BM 315 

of p50-/- mice (Fig. 2A, B), associated with higher clonogenic potential of p50-316 
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/- HSCs in both GM-CFU and M-CFU progenitors, but not in G-CFU (Fig. 2C). 317 

These results indicate that lack of p50 results in a preferential skewing of HSC 318 

towards the monocytic branch at the myeloid/granulocytic bifurcation. 319 

Accordingly, histopathological analysis showed a severe impairment of 320 

terminal granulopoiesis in the BM of p50-/- mice, which was associated with an 321 

increased number of immature myeloid precursors (Fig. 2D). Consistently, the 322 

hematopoietic parenchyma of p50-/- mice was characterized by the marked 323 

reduction of mature segmented granulocytes and by the expansion of myeloid 324 

blasts showing abnormal interstitial localization and aggregation in clusters 325 

(Fig. 2D). Monocytic differentiation (Fig. 2E) was preserved in the BM of p50-/- 326 

mice. Consistent with BM histopathology, flow cytometry revealed a neat 327 

decrease in the Gr1+c-Kit- granulocytic population and a paralleled increase in 328 

Gr1+c-kit+ myeloblasts in p50-/-, as compared to control WT BM (Fig. 2F). 329 

Accordingly, blood granulocytes from p50-/- mice were enriched in immature 330 

and blast-like forms compared with circulating granulocytes from WT controls 331 

(Fig. 2G). Overall, these results confirm previous observations (34) and 332 

demonstrate that p50 NF-B deficiency is associated with defective 333 

granulocytic differentiation in favor of the monocytic lineage. Lack of p50 334 

resulted in a significant accumulation of LSK progenitors (Lin-Sca-1+c-kit+) 335 

also in the BM of tumor bearers (Fig 2H). Furthermore, both histopathology 336 

(Fig 2I) and flow cytometry (Fig 2J) of BM confirmed the reduction of the 337 

mature Gr1+c-kit- and the concomitant increase of the immature Gr1+c-kit+ 338 

granulocytic cells in p50-/- tumor bearers. Of relevance, cytofluorimetric 339 

analysis of tumor infiltrating MDSC revealed a significant increase of the 340 

negative regulator of MDSC expansion IRF8 (35) expression by the p50-341 
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deficient PMN-MDSC subset (CD11b+Ly6G+ cells) (Fig. 2K), which also acts 342 

as promoter of terminal monocytic maturation (36). This result is in agreement 343 

with the preferential expansion of non-suppressive Ly6C+ monocytic cells (M-344 

MDSC-like) observed in tumor bearing p50-deficient mice.  345 

 346 

Hematopoietic deletion of p50 NF-B abolishes NO production by M-347 

MDSCs and impairs metastasis formation  348 

To establish whether the expression of p50 NF-B in the hematopoietic 349 

compartment was uniquely responsible for the suppressive activity of M-350 

MDSCs, we generated chimeric mice by transplanting WT or p50-/- BM cells 351 

into sub-lethally irradiated WT and p50-/- mice, which were subsequently 352 

implanted with the MN/MCA1 fibrosarcoma. Splenic CD11b+Ly6G-Ly6C+ cells 353 

isolated from mice receiving p50-/- BM cells, and subsequently activated with 354 

IFN, were strongly impaired in their capacity to suppress both T cell 355 

proliferation and NO production (Fig. 3A). To investigate further the in vivo 356 

importance of p50 in the hematopoietic compartment, we used the deleter 357 

strain B6.Cg-Tg(Tek-Cre)1Ywa to ablate p50 in all hematopoietic lineage cells 358 

(p50Tie2 mice) (37).  In agreement with Fig. 1A and B, we observed inhibition 359 

of lung metastasis formation in tumor bearing p50Tie2 mice, which was 360 

paralleled by an increased number of splenic and tumor infiltrating CD11b+ 361 

Ly6G-Ly6Chigh cells, while an increase of CD11b+Ly6Clow/-Ly6G+ cells was 362 

observed at the tumor site (Fig. 3B).  363 

Further, splenic and tumor-associated CD11b+Ly6G-Ly6C+ cells from p50Tie2 364 

mice (Fig. 3C) showed decreased NOS2 but higher TNF expression, 365 

Research. 
on May 11, 2020. © 2020 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 7, 2020; DOI: 10.1158/0008-5472.CAN-19-2843 

http://cancerres.aacrjournals.org/


16 
 

associated with increased number of both splenic and tumor-infiltrating IFN 366 

expressing CD4+ and CD8+ T cells (Fig. 3D), these latter also expressing high 367 

levels of the cytotoxic molecule Granzyme B (GZMB). Accordingly, 368 

CD11b+Ly6G-Ly6C+ cells isolated from p50Tie2 mice showed a reduced ability 369 

to inhibit T cells proliferation, whereas CD11b+Ly6G+Ly6CLow/- cells lacked 370 

suppressive activity (Fig 3E).  Of note, transplantation of B16 melanoma cells 371 

(38) in p50Tie2 mice fully recapitulated the phenotype of the MN-MCA1 372 

fibrosarcoma, both in terms of tumor growth (Supplementary Fig. S3A) and 373 

accumulation of splenic and tumor infiltrating immune cells (Supplementary 374 

Fig. S3B, C, D). 375 

 376 

p50 influences IFN-induced Stat1 recruitment to a subset of p50-377 

dependent genes 378 

Since the absence of p50 has strongly altered the response of CD11b+Ly6G-379 

Ly6C+ cells to IFN, we further investigated this aspect. IFN-induced Stat1 380 

phosphorylation (39) was not reduced in the absence of p50 (Fig. 4A) 381 

suggesting that downstream events occurring in p50-/- cells could be 382 

responsible for defective IFN-mediated gene expression. To directly assess 383 

this hypothesis, we generated mRNA sequencing (mRNA-Seq) data sets of 384 

WT and p50-/- CD11b+Ly6G-Ly6C+ cells, isolated from the spleen of tumor 385 

bearing mice, treated or not with IFN. p50-/- CD11b+Ly6G-Ly6C+ cells showed 386 

selective gene expression defects in response to IFNγ stimulation as 387 

compared to WT controls (Fig. 4B and Supplementary Table 1). Using as 388 
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cutoffs a log2(fold change) ≥ 1 and a FDR ≤ 0.05, 15 (2.4%, cluster 2) of the 389 

628 genes induced by IFN in WT CD11b+Ly6G-Ly6C+ cells 15 (2.38%) were 390 

down-regulated in p50-/- cells, whereas 16 (2.5%) were up-regulated. Analysis 391 

of the generated gene profiles confirmed that p50 deficiency results in a 392 

significant impaired induction of Nos2 (Fig. 4C) along with an increased 393 

induction of some interferon inducible genes, such as Oas1g and Pyhin1/Ifix, 394 

(Supplementary Table 1). Collectively, our data highlight a specific function 395 

of p50 in controlling a subset of functionally relevant genes in response to 396 

IFN stimulation. Since transcriptional responses to IFN predominantly rely 397 

on the Stat1 transcription factor, we evaluated the recruitment of Stat1 on the 398 

Nos2 gene using Chromatin Immunoprecipitation (ChIP) with a validated 399 

antibody directed against Stat1 (30). Lack of p50 reduced binding of Stat1 on 400 

the Nos2 gene in CD11b+Ly6Chigh cells under both steady state and 401 

IFN treatment (Fig. 4D), therefore indicating that p50 controls IFN-402 

dependent responses at epigenetic level.  403 

Along with MDSCs, macrophages produce NO in response to IFN, which 404 

mediate either their immunosuppressive (4,13) or tumoricidal capacity (40). 405 

Similar to M-MDSCs, in thioglycollate elicited macrophages (PECs) lack of 406 

p50 decreased Nos2 mRNA expression and NO production in response to 407 

IFN (Supplementary Fig. S4A), without reducing Stat1 phosphorylation 408 

(Supplementary Fig. S4B). In further analogy with MDSCs, PECs primed 409 

with the tumor supernatant (TSN) produced higher level of NO in response to 410 

IFN, in a p50-dependent manner (Supplementary Fig. S4C). Moreover, 411 

transcriptional analysis (mRNA-Seq) of WT and p50-/- PECs confirmed that 412 

p50-/- PECs showed selective gene expression defects in response to IFN 413 
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(Supplementary Fig. S4D and Supplementary Table 2), including Nos2. On 414 

the other hand, in agreement with Fig. 2H, p50 deficiency resulted in an 415 

increased induction of the monopoiesis-inducing transcription factor Irf8 (36) 416 

(Supplementary Table 2). We then performed ChIP coupled to next-417 

generation sequencing (ChIP-Seq). Almost all DNA binding events occurred 418 

only after Stat1 activation (Supplementary Table 3) and positively correlated 419 

with IFN-induced gene expression in a statistically significant manner 420 

(Supplementary Fig. S4E), highlighting the prominent role of Stat1 as a 421 

transcriptional activator. A discrete fraction of the Stat1 cistrome was 422 

selectively affected by p50 deficiency, with an abrogation or reduction of Stat1 423 

occupancy at 2571 sites (8.3% of all inducible peaks) in p50-/- PEC relative to 424 

WT controls. For instance, we confirmed that Stat1 was not efficiently 425 

recruited to either promoters or enhancers of Nos2 gene in p50-/- 426 

macrophages, and this was associated with its reduced induction in response 427 

to IFN (Supplementary Fig. S4F). These observations were then validated 428 

at a genomic scale by computationally integrating our ChIP-Seq and mRNA-429 

Seq datasets (Supplementary Table 4). As shown in Supplementary Fig. 430 

S4G, p50-dependent genes were located at shorter distances from p50-431 

dependent Stat1 peaks than p50-independent genes. Conversely, p50-432 

independent genes were closer to p50-independent Stat1 peaks.  433 

These findings identify a role for p50 in controlling IFN-induced Nos2 gene 434 

expression in myeloid cells, and are consistent with a model of p50-435 

dependent assistance of Stat1 recruitment to selected p50-dependent genes 436 

in response to IFN treatment.  437 
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 438 

Ablation of p50 NF-B in M-MDSCs restores the in vivo antitumor 439 

activity of IFN 440 

We next investigated whether increased nuclear p50 NF-B in M-MDSCs 441 

limits cytokine-mediated immunotherapy in vivo. While IFN treatment of WT 442 

tumor-bearing mice was ineffective, the same treatment significantly reduced 443 

tumor development in p50-/- mice (Fig. 5A). Noteworthy, in vivo depletion of 444 

CD4+ and CD8+ T cells in p50 NF-B-deficient tumor bearing mice restored 445 

tumor growth (Fig. 5A, center) and metastasis formation (Fig. 5A, right), 446 

indicating that myeloid-specific p50 NF-B is suppressing specific antitumor 447 

immunity. Hence, to test the specific contribution of p50 to the 448 

immunosuppressive activity of M-MDSCs, p50-/- tumor-bearing mice were 449 

adoptively transferred with WT M-MDSCs (1x106) and treated daily with IFN. 450 

Such M-MDSCs transfer restored tumor growth in p50-/- mice (Fig. 5B) and 451 

decreased both IFN production and GZMB expression by CD8+ T cells, both 452 

in the spleen and the primary tumor (Fig. 5C,D). Of note, transfer of p50-/- 453 

CD11b+Ly6G-Ly6C+ cells did not affect tumor growth, as well as the 454 

phenotype of CD4+ and CD8+ T cells. These data demonstrate that 455 

accumulation of nuclear p50 in M-MDSCs promotes their suppressive 456 

functions in blunting the efficacy of cytokine-mediated immunotherapy (i.e. 457 

IFN. This conclusion was further strengthened observing that ablation of p50 458 

in tumor bearing mice improved the antitumor and anti-metastatic activity of 459 

the immunostimulatory cytokine IL-12 (Supplementary Fig. S5). 460 
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 461 

Tumor-derived PGE2 primes M-MDSCs for higher IFN-induced NO-462 

mediated suppressive activity 463 

In the attempt to identify tumor-derived signals controlling nuclear p50 464 

accumulation, we used BM-MDSC (29) to test molecules detected in the 465 

tumor supernatants (TSN) (Fig. 6A) and reported to either induce nuclear 466 

accumulation of p50 NF-B homodimers in macrophages (i.e. PGE2, IL-10, 467 

TGF)(10) or myeloid cell differentiation (GM-CSF, G-CSF and M-CSF). 468 

Confocal microscopy analysis showed that neither M-, GM- nor G-CSF 469 

induced p50 accumulation (Supplementary Fig. S6A). In contrast, PGE2 470 

efficiently induced nuclear p50, whereas the PGE2 receptor antagonists EP2 471 

(AH6809) and EP4 (AH23848) (41) inhibited the TSN-induced nuclear 472 

accumulation of p50 (Fig. 6B). Furthermore, BM-MDSCs primed with TSN 473 

showed higher levels of both Nos2 mRNA and NO production in response to 474 

IFN (Fig. 6C), which was prevented by AH6809 (Fig. 6D). In agreement, 475 

pretreatment with Butaprost, a selective agonist of EP2, enhanced IFN-476 

mediated NO production in a p50-dependent manner (Fig. 6D).  477 

We next evaluated the capacity of AH6809 to interfere with the MN/MCA1 478 

fibrosarcoma in vivo. Since MN-MCA1 cells also express the EP2R 479 

(Supplementary Fig. S6B), we evaluated the effects of AH6809 on tumor cell 480 

viability. MN-MCA1 cells were cultured in presence of 10M AH6809, 10M 481 

PGE2 or the combination of AH6809 and PGE2, up to 72 hours. As shown 482 

(Supplementary Fig. S6C), AH6809 did not affect tumor cell proliferation and 483 

viability. In contrast, daily treatment with AH6809 inhibited tumor growth (Fig. 484 
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6E, left) and reduced the number of lung metastasis (Fig. 6E, right) in WT 485 

mice. Consistently, no tumor growth inhibition was observed in p50-/- mice 486 

upon treatment with AH6809 (Fig. 6E, left). In agreement with the phenotype 487 

of p50-/- mice (Fig. 3C,D), flow cytometry of tumor tissue (MN/MCA1) from 488 

tumor bearing WT mice, showed that AH6809 treatment significantly reduced 489 

the expression of NOS2 (Fig. 6F, left) by CD11b+Ly6G-Ly6C+ cells, while 490 

increasing the expression of TNF (Fig. 6F, center), as well as the 491 

IFN
+CD4+ and IFN

+CD8+ T cells  (Fig. 6F, right). Similar results were 492 

obtained in splenic M-MDSCs (Fig. 6G). Further supporting the protumoral 493 

activity of the PGE2-p50-NO axis, in vivo treatment with AH6809 displayed an 494 

antitumor effects comparable with an antibody against the PD-1 immune 495 

checkpoint inhibitor (anti-PD-1), both in terms of primary tumor growth 496 

(MN/MCA1) and lung metastasis formation (Supplementary Fig. S6D), while 497 

the expression of NOS2 in CD11b+Ly6C+ WT M-MDSCs cells was reduced to 498 

levels comparable with p50-/- M-MDSC (Supplementary Fig S6E). In 499 

agreement, treatment of B16 bearing WT mice with AH6809 reduced tumor 500 

growth and NOS2 expression by CD11b+Ly6C+ M-MDSC, mimicking p50 NF-501 

B ablation (Supplementary Fig. S6F). Despite also B16 melanoma cells 502 

expressed EP2R (Supplementary Fig. S6G), AH6809 did not elicit direct 503 

cytotoxic effects in vitro (Supplementary Fig. S6H), neither antitumor effects 504 

in p50-deficient mice (Supplementary Fig. S6F). 505 

Finally, we investigated the effect of NO on the antitumor activity of IFN in 506 

vivo. WT B16-bearing mice were then treated with IFN and/or with L-NMMA. 507 

While treatment with IFN elicited poor effects on tumor growth, L-NMMA 508 
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alone displayed a significant antitumor effect, which was enhanced in 509 

combination with IFN (Fig. 7A). Moreover, L-NMMA, and even more its 510 

combination with IFN, reduced the expression of NOS2 by tumor M-MDSC 511 

(Fig. 7B, top) and enhanced the expression of TNF (Fig. 7B, bottom), while 512 

increasing the number of tumor-infiltrating IFN
+CD8+ T cells (Fig. 7C). These 513 

results indicate NO as a terminal mediator of suppressive myeloid cell 514 

functions and suggest that blocking the PGE2-p50-NO axis either upstream 515 

(i.e. EP2 inhibitors) or downstream (ie. NOS2 inhibitor L-NMMA) may restore 516 

antitumor immunity. 517 

To corroborate this finding in cancer patients, we analyzed the expression of 518 

both the PGE2 receptor EP2 and NOS2 in PBMCs from patients with 519 

advanced colorectal cancer (CRC; stage T2/T3; n = 5). In agreement with 520 

mouse data, human M-MDSCs (HLA-DRlow/-CD14+CD33high) (Supplementary 521 

Fig. S2A) expressed the PGE2 receptor EP2 (Fig. 7D). Moreover, human 522 

peripheral blood monocytes primed with TSN from the human pancreatic 523 

carcinoma cell line PANC1, containing 923 µg/ml of PGE2, and subsequently 524 

treated with IFN showed higher levels of intracellular NOS2 protein, that 525 

were reduced by treatment with AH6809 (Fig. 7E). While confirming the 526 

suppressive activity of PGE2 in cancer bearers (42), our results are the first to 527 

identify the PGE2-driven nuclear accumulation of p50 NF-B as leading event 528 

in the differentiation of suppressive M-MDSCs. 529 

DISCUSSION 530 

Cancers support a pathological generation of immunosuppressive and tumor-531 

promoting MDSC populations (12,13), that share phenotypic traits with TAMs, 532 
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including the expression of anti-inflammatory M2 polarized genes (10). Here, 533 

we demonstrate that tumor-derived PGE2 drives the suppressive phenotype 534 

of M-MDSCs through upregulation of nuclear p50 NF-B, a key player in the 535 

resolution of the inflammatory response, that links unresolved cancer-536 

inflammation with tolerance (9,28). Accumulation of nuclear p50 NF-B, in 537 

both mouse (CD11b+Ly6G-Ly6C+) and human (CRC patients) (CD14+HLA-538 

DRlow/-) M-MDSCs, diverts their transcriptional responses to IFN towards 539 

enhanced production of the immunosuppressive molecule NO. Consistently, 540 

ablation of p50 NF-B reactivated specific antitumor immunity and reinstated 541 

the in vivo antitumor activity of IL-12 and IFN, two immunostimulatory 542 

cytokines evaluated in clinical trials against various human tumors (e.g. CRC, 543 

soft tissue sarcoma, melanoma and plasma cell neoplasms) (16). This 544 

observation provides new insights into the ambivalent action of IFN 545 

(22,43,44), which in clinical protocols has shown either moderate or poor 546 

efficacy (17,21,45). This ambiguity is reminiscent of the bimodal 547 

immunological activities of IFN, which promotes transcription of genes 548 

involved in the activation of immune responses (eg. MHC class I and class II, 549 

IL-12) (46) and simultaneously induces immunosuppressive pathways, 550 

including B7-H1 (47,48) and the immunosuppressive enzymes IDO (23) and 551 

iNOS/NOS2 (12,13).   The biological activity of IFN requires the nuclear 552 

translocation and the DNA binding of the STAT1 homodimer to gamma 553 

activated sequence (GAS) sites on the promoters of downstream target genes 554 

(49), including Nos2 (50). Accumulation of p50 NF-B in myeloid cells does 555 

not affect IFN-dependent STAT1 phosphorylation, but rather controls their 556 

chromatin landscape to promote binding of STAT1 onto specific gene 557 
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regulatory elements of IFN-responsive genes, including Nos2. We also 558 

observed that lack of p50 results in increased CD11b+Ly6G-Ly6C+ cells in the 559 

spleen of tumor-bearing mice, with low NO production and suppressive 560 

activity, as well as in the preferential skewing of HSCs towards the monocytic 561 

branch in the bone marrow. This hematopoietic output is in agreement with 562 

the Irf8high feature that we observed in p50-deficient PMN-MDSCs, since IRF8 563 

is a cell fate switching factor driving terminal differentiation of the monocytic 564 

lineage (36) ad preventing MDSC expansion (35).  565 

COX2-stimulated production of PGE2 enhances the expansion of MDSCs and 566 

promotes suppression of adaptive immunity (51). We show that antagonists of 567 

the PGE2 receptors EP1/EP2 reprogram M-MDSC functions in response to 568 

IFN towards an inflammatory phenotype (i.e. NOS2low/TNFhigh), associated 569 

with increased specific anti-tumor immunity. Of relevance, in analogy with the 570 

results obtained both with the inhibition of PGE2 receptors and with the 571 

ablation of the NF-B p50 gene, the NOS L-NMMA inhibitor reprogrammed 572 

the M-MDSCs towards towards an NOS2low/TNFhigh phenotype, associated 573 

with an increased antitumoral effect of IFN. This evidence indicates the 574 

gasotransmitter NO (52) as the final effector of the protumoral reprogramming 575 

of myeloid cells, guided by the PGE2 / p50 axis. 576 

COX inhibitors (e.g. aspirin) were suggested for prevention and treatment of 577 

cancer (42). Nevertheless, due to their severe side effects, targeting specific 578 

prostanoid receptors endowed with immunosuppressive properties, such as 579 

EP2 (53-55), might provide an alternative selective and safer approach to 580 

burst specific immunity in cancer patients. Our work indicates that p50 NF-B 581 
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accumulation diverts the differentiation and activation status of myeloid cells, 582 

leading to the resolution of immune and inflammatory responses. It further 583 

demonstrates that in cancer an accumulation of p50 NF-B, induced by 584 

PGE2, acts as an epigenetic hacker of M-MDSC functions, which establishes 585 

their suppressive phenotype, suggesting the use of PGE2 receptor 586 

antagonists as potential adjuvants for anticancer immunotherapy. 587 
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 770 
 771 
 FIGURES LEGENDS 772 

Figure 1. Role of p50 NF-B in IFN-induced NO-dependent suppressive 773 

activity of M-MDSC. (A, left) Confocal microscopy showing selective up-774 

regulation of nuclear p50 NF-B in the splenic M-MDSC subset during tumor 775 

growth (day 21). (A, right) Quantification of p50 nuclear accumulation 776 

(***P<0.001 by two-tailed n=19 nuclei of M-MDSC day 11, n=18 nuclei of 777 

splenic M-MDSC day 21). (B) Inhibition of both tumor growth (MN/MCA1) 778 

(data shown are mean±SD *P<0.01 by two-tailed two-way ANOVA, n=9 WT 779 

and n= 8 p50-/- mice) and metastasis formation in p50 NF-B–deficient mice 780 

(data shown are mean±SEM ***P<0.001 by two-tailed t-test, n=9 WT and n= 8 781 

p50-/- mice). (C-D) Increased number of M-MDSC (CD11b+Ly6G-Ly6C+ cells) 782 

in the spleen (C) and in the tumor (D) of p50-/- tumor-bearing mice (data 783 
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shown are mean±SEM *P<0.05 by two-tailed two-way ANOVA, n=5 WT and 784 

n= 5 p50-/- mice). (E) Lack of p50 in M-MDSC impairs Nos2 mRNA expression 785 

in response to IFNdata shown are mean±SEM ***P<0.001, by two-tailed t-786 

test n=4 WT M-MDSC and n=4 p50-/- M-MDSC n=2 WT PMN-MDSC and n=2 787 

p50-/- PMN-MDSC biological replicates each run in triplicate). (F) Reduced 788 

IFN-mediated NO production in p50-/- M-MDSC (data shown are from a 789 

representative experiment *P<0.05 by two-tailed t-test, n=3 WT and n=3 p50-/- 790 

technical replicates). (G-H) Both spleen (G) and tumor (H) p50-/- M-MDSC 791 

showed a decreased ability to inhibit T cell proliferation in response to of IFN, 792 

at different MDSC: splenocytes ratio (data shown are from a representative 793 

experiment *P<0.05, ***P<0.001 by two-tailed t-test, n=3 WT and n=3 p50-/- 794 

technical replicates). (I) Left, decreased antigen-specific suppressive activity 795 

of p50-/- M-MDSC in response to IFN, at different MDSC:OT1 splenocytes 796 

ratio (data shown are from a representative experiment *P<0.05, ***P<0.001 797 

by two-tailed t-test, n=3 WT and n=3 p50-/- technical replicates). Right, 798 

decreased NO production in the co-culture supernatants of IFN-treated p50-/- 799 

M-MDSC, as compared to WT M-MDSC. L-NMMA, nitric oxide synthase 800 

inhibitor. (data shown are from a representative experiment *P<0.05, 801 

***P<0.001 by two-tailed t-test, n=2 technical replicates). (J), Left, Increased 802 

number of CD33+CD14+HLA-DRlow/- cells in blood from CRC patients  Right, 803 

NOS2 expression from CD14+ and CD14+HLA-DRlow/-CD33++ cells in blood 804 

from healthy donors and CRC patients (*P<0.05 by two-tailed t-test n=3 805 

healthy donors n=6 CRC patients). (K) Left, Representative confocal 806 

microscopy on nuclear p50 in peripheral blood CD14+HLA-DRlow/- cells from 807 

CRC patients, as compared to peripheral blood mononuclear CD14+ cells 808 

Research. 
on May 11, 2020. © 2020 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on April 7, 2020; DOI: 10.1158/0008-5472.CAN-19-2843 

http://cancerres.aacrjournals.org/


31 
 

from healthy donors (scale bars are 10μm). Right, MFI of nuclear and nuclear 809 

vs cytoplasmic ratio of p50 in CD14+HLA-DRlow/- cells from CRC patients 810 

(**P<0.01; ***P<0.001 by two-tailed t-test, n=6 healthy donors n=9 CRC 811 

patients). 812 

 813 

 814 

Figure 2. p50 deficiency in the BM stroma associates with enhanced 815 

myelopoiesis. BM cells from WT and p50-/- mice were stained with mAb to c-816 

Kit, Sca-1 and lineage- specific markers (CD3, CD11b, CD11c, Gr-1, B220, 817 

ter119). LSK progenitors were defined as Sca1+ cells within the gate of lin-c-818 

Kit+ cells. (A) Representative FACS analysis of LSK progenitors in WT and 819 

p50-/- BM. (B) Collective data showing that the fraction of LSK progenitors is 820 

increased in p50−/− mice (*P<0.05 by two-tailed t-test n=6 WT and n=6 p50-/- 821 

mice). (C) Hematopoiesis was analyzed using a clonogenic colony culture 822 

assay. The relative number of total BM-CFU, GM-CFU and M-CFU myeloid 823 

colonies was significantly increased in p50-/- mice compared to the WT 824 

counterpart. (**P<0.01 ***P<0.001 by two-tailed t-test n=6 WT and n=6 p50-/-  825 

mice). (D) Histopathological analysis (H&E) of the BM of p50-/- and control 826 

WT mice. The BM hematopoietic parenchyma of p50-/- mice is characterized 827 

by the marked impairment of terminal granulopoiesis and by the increase in 828 

the density of immature myeloid precursors and blasts that show aggregation 829 

in clusters. Red arrows indicate myeloid blasts. Original magnifications: upper 830 

panels, scale bars are 100μm; lower panels, scale bars are 50μm. (E) 831 

Monocytic differentiation is preserved in the BM of p50-/- mice, as testified by 832 

the presence of cells with mature monocytic morphology and by the normal 833 
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density of hemosiderin-laden macrophages. scale bars are 50μm. (F) Fraction 834 

of mature Gr-1+c-kit- and immature Gr-1+c-Kit+ granulocytes in BM from WT 835 

and p50-/- mice. The fraction of immature granulocytes is increased in the 836 

absence of p50 in comparison to the WT counterpart (***P<0.001 by two-837 

tailed t-test n=6 WT and n=6 p50-/- mice). (G) Morphologic analysis (left) and 838 

quantification (right) of Giemsa-stained peripheral blood smears from 12 839 

weeks-old p50-/- and WT mice showing that circulating granulocytes from p50-840 

/- mice are enriched in immature and blast-like forms (*P<0.05 by two-tailed t-841 

test n=6 WT and n=6 p50-/- mice). (H) Increased fraction of LSK progenitors in 842 

the BM of p50−/− tumor bearing mice (*P<0.05 by two-tailed t-test n=5 WT and 843 

n=5 p50-/- mice). (I)  Histopathological analysis (H&E) of the BM of tumor 844 

bearing mice showed a marked impairment of terminal granulopoiesis and an 845 

increased density of immature myeloid precursors and blasts in the BM 846 

hematopoietic parenchyma of p50-/- mice. Original magnifications: upper 847 

panels, scale bars are 100μm; lower panels, scale bars are 50μm. (J) 848 

Increased frequency of immature granulocytes (Gr1+c-kit+ cells) in the BM of 849 

p50-/- tumor bearing mice (*P<0.05 by two-tailed t-test n=5 WT and n=5 p50-/- 850 

mice). (K) Cytofluorimetric analysis of IRF8 in M- (CD11b+Ly6G-Ly6C+ cells) 851 

and PMN-MDSC (CD11b+Ly6G+Ly6Clow/- cells). (*P<0.05 by two-tailed t-test 852 

WT n=4, p50-/- n=6 mice). 853 

 854 

Figure 3. Myeloid-specific p50 NF-B reprograms innate ad adaptive 855 

immune functions (A) Splenic M-MDSC from p50-/- BM-transplanted mice 856 

display reduced suppressive activity (left) and NO production (right) in 857 

response to IFN. Proliferation was assessed by 3H-thymidine incorporation 858 
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(*P<0.05; **P<0.01; ***P<0.001 by two-tailed one-way ANOVA n=6 technical 859 

replicates of T cells only, n=3 technical replicates of pooled WT mice with WT 860 

BM, n=3 technical replicates of pooled WT mice with p50-/- BM, n=3 technical 861 

replicates of pooled p50-/- mice with WT BM, n=2 technical replicates of 862 

pooled p50-/- mice with p50-/- BM). NO production by a technical triplicate 863 

(n=3) for each group (***P<0.001 by two-tailed one-way ANOVA) (B) Left, 864 

metastasis formation in control p50flox and p50Tie2 mice (*P<0.05 by one-tailed 865 

t-test; p50flox n=6; p50Tie2 n=5). Center and right, increased number of splenic 866 

and tumor infiltrating M-MDSC (CD11b+Ly6G-Ly6C+) and PMN-MDSC 867 

(CD11b+Ly6G+Ly6Clow/-) respectively in p50Tie2 tumor-bearing mice (*P<0.05 868 

by two-tailed t-test; spleen n=6 p50flox and n=6 p50Tie2 tumor-bearing mice, 869 

tumor n=4 p50flox and n=5 p50Tie2 mice). (C) Top, flow cytometry analysis of 870 

NOS2 in M-MDSC from both spleen (**P<0.01 by two-tailed t-test; n=4 p50flox 871 

and n=4 p50Tie2 tumor-bearing mice) and tumor of p50flox and p50Tie2 tumor-872 

bearing mice (**P<0.01 by two-tailed t-test; n=5 p50flox and n=5 p50Tie2 mice). 873 

Bottom, flow cytometry analysis of TNF in tumor-infiltrating M- and PMN-874 

MDSC from p50flox and p50Tie2 tumor-bearing mice (**P<0.01 by two-tailed t-875 

test; n=4 p50flox and n=3 p50Tie2 mice). (D) Flow cytometry analysis of IFN876 

and GZMB-expressing CD4+ and CD8+ T cells in spleen and tumor from 877 

p50flox and p50Tie2 mice (*P<0.05, **P<0.01 by two-tailed t-test; spleen n=5 878 

p50flox and n=4 p50Tie2 tumor-bearing mice; IFN tumor n=6 p50flox and n=4 879 

p50Tie2 mice; GZMB tumor n=5 p50flox and n=5 p50Tie2 mice). (E) Inhibition of 880 

T cell proliferation by either spleen (left) or tumor (right) p50Tie2 M-MDSC in 881 

response to of IFN, at different MDSC: splenocytes ratio (data shown are 882 
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from a representative experiment *P<0.05, ***P<0.001 by two-tailed t-test, 883 

n=2 WT and n=2 p50-/- technical replicates). 884 

 885 

 886 

Figure 4. Effects of p50 deficiency on gene expression and STAT1 887 

binding in splenic M-MDSC, from tumor bearing mice, treated with IFN. 888 

(A) M-MDSC from WT and p50-/- tumor bearing mice were isolated from 889 

spleen and stimulated with IFN for 15’. Cells were stained with an anti-P-890 

Stat1 antibody and analyzed by FACS (*P<0.05 by two-tailed t-test n=2 WT 891 

and n=2 p50-/- biological replicates) (B) Heatmap showing selective gene 892 

expression alterations in p50-/- M-MDSC stimulated with IFN for 4 hours (n=2 893 

WT and n=2 p50-/- biological replicates). Data obtained with two biological 894 

replicates were highly correlated (R2>0.97) indicating high reproducibility 895 

between samples. For each transcript, the expression level (log2-transformed 896 

FPKM) is z-score scaled (red: highly expressed; blue: lowly expressed). In the 897 

vertical bar, colors indicate six groups of genes (Red: IFN-induced genes up-898 

regulated in p50-/- M-MDSC; orange: IFNinduced genes down-regulated in 899 

p50-/- M-MDSC; light grey: IFNinduced genes not affected by p50 ablation; 900 

blue: IFNrepressed genes down-regulated in p50-/- M-MDSC; light blue: 901 

IFNrepressed genes up-regulated in p50-/- M-MDSC; grey: IFNrepressed 902 

genes not affected by p50 ablation. The number of genes belonging to each 903 

group is indicated on the left. (C) A representative snapshot of RNAseq 904 

expression data for the Nos2 and Tnf genes. (D) Chromatin 905 

immunoprecipitation showing impaired recruitment of STAT1 on regulatory 906 
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regions of the NOS2 promoter, in splenic M-MDSC from p50-/- tumor bearing 907 

mice mice treated with IFNP<0.001 by two-tailed one-way ANOVA n=3 WT 908 

and n=3 p50-/- technical replicates). 909 

 910 

Figure 5. Ablation of p50 NF-B in M-MDSC restores IFN-mediated 911 

antitumor activity in vivo. (A) Left, antitumor effects of IFN in WT vs p50-/- 912 

mice. Center and right, in vivo depletion of CD4+ and CD8+ T cells in p50 NF-913 

B-deficient tumor bearing mice abolishes the antitumor activity of IFN in 914 

terms of tumor growth (data shown are mean±SEM P value was calculated by 915 

two-tailed two-way ANOVA, n=5 WT vehicle treated mice, n=5 p50-/- vehicle 916 

treated mice n=5 WT IFN treated mice, n=6 p50-/- IFN treated mice, n=6 917 

p50-/- anti-CD4/CD8 and IFN treated mice) and metastasis formation 918 

(***P<0.001 by two-tailed one-way ANOVA n=4 WT IFN treated mice, n=4 919 

p50-/- IFN treated mice, n=5 p50-/- anti-CD4/CD8 and IFN treated mice). (B) 920 

Adoptive transfer of WT M-MDSC in p50-/- tumor-bearing mice abolishes the 921 

antitumor activity of IFN in vivo, restoring tumor growth. (data shown are 922 

mean±SEM, P value was calculated by two-tailed two-way ANOVA n=8 WT 923 

mice, n=8 p50-/- mice, n=7 p50-/- + WT M-MDSC mice, n=6 p50-/- + p50-/- M-924 

MDSC mice). (C-D) FACS analysis of CD4+ and CD8+ T cells for IFN and 925 

GZMB expression and effector memory phenotype (CD62L-CD44+CD8+ T 926 

cells) in both (C) spleen (*P<0.05, by two-tailed one-way ANOVA n=6 WT 927 

mice, n=6 p50-/- mice, n=6 p50-/- + WT M-MDSC mice, n=5 p50-/- + p50-/- M-928 

MDSC mice) and (D) tumor (P<0.05, by two-tailed one-way ANOVA n=6 WT 929 

mice, n=6 p50-/- mice, n=6 p50-/- + WT M-MDSC mice, n=6 p50-/- + p50-/- M-930 
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MDSC mice) of tumor bearing mice. WT, WT mice; p50-/-, p50-/- mice; p50-/- + 931 

WT M-MDSC, p50-/- mice adoptively transferred with WT M-MDSC; p50-/- + 932 

p50-/- M-MDSC, p50-/- mice adoptively transferred with p50-/- M-MDSC   933 

 934 

 935 

Figure 6. Tumor-derived PGE2 promotes p50 NF-B mediated 936 

suppressive M-MDSC functions. (A) Levels of IL-10, TGF, PGE2, GM-937 

CSF, G-CSF and M-CSF in n=2 independent TSN, estimated by ELISA. (B) 938 

Right, confocal microscopy of p50 NF-B in BM-derived M-MDSC conditioned 939 

with either TSN, PGE2 (10μM and 20 μM) or TSN plus the EP2 antagonist 940 

AH6809 or the EP4 antagonist AH23848 (scale bars are 10 μm). Post 48 hrs 941 

of in vitro activation, cells were stained with anti-p50 NF-B antibody (green) 942 

and nuclei were counterstained with DAPI (blue). Left, confocal microscopy 943 

analysis of p50 NF-B nuclear fluorescence intensity (**P<0.01, ***P<0.001, 944 

by two tailed one-way ANOVA, medium n=34 nuclei, PGE2 10 μM n=62 945 

nuclei, PGE2 20 μM n=71 nuclei, TSN n=96 nuclei, TSN+AH6809 n=70 946 

nuclei, TSN+AH23848 n=61 nuclei). (C) TSN primes IFN-treated MDSC for 947 

enhanced expression of NOS2 mRNA and NO production (***P<0.001 by two-948 

tailed one-way ANOVA, n=3 technical replicates of a representative 949 

experiment). (D) Inhibition of NO production by the EP2 receptor antagonist 950 

AH6809, in TSN-primed and IFN-treated WT and p50-deficient BM-MDSC. 951 

Both TSN and the selective EP2 agonist (butaprost) displayed priming activity 952 

for NO production in WT BM-MDSC, but not in the p50-deficient counterpart 953 

(**P<0.01, ***P<0.001 by two-tailed one-way ANOVA, n=3 technical replicates 954 

of a representative experiment). (E) Left, AH6809 inhibits fibrosarcoma growth 955 
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(data shown are mean±SEM *P<0.05 by two-tailed two-way ANOVA n=6 WT 956 

vehicle mice, n=6 WT AH6809 treated mice, n=6 p50-/- vehicle mice, n=6 p50-957 

/- AH6809 treated mice) and lung metastasis formation in tumor bearing WT 958 

mice (**P<0.01 by two-tailed t-test n=5 WT vehicle treated mice, n=6 WT 959 

AH6809 treated mice). (F-G) FACS analysis of infiltrating immune cells in 960 

tumor (F) and spleen (G) of fibrosarcoma (MN/MCA1) bearing WT mice 961 

treated with AH6809 or untreated (vehicle). We evaluated expression of 962 

NOS2 and TNF in M-MDSC and IFN in CD4+ and CD8+ T cells. Data pooled 963 

from two different experiments are shown (*P<0.05, **P<0.01 by two-tailed t-964 

test. Tumor, TNF in M-MDSC n=6 WT vehicle and n=6 WT AH6809 treated 965 

mice, NOS2 in M-MDSC n=7 WT vehicle and n=7 WT AH6809 treated mice; 966 

IFN in CD4+ T cells n=6 WT vehicle and n=6 WT AH6809 treated mice; 967 

IFN in CD8+ T cells n=7 WT vehicle and n=7 WT AH6809 treated mice. 968 

Spleen, NOS2 and TNF in M-MDSC and IFN in CD8+ T cells n=4 WT 969 

vehicle and n=4 WT AH6809 treated mice, IFN in CD4+ T cells n=3 WT 970 

vehicle and n=3 WT AH6809 treated mice).  971 

Figure 7: Blocking NO production restores the anti-tumor activity of IFN 972 

in vivo. (A) L-NMMA treatment reduces melanoma (B16) growth in WT mice 973 

and releases the antitumor activity of IFNγ(data shown are mean±SEM P 974 

value was calculated by two-tailed two-way ANOVA n=5 WT Vehicle treated 975 

mice, n=5 IFN treated mice, n=5 L-NMMA treated mice, n=5 IFN + L-NMMA 976 

treated mice). (B) L-NMMA reduces the expression of NOS2 (Top) and 977 

increases the expression of TNF (Bottom), in tumor-infiltrating M-MDSC 978 

(*P<0.05 by two-tailed one-way ANOVA n=5 WT Vehicle treated mice, n=5 979 
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IFN treated mice, n=5 L-NMMA treated mice, n=5 IFN+L-NMMA treated 980 

mice). (C) L-NMMA enhances tumor infiltration of IFNγ-expressing CD8+ T 981 

cells  (*P<0.05 by two-tailed one-way ANOVA n=4 WT Vehicle treated mice, 982 

n=5 IFN treated mice, n=5 L-NMMA treated mice, n=4 IFN+L-NMMA treated 983 

mice). (D) Representative flow cytometry of EP2 receptor and NOS2 984 

expression in peripheral blood M-MDSC from CRC patients (n=5 CRC 985 

patients). (E) Flow cytometry analysis of NOS2 in IFN-treated human 986 

peripheral blood monocytes primed with TSN from the human pancreatic 987 

carcinoma cell line PANC1, in the presence or absence of the EP2 antagonist 988 

AH6809. 989 

 990 
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