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Abstract 31 

Background 32 

Hypoxia is a hallmark of the tumor microenvironment (TME) and in addition to 33 

altering metabolism in cancer cells, it transforms tumor-associated stromal cells. 34 

Within the tumor stromal cell compartment, tumor-associated macrophages (TAMs) 35 

provide potent pro-tumoral support. However, TAMs can also be harnessed to 36 

destroy tumor cells by monoclonal antibody (mAb) immunotherapy, through antibody 37 

dependent cellular phagocytosis (ADCP). This is mediated via antibody-binding 38 

activating Fc gamma receptors (FcγR) and impaired by the single inhibitory FcγR, 39 

FcγRIIb.  40 

Methods 41 

We applied a multi-OMIC approach coupled with in vitro functional assays and 42 

murine tumor models to assess the effects of hypoxia inducible factor (HIF) 43 

activation on mAb mediated depletion of human and murine cancer cells. For 44 

mechanistic assessments, siRNA-mediated gene silencing, Western blotting and 45 

chromatin immune precipitation were utilized to assess the impact of identified 46 

regulators on FCGR2B gene transcription.    47 

Results 48 

We report that TAMs are FcγRIIbbright relative to healthy tissue counterparts and 49 

under hypoxic conditions, mononuclear phagocytes markedly upregulate FcγRIIb. 50 

This enhanced FcγRIIb expression is transcriptionally driven through HIFs and 51 

Activator protein 1 (AP-1). Importantly, this phenotype reduces the ability of 52 

macrophages to eliminate anti-CD20 monoclonal antibody (mAb) opsonized human 53 

chronic lymphocytic leukemia cells in vitro and EL4 lymphoma cells in vivo in human 54 

FcγRIIb+/+ transgenic mice. Furthermore, post-HIF activation, mAb mediated 55 

blockade of FcγRIIb can partially restore phagocytic function in human monocytes. 56 

Conclusion  57 

Our findings provide a detailed molecular and cellular basis for hypoxia driven 58 

resistance to antitumor mAb immunotherapy, unveiling a hitherto unexplored aspect 59 

of the TME. These findings provide a mechanistic rationale for the modulation of 60 
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FcγRIIb expression or its blockade as a promising strategy to enhance approved and 61 

novel mAb immunotherapies.  62 
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Background  83 

Hypoxia is a state that arises when cellular demand for molecular oxygen (O2) 84 

exceeds supply 1. Several studies have reported that hypoxia is a distinctive aspect 85 

of a wide range of solid tumors 2-9 and over half of tumor regions exhibit lower O2 86 

levels relative to their healthy tissue counterparts 10. In the atmosphere, pO2 is 160 87 

mmHg (21.1%), falling to 100 mmHg (13.2%) in arterial blood 11. In comparison, in 88 

pancreatic ductal adenocarcinoma, median pO2 is 0–5.3 mmHg (0-0.7%) compared 89 

to 24.3–92.7 mmHg (3.2–12.3%) in donor matched healthy pancreas 5. Cells 90 

respond to hypoxia by stabilizing the hypoxia-inducible factor (HIF) family of 91 

transcription factors. In the tumor microenvironment (TME) the genes induced by 92 

HIF-1α and HIF-2α enhance tumor growth and survival, by increasing angiogenesis, 93 

cell survival, cell proliferation, metastasis, pH regulation, glycolysis and maintenance 94 

of cancer stem cells 12. 95 

Among the diverse cell populations present in the TME, macrophages are often the 96 

most abundant and are referred to as tumor-associated macrophages (TAMs) 13. 97 

Macrophages exist in multiple states of activation with so-called M1 and M2 98 

describing their extremes; M1 macrophages (generated through LPS/IFN-γ 99 

stimulation) are pro-inflammatory and are thought to possess anti-tumor functions; 100 

M2 macrophages (produced following Interleukin (IL)-4/IL-13 treatment) are 101 

considered anti-inflammatory and pro-tumor 14 15. Although TAMs are thought to 102 

acquire a primarily proangiogenic tumor promoting (M2-like) phenotype in the TME 16 103 

17. 104 

Clinically important tumor targeting monoclonal antibodies (mAb) such as Rituximab, 105 

Herceptin and Cetuximab, function, at least in part, by inducing mononuclear 106 

phagocytes to deplete tumor cells 18-23. Furthermore, mAbs such as Ipilimumab, 107 
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targeting immune checkpoint molecules, previously thought to function solely via 108 

receptor blockade and expansion of effector T (Teff) cells 24, have also recently been 109 

reported to work optimally through myeloid-cell mediated depletion of tumor 110 

infiltrating immunosuppressive regulatory T (Treg) cells 25-27. 111 

A key mechanism by which direct targeting anti-cancer mAbs deplete cellular targets 112 

in the TME is via antibody dependent cellular phagocytosis (ADCP) which is 113 

primarily accomplished by macrophages 28. As such, mAb-bound target cells interact 114 

with the activating Fc gamma receptors (FcγRs); FcγRI, FcγRIIa and FcγRIIIa for 115 

optimal ADCP (FcγRI, FcγRIII and FcγRIV in the mouse), whereas engagement with 116 

the sole inhibitory FcγR, FcγRIIb (FcγRII in mice) attenuates phagocytic function 29. 117 

Expression levels and cellular distribution of FcγR on effector cells are therefore of 118 

crucial importance in antibody therapy outcome.  119 

Although an important feature of many tumors, the impact of physiological hypoxia 120 

on anti-cancer mAb immunotherapy has not been investigated in detail to date. In 121 

the current study we applied a multi-omic approach to profile the effects of hypoxia 122 

on FcγR expression in mononuclear phagocytes and its subsequent impact on 123 

antitumor mAb effector functions. We demonstrate that exposure to physiological or 124 

pharmaceutical hypoxia, induces transcriptionally driven and rapid upregulation of 125 

FcγRIIb expression on mononuclear phagocytes. Hypoxia-mediated enhancement of 126 

FcγRIIb expression impairs ADCP and reduces in vivo therapeutic mAb efficacy in 127 

murine tumor models. We provide a detailed molecular and cellular basis for tumor 128 

hypoxia driven resistance to mAb immunotherapy, unveiling a hitherto unexplored 129 

aspect of the TME that requires evaluation for current and novel mAb 130 

immunotherapies to improve clinical efficacy.  131 

 132 

133 



   6 

Methods 134 

Human Subjects 135 

Anonymized leukocyte cones were sourced from healthy adult donors attending 136 

blood donation clinics at the National Blood Service (Southampton, UK). Peripheral 137 

blood mononuclear cells (PBMCs), primary monocytes and T cells, were then 138 

isolated from these leukocyte cones for molecular characterization and functional 139 

assays to determine the effects of hypoxia on FcγR expression and IgG effector 140 

functions. The use of leukocyte cones for this work was approved by the University 141 

of Southampton Faculty of Medicine Ethics Committee and the East of Scotland 142 

Research Ethics Service, Tayside, UK, Research ethical committee (REC) reference 143 

number: 16/ES/0048. To evaluate FcγR expression on monocytes and macrophages 144 

(mo/mθ) in cancer patients, donor matched whole peripheral blood (5-10 mL) and 145 

pleural fluid samples (50-400 mL) were sourced from 6 anonymized mesothelioma 146 

patients (REC reference number: 13/SW/0128). Donor matched Renal cell 147 

carcinoma (RCC) and non-cancerous healthy kidney tissue samples were obtained 148 

from resected kidneys from 5 RCC patients (REC reference number: 17/WA/0241). 149 

Lymphocele samples (30-100 mL) were sourced from 3 anonymized breast cancer 150 

patents (REC reference number: 10/H0504/73, for breast cancer patient samples). 151 

Peripheral blood samples were taken from Chronic Lymphoblastic Leukemia (CLL) 152 

patients, PBMCs were isolated and placed in 90% Fetal calf serum (FCS)/10% 153 

Dimethyl sulfoxide (Sigma-Aldrich) and stored in liquid nitrogen until further use as 154 

target cells in monocyte-derived macrophage (MDM) based phagocytosis assays 155 

(REC reference number: 10/H0504/187, for CLL patient samples). These 156 

aforementioned clinical samples were released from the Human Tissue Authority 157 

Licensed University of Southampton, Cancer Sciences Tissue Bank, as approved by 158 
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the Southampton and South West Hampshire Research Ethics Committee (REC 159 

reference: 280/99).  All informed consent for the use of human material was provided 160 

in accordance with the Declaration of Helsinki.  161 

 162 

Mice 163 

Mice were used in these studies as the least sentient species with an immune 164 

system comparable to humans. The availability of a transgenic (Tg) mouse strain 165 

expressing human (h) FcγRIIb also facilitates more detailed understanding of the 166 

effects of hypoxia on mAb mediated cell target depletion in a living organism to 167 

inform clinical translation. Wild type (WT) C57BL/6 and hFcγRIIB+/- x mouse (m) 168 

FcγRII-/- x hCD20+/- C57BL/6J mice were described previously 30 and were 169 

maintained and bred in house. Splenocytes from hCD20+/- x mFcγRII-/- were used as 170 

target cells in the adoptive transfer in vivo experiment in Fig. 7i-j (NB: mFcγRII-/- cells 171 

were selected to remove any potential influence from mFcγRII changes on the target 172 

cells). Genotypes were confirmed by PCR and/or flow cytometry. All mice were bred 173 

in a closed research facility under specific pathogen-free conditions in individually 174 

ventilated cages (IVCs). Following approval by local ethical committees, reporting to 175 

the Home Office Animal Welfare Ethical Review Board (AWERB) at the University of 176 

Southampton, in vivo experiments were conducted under UK Home Office Project 177 

licenses P81E129B7 and P4D9C89EA. Experiments used both male and female 178 

mice, and mice were age and sex matched within experiments. For the majority of 179 

experiments mice were aged between 8-15 weeks. Littermates of the same sex were 180 

randomly assigned to experimental groups at the start of the experiment. Mice were 181 

maintained on a 12-hour light/dark cycle, food and water was made available at all 182 

times, environmental enrichment was provided, and temperature was maintained 183 
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between 20-24°C. Mice were visually checked daily if adverse effects were 184 

anticipated or if mice were nearing a humane end-point. 185 

 186 

Isolation of murine immune cells 187 

To prepare myeloid cells from murine spleens for flow cytometric analysis, harvested 188 

tissue was cut into small pieces, placed in 5 mL complete RPMI 1640 (RPMI-1640 189 

supplemented with, 2 mM L-glutamine, 1 mM pyruvate, 100 U/mL penicillin, 100 190 

mg/mL streptomycin and 10% heat inactivated HyClone FCS (GIBCO)) and 191 

mechanically dissociated via feeding the tissue through a 70 μm BD Falcon cell filter 192 

(BD Biosciences) to achieve a single cell suspension. 1 mL of ammonium chloride 193 

buffer (154.4 mM ammonium chloride and 10 mM potassium bicarbonate (Sigma-194 

Aldrich)) was added to lyse red blood cells (RBCs) in each spleen sample and 195 

samples were washed once in complete RPMI. To isolate immune cells from the 196 

peritoneum, mice were sacrificed, and 5 mL of ice-cold phosphate buffered saline 197 

(PBS) was injected into the peritoneum using a 10 mL syringe and a 25-G needle. 198 

The peritoneum was then gently massaged, and the PBS drawn back into the 199 

syringe to achieve a single cell suspension. To prepare bone marrow immune cells 200 

for flow cytometric analysis, mice were sacrificed and hind femora and tibiae 201 

isolated. Muscle and soft tissue were removed from the bones and each bone 202 

trimmed at both ends. Bone marrow was then flushed with complete RPMI until 203 

bones were white. The liberated cells were passed through a 70 μm BD Falcon cell 204 

filter (BD Biosciences) to achieve a single cell suspension. All murine livers and 205 

tumors were cut into small 2 mm x 2 mm pieces, incubated in 1.5 mL serum free 206 

RPMI 1640 (GIBCO) per liver or 500 mm3 tumor, with 200 U/mL DNase I (Sigma-207 

Aldrich) and 15 U/mL Liberase TL (Roche Diagnostics) for 30 minutes, at 37°C in a 208 
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shaking incubator. 25 mL complete RPMI 1640 was added per sample and the 209 

digested samples were mechanically dissociated and, together with the cell 210 

suspension, passed through a 70 μm BD Falcon cell filter (BD Biosciences) and 211 

centrifuged (300 x g for 5 minutes). Additionally, immune cells in liver samples were 212 

separated from non-immune cells via Percoll (Sigma-Aldrich) density centrifugation 213 

31. The supernatants from each tumor and liver sample were removed and 5mL of 214 

ammonium chloride buffer added to lyse RBCs. Post-isolation, all murine tumor, 215 

liver, splenocyte, peritoneal lavage and bone marrow single cell suspensions were 216 

centrifuged (300 x g for 5 minutes) and resuspended in complete RPMI at 1 x 107 217 

cells/mL, prior to staining with fluorophore conjugated antibodies.  218 

 219 

Isolation of human immune cells 220 

PBMCs were isolated from leukocyte cones or from whole peripheral blood from 221 

mesothelioma patients, within 2 hours of collection, by density gradient centrifugation 222 

at 800 x g for 20 minutes (Lymphoprep, Axis-Shield). Primary human monocytes 223 

were isolated using the Pan Monocyte Isolation Kit, human (Miltenyi Biotech) from 224 

1x108 PBMCs per isolation, according to the manufacturer’s protocol.  225 

Pleural fluid and lymphocele clinical samples were centrifuged at 300 x g for 10 226 

minutes and the supernatants were removed. RBCs were lysed with Erythrolyse Red 227 

Blood cell (RBC) lysis buffer (AbD SeroTec) and samples washed once in PBS/1% 228 

Bovine Serum Albumin + 10% FCS (Sigma-Aldrich) and stained immediately with 229 

fluorophore conjugated mAbs for flow cytometric analysis.  230 

RCC or healthy (normal) kidney tissue (0.9-1.3 g of tissue per sample) was cut into 231 

small 2 mm x 2 mm pieces, incubated in 1.5 mL RPMI 1640 (GIBCO) per 0.3 g of 232 

tissue, with 200 U/mL DNase I (Sigma-Aldrich) and 15 U/mL Liberase TM (Roche 233 
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Diagnostics) for 45 minutes, at 37°C in a shaking incubator. 25 mL of complete RPMI 234 

1640 was added per 0.3 g of tissue and the digested samples mechanically 235 

dissociated and, together with the cell suspension, passed through a 70 μm BD 236 

Falcon cell filter (BD Biosciences) and centrifuged (300 x g for 5 minutes). The 237 

supernatant was removed and 5 mL of ammonium chloride buffer added to lyse 238 

RBCs. Each sample was then centrifuged (300 x g for 5 minutes), the supernatant 239 

discarded, the cell pellet resuspended in complete RPMI 1640 with 10% Human AB 240 

serum (Invitrogen) at 1 x107 cells/mL and incubated at room temperature for 15 241 

minutes. These cell suspensions were then centrifuged (300 x g for 5 minutes), the 242 

supernatants discarded and resuspended in complete RPMI and stained 243 

immediately with fluorophore conjugated mAbs for flow cytometric analysis.  244 

 245 

Cell lines and transfections 246 

Chinese hamster ovary (CHO) K1 (ATCC CCL-61) cells were cultured in complete 247 

RPMI 1640 with 0.05 mM actt and incubated at 37°C, 5% CO2. CHO-K1 cells were 248 

then transfected with FcγRIIb1 or FcγRIIb2 isoforms in plasmid pcDNA3 32, selected 249 

by using 1 mg/mL geneticin (Life Technologies), and screened by flow cytometry 250 

using the pan-FcγRII mAb AT10 F(ab’)2-FITC (in-house). Positive colonies were 251 

expanded and then sorted using a FACSAria II flow cytometer (BD Biosciences). 252 

THP-1 (ATCC TIB-202) cells were obtained from LGC Standards (Middlesex, UK). 253 

THP-1 cells were cultured in complete RPMI 1640 medium with 0.05 mM 2-ME, 254 

maintained at 0.25-0.5∙106 cells/ml and incubated at 37°C, 5% CO2. THP-1 cells 255 

were passaged before reaching 1 x 106 cells/ml. EL4 cells (ATCC® TIB-39TM), a 256 

murine thymoma cell line, were cultured in complete RPMI 1640 supplemented with 257 

0.05 mM 2-ME. Cells were maintained between 1 x 105 and 1 x 106 cells/mL and 258 
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incubated at 37°C, 5% CO2. These EL4 cells were then transfected with human 259 

CD20 in plasmid pcDNA3 33, selected with 10 μg/mL puromycin (GIBCO). Human 260 

CD20 expression was screened by flow cytometry, using Rituximab (Roche) 261 

conjugated in-house using an Alexa Fluor™ 488 Protein Labelling Kit (ThermoFisher 262 

Scientific). Positive colonies were expanded and then sorted using a FACSAria II 263 

flow cytometer (BD Biosciences). MC38 (murine colon adenocarcinoma cell line, 264 

kindly gifted by Dr Sjef Verbeek), MCA205 (fibrosarcoma cell line, Sigma-Aldrich) 265 

and E.G7-OVA (T cell lymphoma cell line expressing model antigen hen egg 266 

ovalbumin, ATCC®, CRL-2113TM) were maintained in complete RPMI supplemented 267 

with 0.05 mM 2-ME. E0771 (breast carcinoma cell line, ATCC®, CRL-3461TM) cells 268 

were maintained in complete RPMI alone. 269 

 270 

Antibodies  271 

In the human monocyte phagocytosis assays, Rhesus D antigen positive RBCs were 272 

used as target cells via opsonization with wild type human IgG1 anti-Rhesus D mAb, 273 

kind-gift Dr Gestur Vidarsson (Sanquin Blood Supply Foundation, Amsterdam, 274 

Netherlands). In Fig. 7c, to block IgG Fc-FcγRII interactions, E08 (anti-human-275 

FcγRIIa) or 6G11 (anti-FcγRIIb), described previously 30 34, provided by BioInvent 276 

International AB (Malmo, Sweden), were used as F(ab’)2 fragments to pre-treat 277 

primary human monocytes, before assessment of RBC ADCP capacity. F(ab’)2 278 

fragments were produced by trypsin digestion as before 35. mAb was purified using 279 

Protein A-Sepharose, and aggregates were removed by gel filtration. Preparations 280 

were endotoxin low (<1 ng/mg protein, Endosafe-PTS, Charles River Laboratories). 281 

For the human MDM ADCP assays, and when targeting human CD20+ target cells in 282 

vivo, clinical grade Rituximab (Roche) and Obinutuzumab (Roche) were used (kindly 283 
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gifted by Prof Christian Klein, Roche). Cetuximab (Merck KGaA) and Herceptin 284 

(Roche, kindly gifted by Thomas Valerius) were used as isotype controls for the 285 

aforementioned anti-CD20 mAbs. For systemic B cell depletion in wild type 286 

C57BL/6J mice in online supplemental Fig. S7h, anti-murine CD20 antibody, clone 287 

18B12 (produced in-house) was used as a mouse IgG2a to systemically deplete B 288 

cells as previously 36 37.  289 

Generation of monocyte-derived macrophages (MDMs) 290 

PBMCs were isolated from leukocyte cones from healthy donors and were seeded 2 291 

x 107 cells per well in 6-well plates (Corning Centristar), in complete RPMI 292 

(supplemented with 1% human AB serum, Invitrogen) at 37°C and 5% CO2 for 2 293 

hours. Non-adherent cells were removed with PBS and cells cultured overnight in 294 

complete RPMI. Adherent monocytes were then differentiated with M-CSF (100 295 

ng/ml) on days 2, 4 and 6 with or without Dimethyloxalylglycine (DMOG) or 296 

Roxadustat (both at 20 µM). On Day 7 post-culture, MDMs were left untreated or 297 

stimulated with IFN-γ (50 ng/mL) and LPS (2 ng/mL), or IL-4 (20 ng/mL) and IL-13 298 

(10 ng/mL), to generate M0, M1 and M2-like macrophages, respectively. Changes in 299 

cell morphology were assessed by phase contrast microscopy (Axiovert 135, Zeiss). 300 

Phenotypic and functional characterization of MDMs was performed 9 days post-301 

culture: MDMs were removed from the plates with a cell scraper, 2 x105 cells were 302 

transferred to each FACS tube and analyzed using BD FACSCantoII or FACSCalibur 303 

(BD Biosciences) flow cytometers and FlowJo Version 10 software (FlowJo LLC). 304 
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Cell culture 305 

In Fig. 1, PBMCs from heathy human subjects were cultured at low density (LD) 306 

defined as 1 x 106 cells/mL or at high density (HD) defined as 1 x107 cells/mL, in 307 

serum free complete CTL-Test Medium ((Europe GmbH, Bonn, Germany), 308 

supplemented with glutamine (2 mM), pyruvate (1 mM), penicillin (100 IU/mL), and 309 

streptomycin (100 IU/mL)), at 37°C in 5% CO2. 1.5 mL of cells at the aforementioned 310 

concentrations were cultured in flat bottomed 24-well plates (Corning Centristar) for 311 

48 hours before immunophenotyping using flow cytometry and Western blotting.  312 

To determine whether physiological hypoxia leads to FcγRIIb upregulation on human 313 

monocytes, LD PBMCs or purified monocytes were incubated in a hypoxic chamber 314 

(Billups-Rothenberg, Inc). Cells were cultured in complete CTL medium in a 24-well 315 

plate and placed in the hypoxic chamber. To create hypoxic conditions, the chamber 316 

was attached to a gas cylinder containing 1% O2, 5% CO2 and 95% N2 with tubing 317 

using a flow meter incorporated in a regulator. The chamber was gassed at a flow 318 

rate of 20 L/minute for 7-10 minutes and then sealed whilst being filled with 1% O2. 319 

This step was repeated an hour later. Cells in the sealed hypoxic chamber were then 320 

kept inside a conventional incubator at 37°C for 48 hours before FcγR expression 321 

levels were assessed using flow cytometry. PBMCs or purified monocytes were also 322 

cultured at 3% O2 levels in complete CTL medium, in a Thermo Scientific tri-gas 323 

incubator (Thermo Fisher Scientific), at 37°C and 5% CO2, followed by FcγR 324 

expression assessment using flow cytometry. 325 

To stabilize HIF-1α and HIF-2α in primary mononuclear phagocytes and THP-1 cells, 326 

HIF prolyl hydroxylase (HIF-PH) inhibitors were utilized as hypoxia mimetics. DMOG 327 

was purchased from EMD Millipore, directly dissolved in sterile PBS to a stock 328 
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concentration of 20 mg/mL, then filter sterilized and stored aliquoted at -80°C. 329 

Roxadustat (FG-4592) was purchased from Stratech Scientific Ltd, dissolved in 330 

DMSO to create 50 mg/mL stock solution aliquots; these were further diluted in 331 

sterile PBS to 1 mg/mL, and stored aliquoted at –80°C. To determine whether the 332 

stabilization of hypoxia inducible factors leads to FcγRIIb upregulation on 333 

monocytes, human PBMCs, purified monocytes or MDMs were incubated with 20 µM 334 

DMOG or 20 µM Roxadustat in complete CTL medium, at 37°C and 5% CO2 for 24 335 

or 48 hours, before flow cytometric analysis. THP-1 cells were treated with 0-200 µM 336 

DMOG.  337 

To assess the role of HIFs and AP-1 in the upregulation of FcγRIIb in human 338 

monocytes and MDMs the following reagents were utilized to impair function or 339 

reduce expression of HIFs and or AP-1 transcription factor complex protein; c-Jun. In 340 

online supplemental Fig. S5a-b HD PBMCs were treated with 10 µM Digoxin (Sigma-341 

Aldrich). In Fig. 5i LD PBMCs were treated with VHL inhibitor; VH298 38, at 25 µM 342 

(Sigma-Aldrich). In Fig. 5j LD PBMCs were simultaneously treated with 20 µM 343 

DMOG and 20 µM of the HIF-α inhibitor; FM19G11 39, (Sigma-Aldrich). To impair 344 

JNK/c-Jun interactions in Fig. 5k, LD PBMCs were treated with 20 µM DMOG and 345 

were simultaneously treated with 1mM c-Jun peptide (R&D Systems, 40). All inhibitor 346 

treated cells were cultured in complete CTL medium for 24 hours, followed by FcγR 347 

expression assessment using flow cytometry. M1 MDMs were treated with c-Jun 348 

peptide with or without simultaneous treatment with 20 µM DMOG for 48 hours. 349 

These M1 MDMs were cultured in complete RPMI 1640 with M1 skewing agents 350 

(IFN-γ and LPS) and incubated at 37°C and 5% CO2, followed by FcγR expression 351 

assessment using flow cytometry. 352 

 353 
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siRNA 354 

For siRNA manipulation of monocytes, immediately after isolation from PBMC 355 

samples, monocytes were washed in PBS, centrifuged at 300 x g for 5 minutes, 356 

supernatant discarded and the cell pellet resuspended at 3 x 107 cells/mL in buffer T 357 

(ThermoFisher). A NeonTM tube was filled with 3 mL of buffer E2 and inserted into 358 

the NeonTM Pipette Station. HIF1Α, HIF2A, JUN or SilencerTM negative control 359 

siRNA (ThermoFisher) were added to the isolated monocyte/buffer T mixture so that 360 

the final working concentration of siRNA was 100 nM. The siRNA/monocyte/buffer T 361 

mixture was taken up into a 100 µL NeonTM Pipette tip (ThermoFisher) and 362 

electroporated with the Neon transfection system (ThermoFisher) using the settings: 363 

1920 V, 25 ms, 1 pulse. The electroporated cells were either shared across 2 wells 364 

of a 24-well plate with 1 ml of antibiotic free media (CTL medium + 10% FCS) for LD 365 

culture; or placed in a single well of a 96-well plate with 100 µl antibiotic-free media 366 

for HD culture. Electroporated cells were incubated in antibiotic-free CTL medium for 367 

48 hours before FcγR expression was analyzed by flow cytometry. 368 

 369 

Flow cytometry of human cells 370 

Human immune cells were first incubated in complete RPMI 1640 supplemented with 371 

10% Human AB serum (Invitrogen) and incubated at room temperature for 15 372 

minutes and then centrifuged at 300 x g for 5 minutes. Cells were then resuspended 373 

at 10 x 106 cells/mL in flow cytometry wash buffer (PBS with 1% w/v BSA (Europa), 374 

0.1% w/v sodium azide (Sigma-Aldrich)). 1 x 106 PBMCs, purified monocytes, 375 

MDMs, THP-1 cells, immune cells isolated from pleural fluid, lymphocele, RCC or 376 

healthy (normal) kidney tissue in 100 µL were stained with fluorophore-conjugated 377 

mAbs per FACS tube, for 30 minutes at 4°C. Samples were stained with anti-CD3 378 
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PerCP (clone: SK7), anti-CD56–PE (clone: HCD56), anti-CD19 APC-Cy7 (clone: 379 

HIB19), anti-CD14–Pacific Blue (clone: M5E2), anti-CD163 PE-Cy7 (clone: RM3/1), 380 

anti-HLA-DR APC-Cy7 (clone: L243), anti-CD40 APC-Cy7 (clone: 5C3), anti-human 381 

CD11b PE (clone: ICRF44), anti-human CD274 (B7-H1, PD-L1) PE (clone: MIH3) or 382 

IgG1κ-FITC (clone: MOPC-21) isotype control (all from BioLegend). FcγR staining 383 

was carried out using anti-FcγRI FITC (clone: 10.1, F(ab') 2), anti-FcγRIIa FITC 384 

(clone: E08, F(ab')2), anti-FcγRIIb FITC (clone: 6G11, F(ab')2), anti-FcγRIIIa FITC 385 

(clone: 3G8, F(ab')2), and isotype control human IgG1 FITC (clone: FITC8 F(ab')2) 386 

were all generated from published sequences in-house or provided by BioInvent 387 

International AB. The FcγR activating:inhibitory (A:I) ratio was calculated by 388 

summing up the Geometric mean (Geomean) fluorescent intensities of the activating 389 

FcγR (FcγRI, FcγRIIa and FcγRIIIa) staining and dividing by the Geomean 390 

fluorescent intensity of FcγRIIb staining. Alternatively, anti-FcγR mAbs were used in 391 

an APC format. In order to determine expression levels of the hypoxia marker; 392 

Carbonic Anhydrase IX (CA9), anti-CA9 (clone: M75), mouse IgG1, Fc Silent™, 393 

Kappa APC (Absolute antibody) was used. Cells were then washed with flow 394 

cytometry wash buffer and if pre-cultured with translation, transcription, HIF-PHD, 395 

HIF-α or c-Jun inhibitors, cells were also stained with propidium iodide (PI, Sigma-396 

Aldrich) before analysis of the cells by flow cytometry, in order to determine cell 397 

viability. HIF-1α and GLUT1 were measured using the Hif1α + GLUT1 Hypoxic 398 

Response Human Flow Cytometry Kit (Abcam). 1 x 106 cells LD or HD monocytes 399 

were harvested and fixed in 4% paraformaldehyde (Sigma-Aldrich) for 15 minutes 400 

and pelleted. The pellet was resuspended in 90% ice cold methanol and incubated at 401 

-20°C for at least 30 minutes. Within 1 week of fixing, cells were warmed to room 402 

temperature and the methanol removed before rehydrating and washing cells in 403 

https://absoluteantibody.com/coretechnologies/second-generation-recombinant-antibody-formats/fc-silent-engineered-fc-domain/
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blocking buffer. After incubating cells for 30 minutes in blocking buffer the primary 404 

mouse HIF-1α and rabbit GLUT1 antibodies were added (Table 1). After 1 hour, the 405 

cells were washed in PBS and the appropriate secondary antibodies – anti-mouse 406 

Alexa Fluor 488 (A488), (in house) and F(ab')2 Donkey anti-Rabbit IgG PE 407 

(Affymetrix eBioscience), were added to the cells and allowed to incubate for 1 hour. 408 

Cells were washed in flow cytometry wash buffer before analysis as stated above. 409 

Results of FcγR expression are shown as geometric mean fluorescent intensity 410 

(MFI) for FcγR expression on single/live B cells (FSC-AloSSC-AloCD19+CD3−), NK 411 

cells (FSC-AloSSC-AloCD3-CD56dim), monocytes (FSC-AhiSSC-AloCD14lo/intermediate/high) 412 

and tumor associated macrophages (FSC-AhiSSC-AloCD3-CD56-CD19-CD14-413 

CD163+) (see online supplemental Fig. S1a-b for flow cytometric gating strategy for 414 

all human immune cells). FcγR, CA9, CD40, PD-L1 and HLA-DR expression levels 415 

were corrected by subtracting the geometric MFI of the corresponding isotype 416 

control. Post-staining with fluorophore-conjugated mAbs, cells were analyzed using 417 

BD FACSCantoII or FACSCalibur (BD Biosciences) flow cytometers and data 418 

analyzed using FlowJo Version 10 software (FlowJo LLC). 419 

 420 

 421 

 422 

Flow Cytometry of murine cells 423 

Murine immune cells (from peripheral blood, peritoneum, spleen or bone marrow) 424 

were resuspended at 1 x 107 cell per mL in flow cytometry wash buffer. 1 x 106 425 

PBMCs, splenocytes, peritoneal lavage, bone marrow, liver or tumor immune cells in 426 

100 µL were stained with fluorophore-conjugated mAbs per FACS tube, for 30 427 

minutes at 4°C. Samples were stained with anti-mouse F4/80 APC (clone: Cl:A3-1, 428 

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00390/full#SM1
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BIO-RAD), anti-mouse Ly6G PE-Cy7 (clone: RB6-8C5, eBioscience), anti-mouse 429 

Ly6C PerCP-Cy5.5 (clone: HK1.4, eBioscience) and anti-mouse CD11b Pacific Blue 430 

(clone: M1/70, BioLegend). FcγR staining was carried out using anti-mouse FcγRI 431 

FITC (clone X54-5/7.1, F(ab') 2), anti-mouse FcγRII FITC (clone: AT130/2, F(ab')2), 432 

anti-human FcγRIIb FITC (clone: 6G11, F(ab')2), anti-FcγRIII FITC (clone: AT154-2, 433 

F(ab')2), anti-FcγRIV FITC (clone: AT137, F(ab')2), isotype control human IgG1 FITC 434 

(clone: FITC8 F(ab')2), isotype control mouse IgG2a FITC (clone: 4D5 F(ab')2) or 435 

isotype control rat IgG2a FITC (clone: Mc106A5 F(ab')2) were all generated in-436 

house. Results of FcγR expression are shown as geometric MFI for FcγR expression 437 

on single/live macrophages (FSC-AhiSSC-AloCD11bloF4/80+), monocytes (FSC-438 

AhiSSC-AloCD11bhiLy6Chi) and neutrophils (FSC-AhiSSC-AhiCD11bhiLy6Ghi), see 439 

online supplemental Fig. S7a for flow cytometric gating strategy for murine immune 440 

cells. FcγR expression levels were corrected by subtracting the geometric MFI of the 441 

corresponding isotype control. Post-staining with fluorophore-conjugated mAbs, cells 442 

were analyzed using BD FACSCantoII or FACSCalibur (BD Biosciences) flow 443 

cytometers and data analyzed using FlowJo Version 10 software (FlowJo LLC). 444 

 445 

Western Blotting 446 

Isolated monocytes (5 x 106) were collected and centrifuged at 800 x g for 5 minutes 447 

at RT. The supernatant was removed, and the resulting cell pellet was lysed using 448 

20 µL of RIPA buffer (Abcam) supplemented with a western blot protease inhibitor 449 

cocktail (Abcam). The lysed cells were stored at -20°C. The protein concentration of 450 

the lysed cells was determined using a Bradford assay; 50µg of protein was added to 451 

5 µL of laemmli buffer (Abcam), and distilled H2O was added to make each sample a 452 

total of 20 µL. The protein-laemmli buffer mix was then heated at 95°C for 5 minutes. 453 

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00390/full#SM1
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The samples were loaded onto pre-made 10%, 1.50 mm x 10 well, bis-tris gels 454 

(NuPage R) and run at 150 V. Proteins were transferred onto nitrocellulose blotting 455 

membranes (GE Healthcare life sciences) in a transfer cassette run at 30 V for 90 456 

minutes. The proteins probed for were FcγRIIb and HIF-1α and/or HIF-2α and/or 457 

JUN with HSC70 as a loading control. The membrane was blocked in a 5% BSA 458 

Tris-buffered saline-tween (TBS-T), 0.01% azide solution for one hour. Anti-FcγRIIb 459 

(clone:EP888Y, Abcam), anti-HIF-1α (clone: polyclonal, Novus Biologicals) and anti-460 

HSC70 (clone: B-6, Santa Cruz Biotechnology) were added at a 1:500 dilution, anti-461 

HIF2-α (clone: D6T8V), anti-c-Jun (clone: 60A8), anti-phospho-c-Jun (clone: D47G9) 462 

and anti-phospho-c-Fos (clone: D82C12, all from Cell Signalling Technology) were 463 

added at a 1:1000 dilution. The antibodies were left on the nitrocellulose membrane 464 

overnight at 4°C. The next day, the blots were washed in a 5% BSA Tris-buffered 465 

saline-tween (TBS-T) solution followed by a 1-hour incubation with horseradish 466 

peroxidase (HRP)-linked secondary antibodies. An ECL Western Blotting substrate 467 

(Pierce R) was used to detect HRP activity and imaged using the Imager Chemi 468 

Doc-It Imaging system (UVP) and the VisionWorks RLS software (UVP). The images 469 

were quantified using ImageJ 1.4.3.67 software. 470 

 471 

Oxygen Sensing (SensorDish Reader) 472 

PBMCs or purified monocytes were cultured in serum free complete CTL medium in 473 

24-well plates with integrated oxygen sensors (OxoDish-R-DW, PreSens) and placed 474 

on the OxoDish R sensor dish reader (SDR) (PreSens) to measure oxygen levels in 475 

the culture conditions over a 24 hour period, as previously described 41 42. The 476 

reader and plates were placed at a constant humidity, 37°C, 5% CO2 and oxygen 477 

levels were measured every 10 minutes for 24 hours. 478 



   20 

 479 

Radiometer analysis of cell culture media 480 

LD and HD human PBMCs or isolated monocytes were cultured for up to 48 hours in 481 

24-well plate in serum free CTL medium. Supernatants from these cultures were 482 

analyzed for CO2, metabolites, pH and Oximetry using an ABL 835 FLEX blood gas 483 

analyzer (Radiometer Medical ApS).  484 

 485 

Chromatin immunoprecipitation (ChIP) Assay 486 

ChIP was performed on magnetically sorted isolated monocytes (Pan Monocyte 487 

Isolation Kit, human, Miltenyi Biotech), cultured for 10 hours at LD with or without 20 488 

µM DMOG, as previously published with several modifications (Hayakawa et al., 489 

2004). Briefly, the SimpleChIP Enzymatic Chromatin IP Kit (Magnetic Beads), (Cell 490 

Signalling Technology), was used; 4 x 106 untreated or DMOG treated monocytes 491 

were fixed using 37% formaldehyde for 15 minutes at room temperature. Monocytes 492 

were then washed twice in ice cold PBS, centrifuged at 2000 x g for 4 minutes at 493 

4°C, supernatant discarded and the dried pellets stored at -80°C overnight. Cell 494 

pellets were then thawed on ice and treated with sodium dodecyl sulfate (SDS) 495 

containing buffers as per the manufacturer’s protocol. DNA in each sample was 496 

digested using 0.5 µL Micrococcal Nuclease per immunoprecipitation (IP) and 497 

incubated for 15 minutes at 37°C. The digestion was stopped using 0.5 M 498 

ethylenediaminetetraacetic acid (EDTA) and after further washing and treatment with 499 

buffers as per the manufacturer’s protocol, the digests sonicated using a Soniprep 500 

150 sonicator (MSE), at setting 3 for 15 cycles of 45 seconds on and 15 seconds off, 501 

whilst being kept on ice. The lysates were then clarified by centrifugation at 9,400 x g 502 

for 10 minutes at 4°C. The supernatants were removed and stored at -80°C 503 
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overnight. 50 µL of this sample was run on a 1% agarose gel following digestion with 504 

RNAse A and Proteinase K, as per the manufacturers protocol using the SimpleChIP 505 

Enzymatic Chromatin IP Kit, (Cell Signalling Technology). DNA for all samples was 506 

observed to be fragmented between 150-900 bp. Each DNA sample was then 507 

incubated overnight at 4°C with Rabbit mAb IgG XP isotype control (clone DA1E) for 508 

the negative control IP, Histone H3 XP Rabbit mAb (clone: D2B12) for the positive 509 

control, c-Jun Rabbit mAb (clone: 60A8), HIF-1α XP Rabbit mAb (clone D1S7W) or 510 

HIF-2α Rabbit mAb (clone: D6T8V, all mAbs purchased from Cell Signalling 511 

Technology). The chromatin from each sample was then separated from the 512 

aforementioned mAbs using protein G magnetic beads followed by reversal of 513 

chromatin/DNA cross linking and DNA purification as per the manufacturer’s 514 

protocol. Using real-time quantitative polymerase chain reaction (RT-QPCR) RPL30; 515 

the positive control gene was amplified from DNA isolated via the anti-Histone H3 516 

ChIP assay. Commercially available primers (Cell Signalling Technology) and the 517 

SimpleChIP Universal qPCR Master Mix (Cell signalling Technology) were then used 518 

to detect RPL30 as per the manufacturer’s protocol. Using the same SimpleChIP 519 

Universal qPCR Master Mix the FCGR2B promotor region was also amplified at 520 

specific regions predicted to contain AP-1 or HIF-α binding motifs within the 1Kb 521 

gene promotor upstream of the transcription start site (TSS), using custom-designed 522 

primers (see online supplemental table S1 for list of primers, purchased from 523 

Integrated DNA Technologies).  524 

Targeted region Forward sequence Reverse sequence 

FCGR2B promotor; AP-1 binding site 5'-ATGCTCAATTTCAAGAAGCATCCA-3' 5'-TGAGAAAGGGTGATGCAGGA-3' 

FCGR2B promotor; HIF-2α binding site 5'-AGGGAAGGTCCTCACAAGAAT-3' 5'-AGGTTTCGGGTTGAATGCCAG-3' 

Online Supplemental table S1. List of primers used for qRT-PCR, to amply specific 525 

regions of the FCGR2B promotor, 1 Kb upstream of the TSS. 526 
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 527 

Whole Genome DASL (cDNA-mediated Annealing, Selection, extension and 528 

Ligation) Array and Bioinformatic Analyses 529 

Monocytes were isolated from PBMC cultures (using the Pan Monocyte Isolation Kit, 530 

human, Miltenyi Biotech), cultured at HD, and harvested at 0, 2, 10 531 

and 24 hours from 2 donors. B cells were also isolated from PBMC cultures (using 532 

the B cell Isolation Kit II, human, Miltenyi Biotech), cultured at HD and harvested at 0 533 

and 24 hours. Total RNA was isolated from these cells using the RNAeasy Mini Kit 534 

(Qiagen) for assessment on the whole genome DASL array. 535 

A whole genome DASL array was carried out on monocyte and B cell total RNA 536 

samples. The resulting dataset was corrected for background using negative controls 537 

and normalized using the neqc function of the limma v3.24.15 Bioconductor package 538 

43 in R v3.3.2 (R Core Team (2017). R: A language and environment for statistical 539 

computing. R Foundation for Statistical Computing, Vienna, Austria. URL 540 

https://www.R-project.org/). The dataset was also quality checked by only including 541 

probes that were expressed in at least 3 arrays according to detection p-values of 542 

5%. Multi-dimensional scaling plots were generated using the plotMDS function to 543 

look at the variability between donors and time points. The normalized, quality 544 

checked data was then used to evaluate differentially expressed genes between the 545 

4 time points and a cut-off based on a defined FDR was used to generate a list of 546 

gene candidates between every iteration of comparisons. These identified genes 547 

were used to generate heatmaps in Ingenuity Pathway Analysis (IPA) v01-07. Gene 548 

set enrichment analysis was performed using the fgsea R package (Korotkevich, 549 

2019, doi: https://doi.org/10.1101/060012) and referenced to Broad hallmark gene 550 

sets (h.all.v7.2). Genes were pre-ranked using a signed log10-transformed FDR from 551 

https://www.r-project.org/
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differential analysis in DESeq2 (Love, 2014), with the sign denoting the direction of 552 

logFC. 553 

 554 

RNA-Seq  555 

Monocytes were isolated from PBMCs using the Pan Monocyte Isolation Kit, human, 556 

(Miltenyi Biotech), from 7 different healthy adult donors and cultured at LD (1 x 557 

106/mL in a 24-well plate) in the presence or absence of 20μM DMOG, in complete 558 

CTL medium at 37°C and 5% CO2. Complete CTL medium was removed from 559 

monocyte cultures and they were disrupted using QIAzol lysis reagent (Qiagen) and 560 

total RNA was then isolated using the miRNeasy mini kit (Qiagen) as per the 561 

manufacturer’s protocol at 0, 2, 10 and 24 hours post-culture. RNA quantity and 562 

quality for each sample was assessed using the RNA 6000 Nano kit (Agilent), 563 

analyzed using a Bioanalyzer (Agilent) and only samples with RIN scores >8 were 564 

used for further downstream analysis. RNA samples were enriched for mature, poly-565 

A mRNA transcripts and 150 base pair paired-end sequencing was carried out on 566 

the NovaSeq 6000 (Illumina) platform by Oxford Genomics Centre (Oxford, UK) 567 

resulting in an average of 39 million reads per sample. Sequencing reads were 568 

aligned to the human genome (primary assembly, GRCh38.p12, Ensembl) 44 45 using 569 

the STAR alignment algorithm 46 and uniquely-mapped alignments overlapping gene 570 

exons were counted using featureCounts from the Rsubread package 47. Counting 571 

was performed relative to Ensembl 97 (Jul 2019) gene annotation and counts 572 

summarized at the gene level. Gene expression filtering and normalization was 573 

carried out in R, using edgeR 48. Genes with below-threshold counts were filtered out 574 

(filterByExpr: min.count=30, min.count.total=45) and between-sample normalization 575 
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was performed using the trimmed mean of M-values method. Gene expression is 576 

reported as counts-per-million (CPM).  577 

 578 

RNA-Seq differential gene expression 579 

Differential expression analysis was carried out using the limma 43 linear-modelling R 580 

package and specifically the voomWithQualityWeights function to provide gene- and 581 

sample-specific weights to account for mean-variance relationships in the data. A 582 

group-means approach was taken for the design matrix, with donor as a blocking 583 

variable. Between-treatment comparisons were made at 2,10, and 24 hours for 584 

DMOG versus untreated and across-time comparisons were also made for the 585 

following between-treatment comparisons; 10 hour versus 2 hour and 24 hour versus 586 

10 hour. Differences in expression across-time were also assessed within-treatment 587 

for DMOG and untreated separately; 2 hour versus 0 hour, 10 hour versus 2 hour 588 

and 24 hour versus 10 hour. Differential expression tests were performed for each 589 

comparison with a null interval hypothesis for the expression fold change (FC) [-590 

log2(1.2) < log2(FC) < log2(1.2)] with false discovery rate (FDR)<0.05 per 591 

comparison using the Benjamini-Hochberg procedure. Principal Component Analysis 592 

was performed using genes that are differentially expressed (in either direction) in at 593 

least one of the between-treatment comparisons. 594 

ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing)  595 

ATAC-seq was performed as previously described 49-51, with minor alterations. 596 

Monocytes sourced from healthy adult donors were isolated from PBMCs using the 597 

Pan Monocyte Isolation Kit, human, (Miltenyi Biotech) and cultured in complete CTL 598 

medium at 37°C in 5% CO2. For the experiment comparing LD and HD culture 599 
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conditions, monocytes from 3 donors were either plated at 1 x 106 cells/mL (LD) or 1 600 

x107 cells/mL (HD) and cultured for 24 hours. For the time course experiment 601 

assessing DMOG treatment, monocytes from 7 donors were cultured at 1 x106 602 

cells/mL either with or without 20 µM DMOG for 24 hours. ATAC-seq library 603 

preparation was the same in both cases: 50,000 monocytes per sample were 604 

harvested at 24 hours post-culture and centrifuged at 300 x g for 5 minutes at 4°C. 605 

The cell pellet was carefully resuspended in transposase reaction mix (12.5 μL 2x 606 

TD buffer, 2 μL TDE1 (Illumina)), 10.25 μL nuclease-free water and 0.25 μl 1% 607 

digitonin (Sigma-Aldrich) per sample, for 30 minutes at 37°C. 11 μL of DNA was 608 

isolated from each sample using the MiniElute PCR Purification Kit (Qiagen). 1 μL of 609 

eluted DNA from each sample was used in a quantitative PCR (qPCR) reaction to 610 

estimate the optimum number of amplification cycles. The remaining 10 μL of each 611 

library was amplified for the number of cycles corresponding to the Cq value from the 612 

qPCR (the cycle number at which fluorescence has increased above background 613 

levels). Library amplification was followed by Solid Phase Reversible Immobilization 614 

(SPRI, Beckman Coulter) size selection to exclude fragments >1,200 bp. DNA 615 

concentration was measured with a Qubit fluorometer (Life Technologies) and library 616 

amplification was performed using custom Nextera primers 49. Libraries were 617 

sequenced by the Biomedical Sequencing Facility at CeMM (Vienna, Austria) using 618 

the Illumina HiSeq 3000/4000 platform. 50 bp single-end sequencing was performed 619 

for the LD-HD comparison experiment with two technical replicate sequencing runs 620 

per sample library. 75 bp paired-end sequencing was performed for the DMOG time 621 

course experiment.  622 

 623 
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ATAC-Seq data analysis  624 

For the LD-HD comparison experiment, sequencing reads were aligned to the 625 

human genome (GRCh38) using HISAT2 v2.1.0 52 and the non-default parameter --626 

no-spliced-alignment. Peaks were called for each sample and technical replicate 627 

separately using MACS2 v2.2.1, 53 callpeak function with non-default parameters --628 

nomodel --shift -100 --extsize 200 -B --broad. For the DMOG time course 629 

experiment, sequencing reads were trimmed of adapter sequences using cutadapt 630 

v2.4 (Marcel Martin, 2020, DOI:10.14806/ej.17.1.200) and aligned to the human 631 

genome (GRCh38) using HISAT2 v2.1.0 and the non-default parameter --no-spliced-632 

alignment. Peaks were called for each sample separately using MACS2 v2.2.6 633 

callpeak function with non-default parameters --nomodel --call-summits. For both 634 

experiments, read counting in peaks was performed in R with the diffbind package 635 

for differential open region calling 54, using only uniquely-mapped reads and the 636 

DEseq2 option 55. Peak annotation was performed using the ChIPseeker package in 637 

R 56 and GENCODE 32 annotation 57.  638 

For the DMOG time course experiment transcription factor (TF) binding sites that 639 

overlapped peaks were determined using the Open Regulatory Annotation database 640 

(ORegAnno) 3.0 58 and the bedtools function closest 59. Differentially open peaks 641 

between DMOG-treated or untreated monocytes were scanned for TF binding sites 642 

and the occurrence frequency of each TF over all differentially open peaks was 643 

calculated. To determine if these frequencies were significant or obtained randomly, 644 

the same number of regions as differentially open peaks were selected randomly 645 

from the genome and scanned for the same TFs. This process was repeated 1000 646 

times to a generate a per-TF frequency distribution for randomly selected regions. Z-647 

http://dx.doi.org/10.14806/ej.17.1.200
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scores were calculated for the observed TF frequency in differentially open regions 648 

with respect to the random region frequency distribution. 649 

 650 

Chromatin immunoprecipitation-Seq data analysis  651 

Publicly available FASTQ files for samples from Tausendschon et al. 60, 652 

(GSE43109), were aligned to the human genome hg19 using bowtie (v1.1.2, pre-653 

built hg19 bowtie index: https://benlangmead.github.io/aws-indexes/bowtie), 61, with 654 

the following alignment reporting parameters; -k 4 -m 4 --best. This allows for multi-655 

mapping alignments which occur in the FCGR low affinity locus due to sequence 656 

homology. The multi-mapping alignment positions were checked for those reads that 657 

aligned to peaks approximately 10 Kb upstream of FCGR2B and FCGR2C 658 

transcriptional start sites. These reads only multi-map between homologous 659 

sequences of FCGR2B and FCGR2C and not elsewhere on the genome. 660 

 661 

RBC phagocytosis assay 662 

Whole blood samples were sourced from Rhesus D positive healthy adult female 663 

donors. Monocytes were also isolated from these samples using density 664 

centrifugation (Lymphoprep) and the Pan Monocyte Isolation Kit, human (Miltenyi 665 

Biotech). Monocytes were then cultured in complete RPMI for 48 hours at LD and 666 

HD as previously described. Whole blood samples were taken again from the same 667 

Rhesus D positive donors and RBCs isolated using density centrifugation 668 

(Lymphoprep). RBCs were then were labelled with 2 µM Carboxyfluorescein 669 

succinimidyl ester (CFSE), quenched with complete RPMI and washed twice in 670 

complete RPMI. These RBCs were then opsonized with 5 ug/mL anti-Rhesus D 671 

hIgG1 antibody or cetuximab isotype control in flow cytometry wash buffer and 672 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.ncbi.nlm.nih.gov%2Fgeo%2Fquery%2Facc.cgi%3Facc%3DGSE43109&data=04%7C01%7CK.Hussain%40soton.ac.uk%7Cdae9dcbe50fc48e1236b08d8a5b3299c%7C4a5378f929f44d3ebe89669d03ada9d8%7C0%7C0%7C637441536196598048%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=hZatYyWS32mB9MqzFzOLk69Hhaqe88W74aaTRK7N%2F4E%3D&reserved=0
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washed once. 5 x 105 CFSE labelled and antibody pre-treated RBCs were cultured 673 

with 1 x 105 autologous LD or HD monocytes (5:1 target:effector ratio) in 100 uL 674 

complete RPMI per well, in a 96-well plate. Alternatively, mAb-opsonized and CFSE-675 

labelled RBCs were cultured with autologous LD or HD monocytes pre-treated with 676 

E08 (anti-human-FcγRIIa) or 6G11 (anti-FcγRIIb) F(ab’)2 fragments to block IgG Fc-677 

FcγRII interactions. After a 2 hour incubation period at 37°C, and 5% CO2, the 678 

monocytes were stained with anti-CD14 Pacific Blue (Biolegend), washed once, and 679 

CD14+CFSE+ (Monocytes that had phagocytosed RBCs) of total CD14+ cells were 680 

quantified using a BD FACSCantoII (BD Biosciences) flow cytometer and data 681 

analyzed using FlowJo Version 10 software (FlowJo LLC). 682 

 683 

MDM antibody-dependent cellular phagocytosis (ADCP) assay 684 

MDM phagocytic function was assessed as reported previously 62. In brief, M0, M1 or 685 

M2 macrophages were seeded at 1 x 105 cells per well in a flat bottomed 96-well 686 

plate in 100 µL of complete RPMI. CLL cells were used as targets and labelled with 5 687 

µM CFSE for 10 minutes and washed with complete RPMI. CLL cells were 688 

opsonized with Herceptin or Cetuximab (negative control) and Rituximab or 689 

Obinutuzumab, incubated at 37°C and 5% CO2 for 30 minutes. Opsonized target 690 

cells were then washed and added to the MDMs at an effector to target ratio of 1:5, 691 

incubated at 37°C and 5% CO2 for 2 hours. Cells in each well were labelled with anti-692 

human FcγRIIIA-APC (BioLegend), with target uptake determined using the BD 693 

FACSCantoII or FACSCalibur (BD Biosciences) flow cytometers and analyzed using 694 

FlowJo Version 10 software (FlowJo LLC).  695 

 696 
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In vivo studies 697 

WT C57BL/6J mice were inoculated with MCA205, CT26 or EG7 tumor cells (5 x 698 

105) subcutaneously (s.c.) into the right flank and mice sacrificed once tumors sizes 699 

reached 500 mm3. Tumors and spleens were then harvested and FcγR expression 700 

on monocytes and macrophages in these tissues determined using flow cytometry.  701 

Additionally, WT C57BL/6J mice were inoculated with E0771 (2.5 x 105, injected into 702 

mammary fat pad), CT26 or MC38 tumor cells (5 x 105, injected s.c. into the right 703 

flank) and mice sacrificed once tumors sizes reached 500 mm3. To determine 704 

hypoxic regions within these tumors, Hypoxyprobe ((pimonidazole), Hypoxyprobe-705 

RedAPC Kit (HydroxyprobeTM)) was resuspended at a concentration of 30 mg/mL in 706 

0.9% sterile saline. Multiple mice (n = 5 per tumor type) were injected intravenously 707 

(i.v., tail vein) with 60 mg/kg of the pimonidazole solution. Mice were sacrificed 90 708 

minutes later, tumors harvested, embedded in OCT (CellPath, Newtown, Powys, 709 

U.K.) and frozen in isopentane on a bed of dry ice. Tumor samples were stored in 710 

plastic scintillation vials at −80 °C 63. In order to assess the effects of HIF-PH 711 

inhibitor treatment on FcγR expression on myeloid cells in vivo, gender- and age-712 

matched WT C57BL/6J mice were dosed with 4 mg DMOG or PBS vehicle control 713 

via intraperitoneal (i.p.) route on three consecutive days. Mice were sacrificed 24 714 

hours later, the blood and peritoneal lavage harvested and FcγR expression levels 715 

assessed on monocytes, neutrophils and macrophages, using flow cytometry.  716 

WT C57BL/6J mice were also dosed with 200 µg Roxadustat or PBS control i.p. on 717 

three consecutive days. Mice were sacrificed 24 hours later, the blood, peritoneal 718 

lavage, spleen and bone marrow were harvested and FcγR expression levels 719 

assessed on neutrophils, monocytes and macrophages in each compartment, using 720 

flow cytometry.  721 
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In order to assess whether HIF-PH inhibitors can impair mAb-mediated target cell 722 

depletion in vivo, age- and gender-matched WT C57BL/6J mice were treated with 723 

200 µg Roxadustat or PBS i.p. on two consecutive days. 20 hours later 10 µg of anti-724 

mouse CD20 mAb; 18B12 or isotype control mAb (DB7/12) were given i.v. Mice 725 

were treated again with 200 µg of Roxadustat or PBS i.p. before peripheral blood 726 

was taken (tail bleed) to assess systemic levels of CD19+ cells 24 hours later, using 727 

flow cytometry. In separate experiments, age- and gender-matched WT C57BL/6J 728 

mice were dosed with 200 µg Roxadustat or PBS i.p. on two consecutive days prior 729 

to receiving CFSE labelled EL4-huCD20+ cells i.p. on the second day. On the third 730 

day mice were treated with 50 ug of Rituximab or Cetuximab i.v. followed by a final 731 

treatment with 200 µg of Roxadustat or PBS also on the third day. EL4-hCD20+ cell 732 

depletion in the peritoneal lavage following mAb treatment was quantified using flow 733 

cytometry 24 hours later 734 

In order to assess the effects of HIF-PH inhibitor treatment on human FcγRIIb 735 

expression on myeloid cells and systemic B cell depletion in vivo, Tg hFcγRIIb+/- x 736 

mFcγRII-/- x hCD20+/- mice were dosed with 4 mg of DMOG or PBS vehicle control 737 

i.p. on two consecutive days. Mice were treated with 50 µg Rituximab or Cetuximab 738 

i.v. followed by a final treatment with 4 mg DMOG or PBS also on the third day. Mice 739 

were sacrificed 24 hours later with peritoneal lavage, spleen, and bone marrow 740 

harvested. FcγR expression levels were assessed on monocytes, neutrophils, and 741 

macrophages and frequencies of live B (CD19+) cells quantified using flow 742 

cytometry.  743 

In order to assess the effects of HIF-PH inhibitor treatment on specific hCD20+ B cell 744 

depletion in vivo, an adoptive transfer assay was performed as before 30: Tg 745 

hFcγRIIb+/- x mFcγRII-/- mice were dosed with 4 mg of DMOG or PBS vehicle control 746 
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i.p. on three consecutive days. On the third day mice were given 3 x 106 target 747 

splenocytes from hCD20+/- x mFcγRII-/- mice and 3 x 106 non-target splenocytes from 748 

WT C57BL/6J mice differentially labelled with CFSE, i.v. These mice were again 749 

treated with 4 mg of DMOG or PBS i.p. prior to receiving 50 µg Rituximab or 750 

Cetuximab 24 hours later. Depletion of target and non-target splenocytes in the 751 

spleen was quantified using flow cytometry. Finally, Tg hFcγRIIb+/- x mFcγRII-/- mice 752 

were treated with 4 mg DMOG or PBS i.p. on three consecutive days, prior to 753 

receiving CFSE labelled EL4-huCD20+ cells i.p. on the third day. These mice were 754 

then treated with 50 µg Rituximab or Cetuximab i.v. followed by a final treatment with 755 

4 mg DMOG or PBS on the fourth day. EL4-huCD20+ cell depletion in the peritoneal 756 

lavage following mAb treatment was quantified using flow cytometry 24 hours later. 757 

 758 

Immunofluorescence microscopy 759 

Fresh murine spleen and CT26, MC38 or E0771 tumor tissue were embedded in 760 

OCT (CellPath, Newtown, Powys, U.K.) and frozen in isopentane on a bed of dry ice. 761 

Sections (8 μm) were cut, air-dried (overnight), fixed in 100% acetone for 10 minutes 762 

and blocked with 2.5% normal goat serum before incubation with anti-mouse FcγRII 763 

(clone: AT130-2, in house). Murine FcγRII was detected (45 minutes) with Alexa 764 

Fluor 488–conjugated anti-rat IgG (Life Technologies)). When using a second rat 765 

primary antibody, sections were incubated with rat IgG (50 μg/mL, 30 minutes, 766 

prepared in house). Hypoxic regions within tumor sections were detected by staining 767 

for pimonidazole using the Hypoxyprobe-RedAPC Kit (1000 mg pimonidazole HCl 768 

plus 2 units of 4.3.11.3 mouse Dylight™APC-Mab, HydroxyprobeTM) as per the 769 

manufacturer’s protocol. Sections were mounted in Vectashield Hardset (Vector 770 

Laboratories). Images were collected using a CKX41 inverted microscope with 771 
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reflected fluorescence system equipped with a CC12 color camera running under 772 

Cell B software, using Plan Achromat 10 × 0.25 and 40 × 0.65 objective lenses (all 773 

from Olympus, Southend-on-Sea, Essex, U.K.). RGB image files (.tif) were 774 

transferred to Adobe Photoshop (CS6; Adobe Systems, San Jose, CA) and all 775 

images treated in the same way. Tissue autofluorescence was removed by 776 

difference blending between the color channels and red/green image overlays 777 

contrast-stretched to use the whole grayscale. Colocalization analysis was 778 

performed using the Coloc2 plugin (https://imagej.net/plugins/coloc-2) in Fiji 64. 779 

Background was measured in unstained areas of the section and the mean plus 2 780 

times standard deviation subtracted from the image. Coloc2 was set to 781 

measure  Manders coefficients using Costes threshold regression and a PSF of 3 782 

and to perform a Costes significance test with 10 randomisations (Costes P value 783 

>0.95 denotes non-random colocalization). 784 

 785 

Statistical analysis 786 

Statistical significance when comparing FcγR expression in vitro on human immune 787 

cells on untreated versus treated cells or between groups of untreated and HIF-PHD 788 

inhibitor treated mice was determined between the groups using either an unpaired 789 

two-tailed t-test or paired two-tailed Wilcoxon tests. One-way analysis of variance 790 

(ANOVA) was used with the Bonferroni correction for multiple comparisons as 791 

needed, to compare multiple treatment groups when assessing mAb mediated cell 792 

depletion in vivo. As a large number of statistical tests have been carried out in a 793 

range of contexts, p-values should be interpreted with care and within the overall 794 

scientific context. Data analysis was carried out using the Graphpad Prism version 795 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fimagej.net%2Fplugins%2Fcoloc-2&data=04%7C01%7CK.Hussain%40soton.ac.uk%7C0d53acc68bc246e2d6c208d94d1cc551%7C4a5378f929f44d3ebe89669d03ada9d8%7C0%7C0%7C637625608220154941%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=SJipwQzIPNYKaMqjHjEL398Vvv%2BiP6N87nbFbXKqFHo%3D&reserved=0
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8.0.1 software. Statistical significance defined as *p<0.05, **p<0.01 ***p<0.001 and 796 

****p<0.0001 and ns=non-significant.  797 

 798 

Results 799 

High density cell culture elicits marked induction of FcγRIIb expression on 800 

human monocytes 801 

Leukocyte-based in vitro assays remain one of the gold standards for determining 802 

mAb efficacy and predicting adverse responses in patients 65. We have previously 803 

characterized several assay formats reporting on the impact of FcγRs on mAb 804 

mediated immune cell responses in vitro 32 66. This work led us to observe that when 805 

human primary monocytes are cultured at high density (HD; ~8 x 106 cells per cm2) 806 

they markedly upregulate the inhibitory Fc receptor for IgG; FcγRIIb 32. FcγRIIb 807 

impairs myeloid cell effector functions by antagonizing activating FcγRs and so we 808 

sought to further understand how high cell density modulates FcγR gene and protein 809 

expression. Concordant with our previous findings 32 the high affinity activating IgG 810 

receptor, FcγRI, remained unaltered under HD conditions, whereas the expression of 811 

the low affinity FcγRs; FcγRIIa, FcγRIIb and FcγRIIIa were all significantly increased 812 

on monocytes in HD PBMC cultures relative to monocytes from LD cultures (LD; 813 

~0.8 x 106 cells per cm2), 48 hours post-culture (p<0.0001 for all low affinity FcγR 814 

comparing LD versus HD monocytes). Although, there were significant increases in 815 

FcγRIIa (~2-fold) and FcγRIIIa (7-fold), HD culture induced a striking ~110-fold 816 

increase in FcγRIIb expression on monocytes (Fig. 1a). Relative quantification of 817 

FcγR expression using PE-conjugated beads, allowed us to ascertain that HD 818 

monocytes had a 10-fold lower activating to inhibitory (A:I) FcγR expression ratio in 819 

comparison to LD monocytes (Fig. 1b). The full extent of the profound FcγRIIb 820 
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upregulation was highlighted when we compared its expression to other monocyte 821 

cell surface markers, including MHC class I/II molecules, CD33, CD11b, CD14, 822 

CD83 and CD86, showing it to be significantly higher (p<0.01, comparing FcγRIIb 823 

versus MHC class I expression levels, Fig. 1c). Western blotting confirmed that both 824 

FcγRIIb1 and FcγRIIb2 isoforms 67 were upregulated with FcγRIIb2 the dominant 825 

isoform expressed (Fig. 1d-e). When comparing LD versus HD cultures, there was 826 

no significant difference in the expression of FcγRIIb on B cells, nor FcγRIIIa on NK 827 

cells, which was confirmed by flow cytometry PE bead quantification, demonstrating 828 

that FcγR expression on these cell subsets remained unaffected under HD culture 829 

(online supplemental Fig. S1c). CD3+ T cells remained FcγR negative regardless of 830 

cellular density (data not shown). In conclusion, we observed that although all low 831 

affinity FcγRs were upregulated on monocytes, this was not observed on other cell 832 

types within the same PBMC culture and the most striking feature was the marked 833 

and specific upregulation of the inhibitory FcγRIIb on the monocytic population.  834 

 835 

High cell density elicits a hypoxia related gene signature and metabolic 836 

perturbation in human monocytes 837 

Next, we performed a transcriptomic characterization of HD monocytes to investigate 838 

gene expression changes which were associated with the enhancement of monocyte 839 

FcγRIIb expression. A whole genome DASL array was carried out on donor matched 840 

samples of fresh purified peripheral blood monocytes (M0) versus monocytes 841 

cultured at HD for 2 hours (M2), 10 hours (M10) and 24 hours (M24), alongside fresh 842 

purified human B cells (B0), and purified B cells cultured at HD for 24 hours (B24), 843 

sourced from two healthy human donors. Mutlidimensional scaling plots of gene 844 

expression revealed considerable divergence between fresh monocytes versus 24 845 
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hour cultured HD monocyte samples, with this observation being mirrored by fresh B 846 

cells versus 24 hour cultured B cell samples, indicating marked global gene 847 

expression changes occurring under HD culture in both immune cell subsets (online 848 

supplemental Fig. S2a). Gene set enrichment analysis (GSEA) was performed to 849 

assess the biological processes associated with these differentially expressed 850 

genes. The top 20 statistically significant Hallmark pathway enrichment categories 851 

revealed a prominence of stress, inflammatory and, to a greater extent, hypoxia 852 

related processes in HD monocyte cultures. We observed a downregulation of the 853 

oxidative phosphorylation related gene expression signature and conversely an 854 

upregulation of hypoxia and glycolysis related gene expression in HD monocytes 855 

after 10 and 24 hours (Fig. 2a). Owing to the prominence and importance of these 856 

changes in the TME, we chose to focus further on these aspects. GSEA confirmed 857 

that even within 2 hours, gene expression in HD monocyte cultures was enriched for 858 

the Winter Hypoxia Metagene gene set (NES = 2.02 and FDR = 0, Fig. 2b) – a gene 859 

set involved in the hypoxia pathway in the TME 68. Gene expression analysis also 860 

confirmed the upregulation of FcγRIIa, FcγRIIIa and particularly FcγRIIb on HD 861 

monocytes when compared to fresh monocytes (Fig. 2c). Ingenuity pathway analysis 862 

(IPA) of differential gene expression revealed that several genes associated with the 863 

hypoxia pathway, such as HIF1A, HIF2A (EPAS1), and ARNT (HIF1β) were amongst 864 

the top 50 upstream regulator genes and proteins in HD monocytes. In addition JUN, 865 

encoding c-Jun, a protein which forms the AP-1 transcription factor complex 866 

alongside c-Fos and which was previously reported to regulate FCGR2B gene 867 

expression 69 was also a prominent upstream gene regulator. Comparing the 868 

differentially expressed genes in HD monocytes with differentially expressed genes 869 

in hypoxic monocytes (monocytes cultured at 1% O2) versus normoxic monocytes 870 
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generated in a previous study 70, revealed high similarity in the upstream regulators 871 

of differentially expressed genes in HD monocytes and hypoxic monocytes (Fig. 2d). 872 

Interestingly, HIFs were significantly associated with upstream gene regulation in HD 873 

monocytes when compared to B cells at 24 hours post-culture. Furthermore, AP-1 or 874 

its constituent proteins did not feature amongst the top 50 most differentially 875 

expressed upstream regulators of gene expression in the monocyte versus B cell 876 

comparisons, indicating differential transcriptional responses to HD culture in the two 877 

immune cell types (online supplemental Fig. S2b). To directly confirm whether HD 878 

cultures of PBMCs and monocytes were indeed hypoxic, we measured % O2 levels 879 

using an SDR SensorDish® Reader and observed that O2 levels dropped from 21% 880 

to 1% within 90 minutes in HD cell cultures, whereas in LD cell cultures O2 levels 881 

remained ≥12% even after 24 hours (Fig. 2e). We also observed a significant 882 

reduction in pH and corresponding increases in lactate levels in HD PBMC culture 883 

supernatants (Fig. 2f), as well as significant reductions in acid base excess and 884 

corresponding reductions in HCO3- (P), (online supplemental Fig. S2c-d). Although 885 

glucose levels significantly decreased in HD cultures at 48 hours, glucose levels 886 

remained high (>9 mmol/L, at pre-diabetic-diabetic levels, 71) in the culture media 887 

(online supplemental Fig. S2e). Electrolyte levels were not significantly altered when 888 

comparing HD versus LD culture supernatants (online supplemental Fig. S2f-i). To 889 

further validate the rapid emergence of hypoxia in HD monocyte cultures, we 890 

measured expression levels of HIF-1α, the master transcriptional regulator of cellular 891 

hypoxia 72, by Western blotting and confirmed enhanced HIF-1α protein 892 

accumulation in HD monocytes (Fig. 2g and online supplemental Fig. S2j-k). Using 893 

flow cytometry, moderate but significant increases in HIF-1α expression levels were 894 

confirmed in HD monocytes relative to LD monocytes (p<0.05). Furthermore, two 895 
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HIF-1α target genes; Glucose transporter 1 (GLUT1) and Carbonic anhydrase 9 896 

(CAIX) were also significantly upregulated on HD monocytes (p<0.001 and 897 

p<0.0001, respectively; Fig. 2h-i). The latter two genes are established indicators of 898 

hypoxia, and ATAC-Seq analysis of HD monocytes further revealed increased 899 

openness of not only the HIF1A gene itself but additionally HIF responsive genes 900 

ENO2, GLUT1, and CXCR4 (Fig. S2i). These observations led us to hypothesize 901 

that hypoxia upregulates FcγRIIb expression in mononuclear phagocytes. Therefore, 902 

we next applied an immunophenotyping and integrative multi-OMIC approach to 903 

investigate the mechanism by which HIF activation may enhance FcγRIIb expression 904 

on mononuclear phagocytes. 905 

 906 

HIF-prolyl hydroxylase (HIF-PH) inhibition induces FcγRIIb upregulation on 907 

human monocytes  908 

HIFs are constitutively expressed in all cells, however, in the presence of molecular 909 

O2 they are rapidly degraded through the action of HIF-PH enzymes. In the absence 910 

of oxygen; i.e. hypoxia, HIF-PH-mediated hydroxylation of HIF-α subunits and their 911 

subsequent degradation is inhibited, allowing HIF-α to accumulate, facilitating its 912 

dimerization with HIF-1β (ARNT) and subsequent target gene binding and 913 

transcription 73. Endogenous HIF protein levels can be increased by the suppression 914 

of HIF-PH activity using small molecule competitive inhibitors of the HIF-PHs such as 915 

Dimethyloxalylglycine (DMOG), 74 75. Several studies have used DMOG as a 916 

hypoxia-mimetic in mouse models of inflammation and LPS induced septic shock to 917 

alleviate pathology 76-79. We utilized DMOG for its previously reported ability to 918 

activate HIFs and induce downstream gene expression patterns that show 919 

concordance with those observed under physiological hypoxia 80. Peripheral blood 920 
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monocytes from 7 adult healthy donors were sampled at 0 hours (freshly isolated) or 921 

after 2, 10 or 24 hours, post-culture with and without DMOG. Immunophenotyping 922 

using flow cytometry 24 hours post-culture showed that DMOG treatment of LD 923 

monocytes resulted in a significant decrease in FcγRI expression (p<0.001, Fig. 3a), 924 

significant increase in FcγRIIa expression (p<0.01, Fig. 3b) and non-significant 925 

change in FcγRIIIa expression (Fig. 3d). However, as observed under HD conditions 926 

the most marked change was the pronounced enhancement of FcγRIIb expression 927 

in response to DMOG treatment (p<0.001, Fig. 3c). Consequently, the FcγR A:I ratio 928 

was significantly decreased in DMOG treated monocytes (p<0.05, Fig. 3e). RNA-Seq 929 

analysis was then carried out on these 7 healthy donor monocyte samples across 930 

the 24-hour time-frame. Monocyte gene expression time course trajectories 931 

visualized by PCA using data from 6198 differentially expressed genes when 932 

comparing untreated versus DMOG-treated monocytes, revealed considerable 933 

divergence at the 10 and 24 hour time points between untreated versus treated 934 

samples, indicating large changes in the transcriptome of DMOG treated monocytes 935 

(Fig. 3f). GSEA was performed to assess the biological processes associated with 936 

differentially expressed genes. The top 20 statistically significant Hallmark pathway 937 

enrichment categories revealed a prominence of stress, inflammatory and hypoxia 938 

related processes in DMOG-treated monocytes (Fig. 3g). Importantly, we observed a 939 

downregulation of the oxidative phosphorylation gene set and conversely an 940 

upregulation of hypoxia, angiogenesis and glycolysis gene sets, in 10 and 24-hour 941 

cultured DMOG treated monocytes (Fig. 3g). Formal correlative analysis of the HD 942 

and DMOG treated-monocyte cultures at 10 hours post-culture revealed a high 943 

degree of correlation amongst the enriched '50' Hallmark gene sets in both treatment 944 

types (Spearman’s ρ = 0.73, p = 9.7e-09, online supplemental Fig. S3a). Further 945 
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analysis of Log2 fold changes revealed that FCGRB gene transcripts were 946 

differentially expressed at 10 hours post-treatment with DMOG and remained 947 

elevated at 24 hours post-treatment (Fig. 3h). Immunophenotyping of these 948 

monocyte samples using flow cytometry revealed cell surface expression changes in 949 

proteins concordant with the RNA-Seq transcriptional data; HLA-DR expression was 950 

significantly reduced on DMOG-treated monocytes (p<0.01, online supplemental Fig. 951 

S3b). GSEA confirmed Winter hypoxia metagene gene set and Hypoxia gene set 952 

enrichment at 10 hours post-treatment with DMOG (Fig. 3i-j). We further assessed 953 

expression of genes which regulate glycolysis, angiogenesis and prolyl 954 

hydroxylases, showing these to be upregulated and coincident with increased 955 

expression of downstream targets; P4HA1, ENO1, GLUT1, VEGFA, EGLN1 and 956 

EGNL3. Furthermore, transcription factors ARNT and AP-1 encoding genes JUN and 957 

FOSL2 were also upregulated (Fig. 3k). HIF1A mRNA was itself downregulated (Fig. 958 

3k), a known regulatory response to HIF-1α protein stabilization during hypoxia 81 82. 959 

The other major HIF; HIF2A (EPAS1) was not significantly differentially expressed in 960 

DMOG treated monocytes (online supplemental Fig. S3C). However, IPA was used 961 

to identify the top 50 upstream transcription factor regulators of differentially 962 

expressed genes, revealing that multiple hypoxia pathway genes were evident, with 963 

HIF1A, HIF2A (EPAS1), and ARNT (HIF1B) present in the top 10. Furthermore, JUN 964 

and FOS which encode proteins that form the AP-1 transcription factor complex, 965 

were also identified within the top 50 (Fig. 3i). GSEA revealed a hypoxia gene 966 

signature that was detectable at 2 hours and sustained through to the 24-hour time 967 

period post-DMOG treatment (online supplemental Fig. S3d). HIF1A and HIF2A 968 

were amongst the top 10 upstream regulators of differentially expressed genes at 969 
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both the 10- and 24-hour time points post-treatment with DMOG (online 970 

supplemental Fig. S3e).  971 

We next profiled chromatin accessibility in untreated and DMOG-treated primary 972 

human monocytes using ATAC-seq (using material from the same experiment 973 

reported in Fig. 3). Chromatin accessibility analysis of DNA from 24 hours post-974 

treatment, revealed considerable spatial distance, when comparing differentially 975 

open and closed regions of the genome between untreated and DMOG-treated 976 

monocytes as viewed by PCA (Fig. 4a). Furthermore, hierarchical clustering analysis 977 

of significantly differentially open and closed regions revealed marked dissimilarity 978 

between donor matched untreated and DMOG-treated monocytes (Fig. 4b). 979 

Canonical transcription factor DNA binding motifs were next quantified within 980 

significantly opened regions in DMOG-treated samples when compared to untreated 981 

samples. HIF-1α, HIF-2α and proteins which form the AP-1 transcription factor 982 

complex were amongst the top 50 transcription factors predicted to access more 983 

open regions of the genome after DMOG treatment (Fig. 4c). Amongst the most 984 

significantly open genomic regions in DMOG-treated monocytes when compared to 985 

donor matched untreated monocytes, was the promotor region of EGNL3, which 986 

encodes PHD2 and is known to be upregulated in response to HIF-α protein 987 

stabilization (Fig. 4d). We also looked for DMOG-induced changes directly in the low 988 

affinity FCGR locus. FCGR2B and FCGR2C share sequence homology resulting in 989 

considerable multi-mapping for these two genes. Nonetheless, when comparing both 990 

multi-mapped and uniquely-mapped reads for FCGR2B we observed no significantly 991 

open genomic regions (peaks) between untreated and DMOG-treated monocytes 992 

(Fig. 4e). Furthermore, visualization of the multi-mapped 1Kb region upstream of the 993 

FCGR2B gene transcription start site (TSS), did not reveal additional or more 994 
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pronounced peaks (Fig. 4f). In contrast, additional and pronounced peaks were 995 

observed for EGLN3 (which was one of the most significantly open genes in DMOG-996 

treated monocytes; Fig. 4g). This indicated that the enhancement of FCGR2B gene 997 

expression in DMOG-treated monocytes was not mediated by increased chromatin 998 

accessibility within the FCGR2B gene locus, but instead was likely driven by altered 999 

transcription factor binding. Open peaks were scanned for transcription factor 1000 

binding sites using the ORegAnno database, in differentially regulated regions of the 1001 

genome when comparing untreated versus DMOG-treated monocytes. This analysis 1002 

revealed a non-random distribution for HIF-1α and HIF-2α binding motifs, in contrast 1003 

to GATA-binding factor 2 and GATA-binding factor 3 binding motifs which were 1004 

randomly distributed in open regions of the genome (Fig. 4h). To determine whether 1005 

HIFs and AP-1 could directly interact with the FCGR2B gene promotor, we first 1006 

searched for the HIF-1β/HIF-α and AP-1 canonical core motifs (as defined by the 1007 

JASPAR open-access database for TF binding profiles, online supplemental Fig. 1008 

S4a), in the 1Kb region upstream of the FCGR2B gene TSS, however, precise 1009 

matches were not located within this region. Olferiev et al., previously described a 1010 

non-canonical motif for AP-1 in the FCGR2B gene promotor 69 and we also located 1011 

this motif at position -339 upstream of the TSS. Additionally, we also identified a non-1012 

canonical hypoxia response element (HRE) and a potential HIF binding motif at 1013 

position -835 (online supplemental Fig. S4b). Similar non-canonical HIF binding 1014 

motifs have been previously reported for CD73 83 and PEPCK 84. To confirm whether 1015 

these molecules were enriched for binding to the FCGR2B gene promotor during 1016 

DMOG treatment we performed ChIP. Using specific mAb for c-Jun, HIF-1α, and 1017 

HIF-2α we performed ChIP-quantitative PCR analysis on mAb extracted DNA to 1018 

detect the FCGR2B promotor region (normalized with the negative isotype control 1019 
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mAb) revealing that only c-Jun and HIF-2a increasingly interact directly with the 1020 

FCGR2B gene promotor region at 24 hours post-DMOG treatment (Fig. 4i). 1021 

Additionally, we also analyzed ChIP-Seq data generated by Tausendschön et al., 1022 

who utilized HIF-1α and HIF-2α specific mAbs, to determine genomic HIF-α 1023 

interactions in human MDMs cultured at 1% O2 for 8 hours 60. At this earlier time 1024 

point (our ChIP assay was carried out using monocytes cultured for 24 hours), a 1025 

peak within the 10Kb region upstream of the FCGR2B gene was detected in both 1026 

anti-HIF-1α and HIF-2α ‘ChIPed’ DNA of hypoxic but not normoxic MDMs, but no 1027 

HIF-α interaction was detected in the 1Kb region upstream of the FCGR2B gene 1028 

TSS (online supplemental Fig. S4c). Tausendschön et al, also knocked down HIF1A 1029 

and HIF2A genes in normoxic and hypoxic human MDMs using siRNA 60 and our 1030 

analysis of this data also revealed downregulation of FCGR2B expression, 1031 

particularly following HIF2A knockdown in hypoxic MDMs (online supplemental Fig. 1032 

S4d). Altogether these data show that DMOG treatment of human monocytes 1033 

potently induces a hypoxia related gene signature alongside prominent 1034 

transcriptional modulation by HIFs and AP-1, that is coincident with an enhancement 1035 

of FcγRIIb expression and consequent downregulation of the FcγR A:I ratio.  1036 

 1037 

Physiological hypoxia and pharmacological HIF activation lead to comparable 1038 

enhancement of FcγRIIb expression levels 1039 

To confirm that hypoxic conditions upregulate FcγRIIb on mononuclear phagocytes, 1040 

we cultured these cells under physiological hypoxia. Human LD monocytes cultured 1041 

under hypoxic conditions (1% or 3% O2) significantly upregulated FcγRIIb when 1042 

compared to monocytes cultured under normoxic conditions (21% O2), (p<0.01, Fig. 1043 
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5a-b). Treatment of PBMCs with the pan-HIF-PH inhibitor, DMOG, or the prolyl 1044 

hydroxylase domain 2 (PHD2) inhibitor, Roxadustat 85, led to comparable 1045 

enhancement of FcγRIIb expression (p<0.0001 for both inhibitors, Fig. 5c-d). DMOG 1046 

treatment of monocytic THP-1 cells also enhanced FcγRIIb expression in a dose 1047 

dependent manner (Fig. 5e). Equivalent experiments with various B cell lines saw no 1048 

change in FcγRIIb expression (data not shown), again underlining differential 1049 

regulation in B versus myeloid cells. We next differentiated monocytes into 1050 

macrophages using M-CSF over 7 days and then stimulated them with LPS/IFN-γ 1051 

(M1), IL4/IL-13 (M2) or left them untreated (M0) for 2 days in the absence or 1052 

presence of DMOG. DMOG treatment of all three types of MDMs significantly 1053 

upregulated FcγRIIb, being particularly evident for M1 and M2 macrophages 1054 

(p<0.001 and p<0.01 for M1 and M2, respectively, Fig. 5f) and confirmed by Western 1055 

blot (Fig. 5g). Importantly, DMOG treatment of human monocytes, MDMs and THP-1 1056 

cells consistently and significantly decreased the FcγR A:I ratio (Fig. 5h), indicating 1057 

that HIF activation can profoundly alter FcγR expression on mononuclear 1058 

phagocytes in a manner that may be detrimental to mAb immunotherapy.  1059 

Upregulation of FcγRIIb in human mononuclear phagocytes is mediated by 1060 

HIFs and AP-1  1061 

To further define the mechanism underlying FCGR2B upregulation and ascertain the 1062 

importance of AP-1 and HIFs in enhancing FcγRIIb cell surface expression on 1063 

mononuclear phagocytes, we first used a series of small molecule inhibitors. Digoxin 1064 

has been reported to inhibit HIF-1α translation 86 87 and we observed significant 1065 

inhibition of FcγRIIb upregulation (p<0.0001) and changes in FcγR A:I ratio (p<0.05) 1066 

on HD monocytes following treatment with Digoxin (online supplemental Fig. S5a-b), 1067 
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supporting a role for HIFs. Furthermore, treatment of LD monocytes with the VHL 1068 

inhibitor; VH298 38, which stabilizes HIF-α subunit protein expression, increased 1069 

FcγRIIb expression (p<0.01) and decreased the FcγR A:I ratio (p<0.05, Fig. 5i). 1070 

Simultaneous treatment of DMOG treated-monocytes with the HIF-α inhibitor 1071 

FM19G11 39, diminished the increase in FcγRIIb expression (p<0.01) and 1072 

consequently increased the FcγR A:I ratio (p<0.05, Fig. 5j). Significant upregulation 1073 

of c-Jun protein in DMOG-treated monocytes was confirmed by Western Blot (Fig. 1074 

5k-l). Furthermore, culturing DMOG-treated monocytes with a c-Jun peptide inhibitor, 1075 

which abrogates JNK/c-Jun interactions 40, also led to a potent inhibition of FcγRIIb 1076 

upregulation, impairing the reduction in FcγR A:I ratio, (Fig. 5m-n). M1 MDMs treated 1077 

with the c-Jun peptide inhibitor also experienced a similar impairment of change of 1078 

FcγR expression levels, in response to DMOG treatment (online supplemental Fig. 1079 

S5c-d). These findings indicated that AP-1 and HIFs were involved in the 1080 

enhancement of FcγRIIb expression on hypoxic mononuclear phagocytes.  1081 

However, assess their contribution, we used siRNA-mediated knock-down in 1082 

untreated and DMOG treated monocytes. We first knocked down HIF1A in LD, HD 1083 

and DMOG treated human monocytes using HIF1A specific siRNA, confirming the 1084 

knock down by measuring HIF-1α expression via Western blot (online supplemental 1085 

Fig. S5e). Although ChIP assessment revealed that HIF-1α did not interact with 1086 

FCGR2B gene promotor at 24 hours post-DMOG treatment (Fig. 4i), here HIF1A 1087 

knock-down inhibited FcγRIIb upregulation in both HD (online supplemental Fig. S5f) 1088 

and DMOG treated monocytes (online supplemental Fig. S5g), confirmed by 1089 

measuring FcγRIIb expression using flow cytometry. This indicated a non-redundant 1090 

role for HIF-1α in enhancing FcγRIIb expression on mononuclear phagocytes under 1091 

hypoxia-like conditions. Next we knocked down HIF2A and JUN using siRNA, which 1092 
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almost entirely prevented the upregulation of FcγRIIb in DMOG-treated monocytes 1093 

(Fig. 5o-p) and consequently prevented the reduction in the FcγR A:I ratio (Fig. 5q), 1094 

when assessed by flow cytometry. HIF2A and JUN knock downs using these siRNA 1095 

were confirmed by assessing HIF-2α and c-Jun by Western blot (online 1096 

supplemental Fig. S5h). Prevention of FcγRIIb upregulation in DMOG-treated 1097 

monocytes post-HIF2A and JUN knockdowns were also confirmed by Western blot 1098 

(Fig. 5r-s). AP-1 activity can be regulated by post-translational modification, including 1099 

phosphorylation by the mitogen-activated protein kinase (MAPK) family which 1100 

comprises of MAPKs, the extracellular signal regulated kinase (ERK), p38 MAPK 1101 

and c-Jun NH2-terminal kinase (JNK), 88. Therefore, we determined the 1102 

phosphorylation status of c-Fos (p-c-Fos) in DMOG-treated monocytes and observed 1103 

that it was elevated relative to untreated monocytes (online supplemental Fig. S5i), 1104 

indicating the association of AP-1 activation with HIF-α protein stabilization. These 1105 

observations led us to conclude that the enhancement of FcγRIIb expression 1106 

following HIF activation in mononuclear phagocytes is dependent upon the protein 1107 

expression and activation of HIF-1α, HIF-2α and AP-1, all of which potentially directly 1108 

interact with the FCGR2B gene loci upstream of its TSS.  1109 

 1110 

Tumor-associated human and murine mononuclear phagocytes are 1111 

FcγRIIbbright  1112 

To explore the broader relevance of our observations regarding the hypoxia-induced 1113 

upregulation of FcγRIIb expression on mononuclear phagocytes, we 1114 

immunophenotyped these cell types in contexts where hypoxia is likely present such 1115 

as within human and murine tumors, and tumor associated ascites. First, we 1116 

compared FcγRIIb expression on peripheral blood and pleural fluid monocytes from 1117 
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mesothelioma patients where the oxygen levels would be expected to differ 89. 1118 

Monocytes in the pleural fluid of these patients expressed significantly elevated 1119 

levels of FcγRIIb relative to donor matched peripheral blood monocytes (p<0.01, Fig. 1120 

6a-b). Pleural fluid monocytes also possessed a significantly lower FcγR A:I ratio in 1121 

comparison to peripheral blood monocytes (p<0.0001, Fig. 6b). Pleural fluid and 1122 

peripheral blood neutrophils were negative for FcγRIIb and B cells expressed similar 1123 

levels of FcγRIIb in both niches (data not shown). FcγRIIbbright monocytes were also 1124 

detected in the ascites of breast cancer patients (Fig. 6c). In renal cell carcinoma 1125 

(RCC), a tumor type associated with high HIF-α expression 90, both monocytes and 1126 

macrophages expressed significantly elevated levels of FcγRIIb, relative to donor 1127 

matched counterparts in healthy kidney tissue (p<0.05, Fig. 6d-e). When comparing 1128 

splenic and tumor FcγRII expression in WT C57BL/6J mice, expression was 1129 

elevated in all three subcutaneous tumor models we examined (MCA205, CT26 and 1130 

EG7). FcγRII expression was significantly elevated on CD11b+Ly6Chi monocytes, in 1131 

mice inoculated with the MCA205 (p<0.01), CT26 (p<0.05) and EG7 subcutaneous 1132 

tumors (p<0.0001), consequently reducing FcγR A:I ratios on monocytes in CT26 1133 

(p<0.05) and EG7 (p<0.0001) tumors relative to matched spleens (Fig. 6g). Tumor 1134 

associated F4/80+ macrophages in mice inoculated with the MCA205 (p<0.01), CT26 1135 

(p=0.062) and EG7 (p<0.0001) also expressed elevated levels of FcγRII when 1136 

compared to matched splenic F4/80+ cells, with the FcγR A:I ratio similarly and 1137 

significantly reduced in MCA205 (p<0.01), CT26 (p<0.01) and EG7 (p<0.001) tumors 1138 

(Fig. 6h). To investigate the expression of FcγRII in hypoxic regions of tumors we 1139 

utilized immunofluorescence microscopy. Hypoxic regions of tumour sections were 1140 

identified using Hypoxyprobe (pimonidazole) and co-localization with FcγRII was 1141 

assessed. These studies revealed FcγRII expression was concurrent with hypoxic 1142 
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regions of the tumor within three different tumor models: CT26 tumors (Fig. 6i), 1143 

MC38 and EO771 (online supplemental Fig. S6a-b). These observations indicate 1144 

that FcγRIIb expression on mononuclear phagocytes is elevated when they are 1145 

associated with, or resident within, human and murine tumors, where it profoundly 1146 

impacts the FcγR A:I ratio. We hypothesized that the FcγRIIbbright phenotype of these 1147 

tumor associated mononuclear phagocytes had the potential to impair direct 1148 

targeting mAb immunotherapy. 1149 

 1150 

mAb-mediated phagocytic function is impaired in FcγRIIbbright mononuclear 1151 

phagocytes  1152 

We next sought to determine the functional consequence of FcγRIIb upregulation on 1153 

mononuclear phagocytes. To investigate this, we assessed the ability of HD versus 1154 

LD human monocytes to phagocytose RBCs opsonized with anti-D mAb. We 1155 

observed that the phagocytic function of HD monocytes was significantly diminished 1156 

in comparison to LD monocytes (p<0.05, Fig. 7a and 7b). When FcγRIIb on HD 1157 

monocytes was blocked using a F(ab’)2 FcγRIIb specific antibody, phagocytic 1158 

function was significantly improved (p<0.05) unlike when the activating FcγRIIa was 1159 

blocked (Fig. 7a-b).  1160 

Next, we examined the impact of hypoxia on MDMs and used untreated and HIF-1161 

PHD inhibitor-treated M0, M1 and M2 MDMs as effector cells in ADCP assays. We 1162 

observed phagocytosis of Rituximab opsonized CLL cells was significantly 1163 

decreased by DMOG or Roxadustat treatment in M0, M1 and M2 MDMs (Fig. 7c-e). 1164 

This significant reduction in ADCP function of DMOG-treated MDMs was also 1165 

observed when CLL cells were opsonized with another anti-CD20 mAb, 1166 

Obinutuzumab (Fig. 7f). 1167 
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Having established these significant effects in vitro, we next explored the effects of 1168 

hypoxia induction, using HIF-PH inhibition, on FcγR expression and target cell 1169 

depletion in vivo. In wild type C57BL/6J mice, DMOG introduction into the 1170 

peritoneum significantly increased FcγRII expression on macrophages (Fig. 7g) and 1171 

monocytes (online supplemental Fig. S7a-b). Similar effects were seen with 1172 

Roxadustat (online supplemental Fig. S7c-d). Furthermore, HIF-PH inhibitor 1173 

treatment also enhanced FcγRII expression on peripheral blood monocytes and on 1174 

splenic monocytes and macrophages in wild type C57BL/6J mice (online 1175 

supplemental Fig. S7e-g).  1176 

Having established the ability of these HIF-PH inhibitors to mediate in vivo changes 1177 

in FcγR expression and A:I ratio, we assessed the impact of these changes on mAb-1178 

mediated target cell deletion. Accordingly, Roxadustat was administered to 1179 

C57BL/6J mice before treatment with the potent anti-mCD20 mAb; 18B12 36 and B 1180 

cell deletion was assessed. Roxadustat evoked a significant impairment in B cell 1181 

deletion (online supplemental Fig. S7h). Furthermore, Rituximab mediated depletion 1182 

of human CD20+ (hCD20+) EL4 tumor cells in the peritoneum of Roxadustat treated 1183 

C57BL/6J mice was also significantly impaired (p<0.05, online supplemental Fig. 1184 

S7i-j). To extend the translational relevance of our findings, we next assessed the 1185 

effects of HIF-PH inhibition on human FcγRIIb (hFcγRIIb) expression and mAb 1186 

mediated target depletion in transgenic mice expressing the human FCGR2B and 1187 

CD20 genes and lacking the murine FcγRII (hFcγRIIb+/- x mFcγRII-/- x hCD20+/-mice). 1188 

DMOG treatment in these mice resulted in significant increases of hFcγRIIb 1189 

expression on monocytes, macrophages and neutrophils in the spleen (Fig. 7h). 1190 

Significant decreases in the FcγR A:I ratio, because of DMOG mediated 1191 

enhancement of FcγRIIb expression, were also observed in splenic monocytes and 1192 



   49 

macrophages (Fig. 7i). Rituximab-mediated splenic B cell depletion was significantly 1193 

impaired in DMOG-treated transgenic hFcγRIIb+/- x mFcγRII-/- x hCD20+/- mice (Fig. 1194 

7j). To refine this in vivo model, we adoptively transferred wild type (non-target) or 1195 

transgenic hCD20+ splenocytes (target) into hFcγRIIb+/- x mFcγRII-/- mice. We 1196 

observed Rituximab-mediated depletion of the huCD20+ B cells was impaired post-1197 

DMOG treatment, whereas the non-target wild type B cell frequencies remained 1198 

constant across all treatment groups (p< 0.05, Fig. 7k-l). Moreover, hFcγRIIb 1199 

expression on liver macrophages was significantly elevated in DMOG treated 1200 

hFcγRIIb+/- x mFcγRII-/- mice (p<0.05) with a similar trend for peritoneal macrophages 1201 

(p=0.06, Fig. 7m-o). Finally, we assessed Rituximab mediated depletion of malignant 1202 

hCD20+ EL4 tumor cells from the peritoneum of hFcγRIIb+/- x mFcγRII-/- mice. We 1203 

observed that DMOG treatment also significantly impaired target cell depletion in this 1204 

model (p<0.05, Fig. 7p-q). In summary, HIF activation via HD culture or HIF-PHD 1205 

inhibition significantly impairs the ability of monocytes and macrophages to 1206 

phagocytose and deplete mAb-opsonized cellular targets in vitro and diminishes 1207 

direct targeting anti-cancer mAb therapy in vivo. 1208 

 1209 

Discussion  1210 

We demonstrate that exposure to physiological or pharmacological hypoxia induces 1211 

rapid upregulation of the inhibitory IgG Fc receptor, FcγRIIb, on mononuclear 1212 

phagocytes. This enhancement of FcγRIIb expression, diminishes the FcγR A:I ratio, 1213 

consequently impairing the ability of monocytes and macrophages to phagocytose 1214 

mAb opsonized cancer cells and cellular targets. The generation of these 1215 

‘FcγRIIbbright’ mononuclear phagocytes under hypoxic conditions is transcriptionally 1216 
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driven and is dependent upon AP-1, as well as HIF-1α and HIF-2α interactions with 1217 

the FCGR2B gene promotor region. Detection of FcγRIIbbright mononuclear 1218 

phagocytes resident within tumors or in associated niches asserts that these cells 1219 

may be crucial determinants in reducing the efficacy of widely used direct-targeting 1220 

mAbs. Our findings highlight a novel mononuclear phagocyte phenotype that in 1221 

addition to being fostered by the hypoxic TME may be actively selected in rapidly 1222 

growing solid malignancies thereby diminishing the efficacy of mAb 1223 

immunotherapies.  1224 

We observed that under HD conditions or HIF-PH inhibition, human monocytes 1225 

rapidly upregulate FcγRIIb, acquiring an FcγRIIbbright phenotype, to display levels 1226 

exceeding other abundantly expressed surface antigens such as MHC Class I. 1227 

Furthermore, monocytes obtained from RCC patients or tumor associated niches, 1228 

such as in the pleural cavity of mesothelioma patients or breast cancer patient 1229 

ascites, also possess an FcγRIIbbright phenotype, contending that this phenotype is 1230 

physiologically relevant. In vitro, we primarily modelled the effects of hypoxia on 1231 

human monocytes, using HD cell culture (in which O2 levels rapidly drop to as low as 1232 

0.1%) and treatment with the HIF-α protein stabilising reagent; DMOG. It has 1233 

previously been shown that there is a high degree of concordance between HIF-α 1234 

binding in human proximal tubular epithelial HKC-8 cells exposed to DMOG and 1235 

those cultured at 1% O2, where both stimuli produce comparable genome-wide 1236 

patterns of HIF DNA-binding 91 92. GSEA of HD and DMOG-treated monocyte 1237 

transcriptomes also revealed excellent concordance with hypoxia gene signatures, 1238 

that were amongst the most prominent and coincident with the upregulation of 1239 

FCGR2B expression.  1240 
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Similar hypoxia-correlated FcγRIIb upregulation was also seen in macrophages and 1241 

TAMs, which holds further translational significance, as these cells are the key 1242 

effector mononuclear phagocyte populations with respect to therapeutic mAb-1243 

mediated elimination of cancer cells 22 93 94. Macrophages abundantly infiltrate 1244 

tumors and are found in normoxic and hypoxic tumor compartments, albeit in 1245 

different polarization states 95. We observed elevated FcγRIIb expression on 1246 

macrophages in human RCC and 4 different syngeneic murine subcutaneous tumors 1247 

spanning colorectal, fibrosarcoma, thymoma and breast cancer models, relative to 1248 

matched splenic macrophage FcγRIIb expression. Furthermore, HIF-PH inhibitor 1249 

treatment of WT or hFcγRIIb Tg mice upregulated FcγRIIb on mononuclear 1250 

phagocytes in vivo. We propose that this FcγRIIbbright phenotype may represent a 1251 

key determinant of resistance to mAb therapy in the TME. However, hypoxia alone is 1252 

unlikely to be the only stimulus influencing macrophage behaviour within the TME 96, 1253 

and the integrated effects of hypoxia, cytokines and multiple other interactions will 1254 

ultimately shape macrophage phenotype and function. Indeed, hypoxia is a common 1255 

feature in many pathophysiological states 97-99 in which the respective macrophage 1256 

phenotype might differ. For instance, whereas hypoxic TAMs are more 1257 

immunosuppressive, TLR-signalling in sepsis might be expected to induce strong 1258 

cellular activation even in the presence of hypoxia 17 100. Nonetheless, at least with 1259 

MDMs we observed that DMOG treatment upregulated FcγRIIb on all three types of 1260 

macrophage polarisation states (M0, M1 and M2) we examined, perhaps indicating 1261 

that hypoxia may have a powerful and pervasive diminishing effect on FcγR A:I ratio 1262 

and therefore ADCP. 1263 

HIF1A, HIF2A and JUN gene knockdowns revealed that both HIF-α subunits and c-1264 

Jun have roles in mediating hypoxia-mediated FCGR2B gene expression on 1265 



   52 

mononuclear phagocytes. This data is supported by observations in HeLa cells 1266 

following exposure to hypoxia 101 where AP-1 transcriptional activity is increased, 1267 

and AP-1 and HIF-1α binding is required in close proximity for the induction of up to 1268 

~20% of the HIF binding sites in hypoxic human MDMs 60. Olferiev et al., have 1269 

previously reported that AP-1 family members bind to the FCGR2B promoter in 1270 

PMA/ionomycin activated CL-01 and U937 cells 69. Using ChIP assays followed by 1271 

PCR amplification, we also observed that c-Jun interacted with the FCGR2B gene 1272 

promotor region containing the non-canonical AP-1 motif; TGCATCA (at -345 1273 

upstream of the TSS), in DMOG-treated monocytes. The interaction of AP-1 1274 

transcription factors with another non-canonical motif; TGCGTCA contained in the 1275 

HLA-DR gene promoter in a B-cell lymphoma line, provides a further example that 1276 

AP-1 is capable of interacting with non-canonical consensus DNA sequences and 1277 

inducing gene expression 102. We also observed that DMOG-treated monocytes 1278 

express higher levels of c-Jun protein and RNA-Seq analysis revealed that 1279 

expression of AP-1 components, JUN and FOS, also increases post-DMOG 1280 

treatment.  1281 

We further investigated whether HIFs themselves induce FCGR2B transcription. In 1282 

MCF-7 human breast cancer cells, both HIF-1α and HIF-2α primarily bind relatively 1283 

GC rich DNAse1 sensitive genomic regions, reflecting the concentration of hypoxia 1284 

response elements (HRE) within chromatin accessible promoter regions and over 1285 

500 such HIF-binding sites have been identified across the human genome 92 103. 1286 

HIFs primarily mediate gene expression by binding to HREs, a gene sequence which 1287 

contains the RCGTG core motif (with preference of A over G at the R position), 1288 

beyond which a preference is also observed for a CAC motif 91. We sought to 1289 

determine whether the FCGR2B promotor region contains HREs and three ACGTC 1290 
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and six GCGTC motifs within the 15Kb region upstream of the FCGR2B TSS were 1291 

identified (data not shown). Furthermore, our analysis, of publicly available ChIP-seq 1292 

data, sequencing HIF-1α and HIF-2α bound DNA from normoxic and hypoxic human 1293 

MDMs 60, revealed HIF-α interaction at distal regions >10Kb upstream of the TSS at 1294 

8 hours post-hypoxia (online supplemental Fig. S4c). However, we identified that the 1295 

nearest canonical HRE (GCGTG) motif to the FCGR2B TSS is at position -3916 1296 

upstream of the TSS. Moreover, using ChIP assays we also identified a sequence 1297 

close to the AP-1 binding site (at position -838 upstream of the TSS) to be a potential 1298 

non-canonical HRE with which HIF-2α (but not HIF-1α) may interact in DMOG-1299 

treated monocytes. This motif is a non-canonical CCGTG sequence, which has been 1300 

previously described for CD73 83 and PEPCK 84 and additionally a CAC motif is also 1301 

located in close proximity to this motif (online supplemental Fig. S4b). Although a 1302 

role for HIF-2α in the regulation of FCGR2B expression was ascertained by ChIP, 1303 

HIF1A gene knock down also revealed its non-redundant role. It has previously been 1304 

reported that in murine embryonic fibroblasts initial exposure to hypoxia stimulates 1305 

expression of c-Jun and transient activation of protein kinase and phosphatase 1306 

activities that regulate c-Jun/AP-1 activity dependent upon HIF1-α 104. Evidence for 1307 

direct cooperation between AP-1 and HIF-1α has been reported for VEGF and TH 1308 

which contain functional AP-1 and HRE sites 105 106. Here we propose a mechanism 1309 

by which AP-1, HIF-1α/HIF-1β and HIF-2α/HIF-1β transcription factor complexes 1310 

cooperate to mediate marked cell surface FcγRIIB upregulation under hypoxic 1311 

conditions on human mononuclear phagocytes.  1312 

Previous studies have shown that monocytes and macrophages are key mediators 1313 

of cancer cell depletion in therapeutic settings utilising direct-targeting mAbs such as 1314 

Rituximab, Cetuximab and Herceptin 107-110. Uchida et al, have demonstrated that 1315 
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anti-CD20 mAb mediated depletion of circulating B cells in mice was dependent 1316 

upon activating FcγR since B cell depletion was almost entirely lost in FcR common 1317 

γ-chain-null mice (that lack activating FcγRI, FcγRIII and FcγRIV) and monocytes 1318 

were identified as the key effector population in this context 20, which we and others 1319 

confirmed in later studies 21. In the current study we report that Rituximab meditated 1320 

ADCP of CLL cells by human MDMs is compromised by HIF-PH inhibitor treatment 1321 

and that the same treatment compromises anti-CD20 mAb mediated depletion of cell 1322 

targets in multiple niches in vivo. We attribute these outcomes to the potency of 1323 

hypoxia-mediated upregulation of mononuclear phagocyte FcγRIIb.  1324 

Although inhibitory for direct targeting mAb as indicated, it is likely that these 1325 

hypoxia-mediated changes in FcγR are not detrimental in all scenarios. For example, 1326 

FcγRIIb is known to act as a positive regulator of several agonistic mAbs targeting 1327 

immune receptors such as CD40, OX40, 4-1BB and CD28 by providing higher levels 1328 

of receptor cross-linking 32 111-113. Therefore, hypoxia-mediated upregulation of 1329 

FcγRIIb in the TME may even serve as an important component of efficacy for these 1330 

mAb.  1331 

Further studies are needed to determine if hypoxia could serve as a prognostic 1332 

marker for response to different mAb therapies (negatively regulating direct targeting 1333 

modalities but augmenting agonistic immunomodulatory mAb). Similarly, whether 1334 

hypoxia can be appropriately modulated to improve such therapies remains to be 1335 

demonstrated. In clinical settings the lack of an accurate and approved method to 1336 

evaluate tumor hypoxia accounts for the limited capacity to intervene with a 1337 

personalized hypoxia-based therapy. HIF-1α is a well-appreciated target for cancer 1338 

therapies, and drugs that indirectly inhibit hypoxia/HIF-1α signalling such as digoxin 1339 

and acriflavine, have been reported to have relevant impacts – for example 1340 
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decreasing lung metastasis in an orthotopic breast cancer model 114. However, 1341 

efforts to develop highly specific and efficacious small molecule HIF-1α inhibitors 1342 

have been largely unsuccessful 115. Nevertheless, alternative methods to modify 1343 

hypoxic regions within tumors include supplemental oxygen, anti-VEGF therapy and 1344 

use of the chemotherapeutic reagent, and hypoxia activated prodrug; evofosfamide 1345 

116-119, which could all be explored in the context of mAb therapy. Similarly, mAb-1346 

mediated blockade of the hypoxia upregulated FcγRIIb on TAMs is an exciting and 1347 

emerging strategy 30 120 121, with demonstration of combination effects with several 1348 

direct targeting mAb in preclinical models and encouraging recent evidence in the 1349 

clinic (Jerkeman et al., 2020, article accepted and in press, 1350 

https://doi.org/10.1182/blood-2020-140219).  1351 

It will be important to understand what degree of the tumor hypoxia effects on 1352 

myeloid (and other) cells can be overcome by blockade of Fc:FcγRIIb interactions, 1353 

potentially leading to additional TME O2 modifying approaches as indicated above. 1354 

Targeting the tumor myeloid landscape and specifically the FcγRIIbbright phenotype in 1355 

combination with established direct-targeting mAbs provides a potentially powerful 1356 

novel strategy to overcome disease resistance to current and evolving antibody 1357 

immunotherapies. 1358 

 1359 
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 1816 

Legends 1817 

Fig. 1. FcγR expression profiling of human PBMCs cultured at low or high 1818 

density for 48 hours. a, Expression of FcγR on primary human monocytes 1819 

(FSChiCD14+ cells) in low density (LD) or high density (HD) PBMC cultures 1820 

determined using flow cytometry. Representative histograms above and quantified 1821 

for 11 independent healthy donors below. b, Comparison of FcγR 1822 

activating:inhibitory (A:I) ratio between LD and HD monocytes, (n=11 per group). c, 1823 

Quantification of FcγR and myeloid cell surface markers on monocytes in LD and HD 1824 

PBMC cultures determined using flow cytometry and PE fluorescence quantitation 1825 

beads, group means ± SD are shown, (n=5 per group). d, Assessment of FcγRIIb 1826 

expression by Western blot in LD and HD monocytes using CHO cells transfected 1827 

with FcγRIIb1, and FcγRIIb2 isoforms as controls. e, Combined Western blot data of 1828 
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FcγRIIb expression normalized to HSC70 loading control (left) and fold change of 1829 

FcγRIIb expression relative to HSC70 in LD and HD monocytes (right), (n=16 per 1830 

group). Each data point represents a unique healthy adult donor. Statistical 1831 

significance between groups was assessed using a paired two-tailed Wilcoxon test 1832 

(***p<0.001, ****p<0.0001 and ns = non-significant). Also see online supplemental 1833 

Fig. S1. 1834 

 1835 

Online supplemental Fig. S1. FcγR expression profiling of human PBMCs 1836 

cultured at high density. a, Flow cytometric gating strategy applied for assessing 1837 

FcγRIIb expression on human monocytes (FSChiSSCintCD14+), B cells 1838 

(FSCloSSCloCD3-CD19+) and NK cells (FSCloSSCloCD3-CD56dim). Strategy shown is 1839 

using PBMCs cultured at high density (HD) for 48 hours. b, Flow cytometric gating 1840 

strategy applied for assessing FcγRIIb expression on purified and viable human 1841 

monocytes (FSChiSSCintPI-CD14+) cultured at high density for 24 hours. c, 1842 

Representative histograms and quantification of FcγRIIb expression on B cells 1843 

(FSCloCD3-CD19+ cells) and FcγRIIIa expression on NK cells (FSCloCD3-CD56dim 1844 

cells) in LD and HD PBMC cultures relative to the acquisition of PE labelled beads 1845 

(n= 5 per group). Statistical significance between groups was assessed by using 1846 

paired two tailed t-tests (ns = non-significant).  1847 

 1848 

Fig. 2. Transcriptional and physiological profiling of HD human monocytes. 1849 

The transcriptome of fresh purified human monocytes, monocytes cultured at high 1850 

density for 2, 10 or 24 hours sourced from three independent healthy human donors 1851 

was investigated using microarray analysis. a, Pre-ranked GSEA, the genes were 1852 

ranked according to their differential expression between monocytes at 2, 10 or 24 1853 
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hours post-HD culture and fresh monocytes. Twenty Hallmark gene sets (v7.2) were 1854 

significantly overrepresented (FDR < 0.05). Upregulated gene expression is signified 1855 

in red and downregulation in blue. Particular gene sets of interest are highlighted in 1856 

red (showing marked upregulation over the time course) with the oxidative 1857 

phosphorylation gene set (highlighted in blue) showing downregulation at the 10 1858 

hour time-point. b, Enrichment plot of the Winter hypoxia gene set in monocytes at 1859 

10 hours post-HD culture versus fresh monocytes. c, Heat map of FCGR gene 1860 

expression based on log fold change (logFC) in fresh monocytes (0 hours) compared 1861 

to 2, 10 and 24 hours post-HD pre-culture. d, Microarray gene expression data was 1862 

acquired using fresh monocytes (M0) and monocytes at 2 (M2),10 (M10) and 24 1863 

(M24) hours post-HD culture as well as monocytes cultured under hypoxic conditions 1864 

(1% O2) for 24 hours (Bosco et al., 2006). Upstream regulator analysis was 1865 

performed using IPA, producing a heat map of activation z-scores for the top 50 1866 

genes and proteins determined to be the most activating or inhibiting under the 1867 

indicated conditions. e, % O2 was determined in LD and HD cultures of human 1868 

PBMCs and isolated monocytes (n= 6 per group) using a SDR SensorDish® Reader 1869 

(thickness of lines for LD and HD represent SEMs for each time point at which O2 1870 

levels were measured). f, pH and Lactate were quantified in donor matched LD and 1871 

HD PBMC culture supernatants using a radiometer (n= 5 per group). g, LD and HD 1872 

monocyte cell lysates were generated and HIF-1α and HSC70 expression was 1873 

assessed using Western blotting. Representative Western blot staining for 2 donors 1874 

is shown. h-i, Representative histograms and graphs showing expression of HIF-1α, 1875 

CAIX and GLUT1 expression quantified using flow cytometry of LD and HD 1876 

precultured monocytes (n= 11 per group). Each point on the graphs represents 1877 

readout for monocytes from a single healthy donor. Statistical significance between 1878 



   69 

groups was assessed by using a paired two-tailed Wilcoxon test (*p<0.05, 1879 

**p<0.001, ***p<0.001 and ****p<0.0001). Also see online supplemental Fig. S2. 1880 

 1881 

Online supplemental Fig. 2. Transcriptional and physiological profiling of HD 1882 

human monocytes. a, Multidimensional scaling plot from microarray analysis of 1883 

fresh purified human B cells (B0), purified B cells cultured at high density for 24 1884 

hours (B24), fresh purified monocytes (M0), monocytes cultured at high density for 2 1885 

hours (M2), 10 hours (M10) and 24 hours (M24) all sourced from three unique 1886 

healthy human donors. b, Heat map based on activation z-score in fresh monocytes 1887 

compared to 2, 10 and 24 hours post-HD cultured monocytes (0 vs 2, 0 vs 10 and 0 1888 

vs 24 respectively) and fresh monocytes versus fresh B cells (M0 vs B0) and HD 1889 

monocytes versus HD B cells at 24 hours post-HD culture (M24 vs B24). Heat map 1890 

of activation z-scores for the top 50 genes and proteins predicted to be activating or 1891 

inhibiting in indicated conditions was generated in IPA. c, acid base excess, d, 1892 

HCO3-, e, Glucose, f, K+, g, Na+, h, Ca+, and i, Cl- were quantified in donor matched 1893 

LD and HD PBMC culture supernatants using a radiometer (n=5). j, Combined 1894 

Western blot data for HIF-1α expression (n= 5 per group), normalized to HSC70 and 1895 

k, Fold change of normalized FcγRIIB signal intensity on HD monocytes compared 1896 

to LD monocytes (n= 5 per group). Each point on the graphs represents a readout for 1897 

monocytes from a single healthy donor. Statistical significance between groups was 1898 

assessed by using a paired two-tailed Wilcoxon test (*p<0.05, ****p<0.0001 and ns= 1899 

non-significant). l, ATAC-Seq analysis of LD versus HD monocytes showing 1900 

chromatin accessibility for the HIF1A, ENO2, GLUT1 and CXCR4 gene in monocytes 1901 

at 24 hours post-culture at HD (red) and LD (blue). n= 3 unique healthy adults with 1902 

two technical repeats per donor.  1903 
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 1904 

Fig. 3. Transcriptional profiling and immunophenotyping of human monocytes 1905 

during HIF-prolyl hydroxylase inhibition. a-e, FcγRI, FcγRIIa, FcγRIIb, FcγRIIIa, 1906 

expression levels and FcγR A:I (FcγR activating:inhibitory) ratio were quantified 1907 

using flow cytometry, for fresh, untreated and DMOG treated monocytes sourced 1908 

from 7 unique healthy human subjects. Each point on the graphs represents a 1909 

unique donor and bars represent group means. Statistical significance between 1910 

groups was assessed by using a paired two-tailed Wilcoxon test (*p<0.05, **p<0.01 1911 

and ***p<0.001). f-l, RNA-Seq analysis was carried out to characterise the 1912 

transcriptome of these untreated and DMOG treated human monocytes cultured for 1913 

0 (fresh), 2, 10, and 24 hours, which had been previously  immunophenotyped in a-1914 

e. f, Monocyte gene expression time course trajectories in principal component 1915 

space (dimensions 1 and 2). Principal Component Analysis (PCA) on 6198 1916 

differentially expressed genes for untreated versus DMOG-treated comparisons. 1917 

Each trajectory represents untreated or DMOG-treated monocytes from one of 7 1918 

healthy donors through the 24 hours of culture. g, Pre-ranked GSEA, the genes were 1919 

ranked according to their differential expression between monocytes at 10 hours 1920 

post-DMOG treatment and fresh monocytes. Twenty-five Hallmark gene sets (v7.2) 1921 

were significantly overrepresented (FDR < 0.05), with gene sets of interest 1922 

highlighted red, indicating upregulated gene expression across all time-points, and 1923 

the oxidative phosphorylation gene set highlighted blue, showing downregulation of 1924 

gene expression at the 10- and 24-hour time points. h Expression fold changes 1925 

(log2(FC)) for FCGR genes between untreated and DMOG-treated monocytes. 1926 

Comparisons at 2, 10 and 24 hrs post-culture based on expression values for 1927 

monocytes from healthy 7 donors per treatment and time point. Differential 1928 
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expression (DE) tests performed with a null interval hypothesis [-log2(1.2) < log2(FC) 1929 

< log2(1.2)] and FDR<0.05 per comparison using Benjamini-Hochberg procedure. i, 1930 

Enrichment plot of Winter hypoxia gene set in monocytes at 10 hours post-DMOG 1931 

treatment vs fresh monocytes (NES = 2.33). j, Enrichment plot of the Hallmark 1932 

hypoxia gene set in DMOG treated monocytes at 10 hours vs fresh monocytes (NES 1933 

= 2.86). k, Gene expression heat map for differentially expressed genes of interest in 1934 

untreated (U) and DMOG-treated monocytes at 10 hours post-culture. Z-scores are 1935 

standardised log2 expression values across all untreated and DMOG-treated 1936 

samples. Columns represent monocyte samples from 7 healthy donors. Same order 1937 

left to right for untreated and DMOG-treated monocytes. l, Upstream regulator 1938 

analysis was performed using IPA. Heat map of activation z-scores indicates the top 1939 

50 transcription factor genes and proteins predicted to be activating or inhibiting 1940 

when comparing untreated monocytes with DMOG treated monocytes at 2, 10- and 1941 

24-hours post-treatment (n= 7 per group). Also see online supplemental Fig. S3. 1942 

 1943 

Online supplemental Fig. S3. Transcriptional profiling and 1944 

immunophenotyping of DMOG-treated human monocytes. a, Correlative 1945 

analysis of 50 gene sets in the broad Hallmark curated pathway lists revealed in the 1946 

analyses for HD and DMOG treated monocyte cultures at 10 hours post-culture. 1947 

Each gene set is coloured according to -log10(adjusted p-value). b, HLA-DR, 1948 

CD11b, CD40, CD163 and PD-L1 expression levels were quantified for fresh, 1949 

untreated low density cultured (LD) and LD/DMOG treated monocytes 24 hours post-1950 

culture, using flow cytometry (n= 7 per group). Each point on graphs represents a 1951 

unique healthy donor and bars represent group means. Statistical significance 1952 
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between groups was assessed by using a paired two-tailed Wilcoxon test (*p<0.05, 1953 

*p<0.051, ***p<0.001 and ns= non-significant). c, RNA-Seq analysis was then 1954 

carried out on these immunophenotyped monocyte samples. Expression fold 1955 

changes (log2(Fold Change)) for selected genes between untreated (U) and DMOG-1956 

treated (T) monocytes. Comparisons at 2, 10- and 24-hours post-culture based on 1957 

expression values for monocytes from healthy 7 donors per treatment and time point. 1958 

Positive log2(fold change) values indicate higher expression values in treated (T) 1959 

samples compared to untreated (U). Genes of interest were selected from the 1960 

following groups: FcγRs, cytokines, angiogenesis, glycolysis, surface molecules, 1961 

transcription factors and other (VHL and PHD enzymes). Differential expression tests 1962 

(DE) performed with a null interval hypothesis [-log2(1.2) < log2(FC) < log2(1.2)] and 1963 

FDR<0.05 per comparison using Benjamini-Hochberg procedure. d, Monocytes were 1964 

cultured at LD in the absence or presence of DMOG for 0, 2, 10 or 24 hours. RNA 1965 

was isolated from these monocytes at the aforementioned time points and RNA-Seq 1966 

analysis was carried out. Hypoxia GSEA was carried out for untreated versus DMOG 1967 

treated monocytes at 2- and 24-hours post-culture. e, Upstream regulator analysis 1968 

was performed using IPA on differentially expressed genes between untreated 1969 

versus DMOG treated monocytes at 2, 10- and 24-hours post-culture. Heat map 1970 

indicates activation z-scores for the top 50 differentially expressed genes and 1971 

proteins identified. 1972 

Fig. 4. Characterisation of gene openness and transcriptional regulation of 1973 

FCGR2B gene in response to DMOG treatment. a, DNA from untreated and 1974 

DMOG treated monocytes 24 hours post-treatment was assessed to determine 1975 

chromatin accessibility. PCA of gene accessibility in differentially open genes for 1976 

untreated versus DMOG-treated comparisons, 24 hours post-treatment. Each point 1977 
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represents an untreated or DMOG-treated monocyte sample from one of 7 healthy 1978 

donors, who were the same source of monocytes in Fig. 3. b, Hierarchical cluster 1979 

analysis heat map indicates degree of dissimilarity of samples based on significantly 1980 

opened or closed regions between donor matched untreated and DMOG treated 1981 

monocyte cultures, 24 hours post-treatment, sourced from 7 healthy donors. c, 1982 

Transcription factors whose DNA binding motifs were identified in significantly 1983 

opened regions in DMOG treated samples when compared to untreated samples. 1984 

HIFs and proteins which form the AP-1 protein complex are colored yellow. d, 1985 

Volcano plot showing regions significantly opened or closed in DMOG-treated 1986 

monocytes when compared to untreated donor matched monocytes, 24 hours post-1987 

treatment, these regions are labelled with their associated genes. Colour of labelled 1988 

gene indicates location of regions in association with genes which are significantly 1989 

altered in DMOG treated samples. e, Gene coverage tracks of FCGR2B for ATAC-1990 

seq alignments at the 10-hour time point post-treatment. Coverage is shown for the 1991 

alignment set including multi-mapped alignments or for uniquely-mapped alignments 1992 

only. Each gene track represents a unique donor, DMOG-treated monocyte samples 1993 

are coloured red and donor matched untreated samples are coloured blue (n= 7 per 1994 

group). f, Gene coverage tracks of the 1Kb region upstream of FCGR2B TSS for 1995 

ATAC-seq alignments (including multi-mapped), at the 10-hour time point post-1996 

treatment. g, Gene coverage track for the EGLN3 gene (uniquely-mapped 1997 

alignments), at the 10-hour time point post-treatment. h, Frequency (f) of TF binding 1998 

sites in differentially open peaks between DMOG treated and untreated monocytes. 1999 

Z-scores for this observed frequency is in relation to the frequency distribution of TF 2000 

binding occurrences in 4000 random genomic intervals, repeated 1000 2001 

times. Frequency distributions for the number of HIF-1α, HIF-2α, GATA2 and GATA3 2002 
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binding sites are shown. Frequency (f) of TF binding sites and Z-scores for the TFs 2003 

are shown above each graph. i, box and whisker chart showing untreated and 2004 

DMOG treated monocytes were cultured for 10 hours and ChIP–quantitative PCR 2005 

confirmation of TF binding to the FCGR2B 1Kb upstream of the TSS in the promotor 2006 

region was performed. Specifically, Jun, HIF-1α and HIF-2α binding to FCGR2B 2007 

gene promotor region was determined using ChIP grade mAbs specific to these TFs. 2008 

Anti-Histone H3 was used as a positive control. Box and whisker plots show all mAb 2009 

binding and subsequent PCR amplification of FCGR2B gene promotor region 2010 

normalized to the signal achieved in the donor matched negative isotype control 2011 

mAb ‘ChIPed’ DNA samples (n= 3-6 per group). Statistical significance between 2012 

groups was assessed using a paired two-tailed Wilcoxon test (*p<0.05, **p<0.01 and 2013 

ns= non-significant). Also see online supplemental Fig. S4. 2014 

 2015 

Online supplemental Fig. S4. Promotor driven transcriptional regulation of 2016 

FCGR2B gene under hypoxic conditions. a, Canonical core motifs of HIF-1β/HIF-2017 

α and AP-1 transcription factor complexes. Motifs were downloaded from the 2018 

JASPAR open-access database for TF binding profiles (http://jaspar.genereg.net/). 2019 

b, Location of potential non-canonical hypoxia response element (HRE) and AP-1 2020 

binding motif in the 1Kb promotor region upstream of the TSS in the human 2021 

FCGR2B gene. c, ChIP-seq data generated via sequencing of HIF-1α and HIF-2α 2022 

bound DNA from normoxic and hypoxic MDMs cultured for 8 hours (n= 2 per group, 2023 

Tausendschon et al., 2015). d, box and whisker chart showing microarray data 2024 

analysis showing FCGR2B expression in normoxic and hypoxic human MDMs post-2025 

HIF1A and HIF2A gene knock down (n= 3 per group, Tausendschon et al., 2015). 2026 

http://jaspar.genereg.net/
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 2027 

Fig. 5. Effects of hypoxia and hypoxia mimetics on FcγRIIb expression and its 2028 

transcriptional regulation. a, Representative histograms showing expression of 2029 

FcγRIIb on primary LD monocytes under 21% O2 (normoxic), 1% or 3% O2 and HD 2030 

monocytes cultured under 21% or 1% O2. b, FcγRIIb expression quantified using 2031 

flow cytometry for monocytes cultured under the conditions stated in A (n= 5 per 2032 

group). c, Representative histograms showing expression of FcγRIIb on primary 2033 

monocytes treated with DMOG or Roxadustat (Rox). d, FcγRIIb expression 2034 

quantified using flow cytometry for monocytes cultured under the conditions stated in 2035 

C (n= 5-10 per group). e, FcγRIIb expression quantified using flow cytometry 2036 

following dose titration of DMOG treatment of THP-1 cells (n= 3 independent 2037 

experiments, bars show means ± SEM). f, FcγRIIb expression on untreated (U) and 2038 

DMOG treated M0, M1 and M2 monocyte-derived macrophages (MDM), (n= 11 per 2039 

group). g, Representative Western blot showing FcγRIIb expressionism in Untreated 2040 

(U) or DMOG-treated (D) M1 macrophages for 2 donors. h, FcγR A:I ratio on 2041 

monocytes, THP-1 cells and MDMs untreated (U) or treated with DMOG or 2042 

Roxadustat (Rox) (n= 5-11 per group). i, FcγRIIb expression (left) and FcγR A:I ratio 2043 

(right) on monocytes following treatment with the VHL inhibitor, VH298 (n= 8). j, 2044 

FcγRIIb expression (left) and FcγR A:I ratio (right) on DMOG-treated monocytes in 2045 

the absence and presence of the HIF-α inhibitor, FM19G11 (FM19, n= 8). k, 2046 

Representative Western blot showing c-Jun expression in Untreated (U) or DMOG-2047 

treated (D) monocytes for 2 donors and l, combined Western blot data of fold change 2048 

of c-Jun expression relative to HSC70 (n= 6). m, FcγRIIb expression and n, FcγR A:I 2049 

ratio on DMOG-treated monocytes in the absence and presence of c-Jun peptide (c-2050 

Jun pep, n= 8). o, Representative histograms showing FcγRIIb expression on 2051 
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purified human untreated (U) monocytes that were transfected with scrambled 2052 

control (Scram) siRNA, and DMOG-treated monocytes that were transfected with 2053 

Scram, HIF2A or JUN siRNA, 24 hours post-treatment. p, FcγRIIb expression and q, 2054 

FcγR A:I ratio for 9-17 donors per group using flow cytometry following treatments 2055 

stated in o. r, Representative Western blots showing FcγRIIb expression on 2056 

untreated monocytes transfected with scrambled control (Scram) siRNA, and 2057 

DMOG-treated monocytes that were transfected with Scram, HIF2A or JUN siRNA, 2058 

24 hours post-treatment. s, Combined Western blot data of fold change of FcγRIIb 2059 

expression relative to HSC70 in Scram and HIF2A siRNA treated DMOG treated 2060 

monocytes (n= 9). Each point on the graphs represents a unique healthy human 2061 

donor and bars represent group means. Statistical significance between groups was 2062 

assessed using a paired two-tailed Wilcoxon test (*p<0.05, **p<0.01, ****p<0.0001 2063 

and ns=non-significant). Also see online supplemental Fig. S5. 2064 

 2065 

Online supplemental Fig. S5. HIF and AP-1 driven regulation of FcγRIIb 2066 

expression under hypoxic conditions. a, Human PBMCs were cultured at low and 2067 

high densities and high density with digoxin. FcγRIIb expression and b, FcγR A:I 2068 

ratio were determined using flow cytometry (n= 6 per group). c, FcγRIIb expression 2069 

and d, FcγR A:I ratio (right) on DMOG-treated M1 MDMs in the absence and 2070 

presence of c-Jun peptide (c-Jun pep, n= 3). e, HIF-1α protein and loading control 2071 

HSC70 protein were determined using Western blot for LD, HD and DMOG-treated 2072 

monocytes transfected with scrambled control (scram) or HIF1A siRNA (blot is 2073 

representative of data generated for 5 unique donors). f, Representative histogram 2074 

showing FcγRIIb expression on HD and g, in DMOG-treated monocytes that were 2075 

transfected with scram or HIF1A siRNA, combined data for 5 donors, and fold-2076 



   77 

change in FcγRIIb expression between scram and HIF1A siRNA transfections. h, 2077 

HIF-2α, c-Jun and loading control HSC70 protein were determined using Western 2078 

blot in untreated (U) monocytes transfected with scram siRNA or DMOG treated 2079 

monocytes transfected with scram, HIF2A or JUN siRNA, 24 hours post-treatment. i, 2080 

Phospho-c-Fos (p-c-Fos) and loading control HSC70 protein were determined using 2081 

Western blot in untreated and DMOG-treated monocytes, 24 hours post-treatment. 2082 

Western blots representative of at least 3 donors. Each point on graphs represents a 2083 

unique healthy donor and bars represent group means. Statistical significance 2084 

between groups was assessed using a paired two-tailed Wilcoxon test (*p<0.05, 2085 

**p<0.01, ***p<0.001 and ns= non-significant).  2086 

 2087 

Fig. 6. FcγR expression on tumor associated mononuclear phagocytes. a, 2088 

Representative histograms showing FcγR expression on fresh donor matched 2089 

peripheral blood (PB) and pleural fluid (PF) monocytes from a single mesothelioma 2090 

patient. b, FcγRIIb expression (left) and FcγR A:I ratio (right) were quantified for PB 2091 

and PF monocytes (FSChiCD45+CD14+ cells) sourced from mesothelioma patients 2092 

using flow cytometry (n= 6 per group). c, Representative histograms showing 2093 

expression of FcγRIIb on fresh monocytes isolated from lymphocele taken from 3 2094 

breast cancer patients. d, Representative histograms showing FcγRIIb expression 2095 

on fresh donor matched renal monocytes (FSChiCD45+CD14+ cells) and 2096 

macrophages (FSChiCD45+CD163+ cells) in normal kidney tissue and tumor from a 2097 

single renal cell carcinoma (RCC) patient. e, FcγRIIb expression (left) and FcγR A:I 2098 

ratio (right) were quantified for monocytes and macrophages sourced from normal 2099 

kidney tissue and donor matched RCC specimens using flow cytometry (n= 5 per 2100 

group). f, Representative histograms showing FcγRIIb expression on splenic and 2101 
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MCA205, CT26 and EG7 tumor associated CD11b+F4/80+ macrophages. g, 2102 

Comparison of murine FcγRII expression (left) and FcγR A:I ratio (right) on 2103 

CD11b+Ly6C+ monocytes and h, CD11blo/F4/80+ macrophages in recipient matched 2104 

spleen and subcutaneous MCA205, CT26 and EG7 tumors (n= 5-9 per group). Each 2105 

point on the graphs represents a unique human subject or mouse and bars represent 2106 

group means. Statistical significance between groups was assessed using a paired 2107 

two-tailed Wilcoxon test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 and ns= non-2108 

significant). i, Immunofluorescence staining of hypoxic regions using hypoxyprobe 2109 

(hypoxia probe) and anti-mouse FcγRII, on sections taken from a CT26 tumor. 2110 

Localization of FcγRII expression in hypoxic regions is also shown. Images 2111 

representative of stained sections from 5 different mice. White bars on images 2112 

represent 100 μm. Also see online supplemental Fig. S6. 2113 

 2114 

Online supplemental Fig. S6. FcγRIIb expression in the TME. a, 2115 

Immunofluorescence staining of hypoxic regions using hypoxia probe (Hypoxyprobe) 2116 

and anti-mFcγRII on sections taken from MC38 and E0771 murine tumors. 2117 

Localization of FcγRII expression in hypoxic regions is shown. Images representative 2118 

of the assessment of 5 stained sections of MC38 and E0771 tumors and this 2119 

assessment was carried out for tumors in 5 mice per tumor type. White bars on 2120 

images represent 100 μm. b, Hypoxic regions of tumour sections were identified 2121 

using Hypoxyprobe (pimonidazole) and co-localization with FcγRII assessed in 2122 

CT26, MC38 and EO771 mice from WT C57BL/6 mice. Manders co-efficient above 2123 

threshold is plotted for each tumor type indicating concurrence of FcγRII staining 2124 

with Hypoxyprobe staining (n=19 for CT26, n=9, for MC38 and EO771, for tumour 2125 
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sections assessed, sourced from five different mice per tumor type). Bars represent 2126 

group means + SEM.  2127 

 2128 

Fig. 7. The impact of hypoxia-driven FcγRIIb upregulation on mAb mediated 2129 

target cell depletion. a, Representative flow cytometry plots showing levels of 2130 

uptake of CSFE+ red blood cells (RBCs) by LD and HD monocytes. RBCs sourced 2131 

from Rhesus D+ individuals were opsonised with control cetuximab (CTX) or anti-2132 

Rhesus D antigen specific mAb (αD). These RBCs were then used as targets for LD 2133 

and HD pre-cultured monocytes pre-treated with or without anti-FcγRIIb (αFcγRIIb) 2134 

blocking mAb. b, In addition to anti-FcγRIIb mAb this assay was repeated in the 2135 

absence or presence of anti-FcγRIIa (αFcγRIIa) blocking mAb (n= 6 per group). c, 2136 

Representative flow cytometry plots showing Rituximab mediated uptake of CLL 2137 

cells by FcγRIIIa+ M1 macrophages generated with or without DMOG. d, CLL cells 2138 

were opsonised with Rituximab and cultured with M0, M1 or M2 MDMs generated in 2139 

the absence or presence of DMOG or e, Roxadustat and the percentage of 2140 

phagocytic MDMs were determined by flow cytometry (n= 6-8 per group). f, 2141 

Phagocytosis assays were carried out as stated in E, however, CLLs were 2142 

opsonised with the anti-CD20 mAb Obinutuzumab (n= 6 per group). g, Expression of 2143 

murine FcγR on F4/80+ macrophages in the peritoneal lavage of WT C57BL/6 mice 2144 

treated with DMOG or PBS vehicle control. i.p., determined using flow cytometry (n= 2145 

6 per group). h, FcγRIIb expression levels and i, FcγR A:I ratio were determined by 2146 

flow cytometry in splenic monocytes (Mono), macrophages (Mac) and granulocytes 2147 

(Gran) of DMOG or PBS treated huFcγRIIb/mFcγRIIKO mice, 72 hours post-2148 

treatment (n= 8 per group). j, Transgenic hFcγRIIb/mFcγRIIKO/hCD20 mice were 2149 

treated with DMOG or vehicle PBS control i.p. for 72 hours prior to receiving 2150 
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Rituximab (RTX) or CTX isotype control. The % of live CD19+ single cells in the 2151 

peripheral blood of each mouse was determined using flow cytometry, 24 hours 2152 

post-mAb treatment (n=8-10 per group). k, Transgenic hFcγRIIb/mFcγRIIKO mice 2153 

were treated with DMOG or PBS i.p. for 72 hours prior to receiving CFSE labelled 2154 

target splenocytes from huCD20/mFcγRIIKO mice and non-target splenocytes from 2155 

WT C57BL/6 mice, i.v. These mice were again treated with DMOG or PBS i.p. prior 2156 

to receiving RTX or CTX 24 hours later. Representative flow cytometry plots are 2157 

shown for the depletion of target and non-target splenocytes, and l, data is 2158 

presented as CD19+ cell target:non-target ratio (n= 5 per group). m, Representative 2159 

flow cytometry plots showing huFcγRIIb expression in liver and n, peritoneal lavage 2160 

F4/80+ macrophages 72 hours post-treatment with DMOG or PBS control, i.p., in 2161 

hFcγRIIb/mFcγRIIKO mice, and o, quantified for 5 mice per group. p, Transgenic 2162 

hFcγRIIb/mFcγRIIKO mice were treated with DMOG or PBS i.p. for 60 hours prior to 2163 

receiving CFSE labelled EL4-huCD20+ cells i.p. These mice were then treated with 2164 

RTX or CTX i.v. followed by a final treatment with DMOG or PBS. Representative 2165 

histograms showing depletion of target EL4-huCD20+ cells in the peritoneum by RTX 2166 

in the absence and presence of DMOG and q, EL4-huCD20+ cell depletion in the 2167 

peritoneal lavage quantified using flow cytometry (n= 5 per group).  Bars represent 2168 

group means. Statistical significance between groups was assessed using an 2169 

unpaired two-tailed t-test, a paired two-tailed Wilcoxon test, or a one-way ANOVA for 2170 

the in vivo cell depletion experiments (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 2171 

and ns=non- significant). Also see online supplemental Fig. S7. 2172 

Online supplemental Fig. S7. The impact of hypoxia-driven FcγRIIb 2173 

upregulation on mAb mediated target cell depletion, in vivo. a, Flow cytometric 2174 

gating strategy applied for assessing murine FcγRII (mFcγRII) expression on splenic 2175 
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macrophages (FCShiSSChiCD11bloF4/80+), neutrophils (FCShiSSChiCD11BhiLy6G+) 2176 

and monocytes (FCShiSSChiCD11bhiLy6C+). b, Expression of murine FcγRs on 2177 

monocytes in the peritoneal lavage of WT C57BL/6 mice treated with DMOG or PBS 2178 

vehicle control. i.p., was determined using flow cytometry (n= 6 per group). c, 2179 

Expression of murine FcγRs on, lavage macrophages, d, lavage monocytes, e, 2180 

Blood monocytes, f, splenic macrophages and g, splenic monocytes, following 2181 

treatment of WT C57BL/6 mice with Roxadustat (Rox) or PBS vehicle control i.p., 2182 

determined using flow cytometry (n=6/group). h, WT C57BL/6 mice were treated with 2183 

Rox or PBS i.p., for 48 hours prior to receiving anti-CD20 mAb 18B12 or isotype 2184 

control i.v. Mice were then treated with Rox or PBS once before being sacrificed and 2185 

CD19+ cells were quantified in the blood using flow cytometry (n= 5 per group). i, WT 2186 

C57BL/6 mice were treated with Rox or PBS i.p. for 60 hours prior to receiving CFSE 2187 

labelled EL4-huCD20+ cells i.p. These mice were then treated with RTX or CTX i.v., 2188 

followed by a final treatment with Rox or PBS. EL4-huCD20+ cell depletion in the 2189 

peritoneal lavage was then quantified using flow cytometry 24 hours later. 2190 

Representative flow cytometry plots showing EL4-huCD20+ cells in the peritoneal 2191 

lavage and j, quantified for 5 mice per group. Each point on the graphs is a unique 2192 

mouse and bars represent group means. Statistical significance between groups was 2193 

assessed using an unpaired two-tailed t-test, a paired two-tailed Wilcoxon test, or a 2194 

one-way ANOVA for the in vivo cell depletion experiments (*p<0.05, **p<0.01, 2195 

***p<0.001, ****p<0.0001 and ns= non-significant). 2196 
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 2198 
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Targeted region Forward sequence Reverse sequence 

FCGR2B promotor; AP-1 binding site 5'-ATGCTCAATTTCAAGAAGCATCCA-3' 5'-TGAGAAAGGGTGATGCAGGA-3' 

FCGR2B promotor; HIF-2α binding site 5'-AGGGAAGGTCCTCACAAGAAT-3' 5'-AGGTTTCGGGTTGAATGCCAG-3' 
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		Forward sequence

		Reverse sequence



		FCGR2B promotor; AP-1 binding site

		5'-ATGCTCAATTTCAAGAAGCATCCA-3'

		5'-TGAGAAAGGGTGATGCAGGA-3'



		FCGR2B promotor; HIF-2α binding site

		5'-AGGGAAGGTCCTCACAAGAAT-3'

		5'-AGGTTTCGGGTTGAATGCCAG-3'
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