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A B S T R A C T   

The hypoxic tumor microenvironment (TME) hinders the effectiveness of immunotherapy. Alleviating tumor 
hypoxia to improve the efficacy of immune checkpoint inhibitors (ICIs) represented by programmed cell death 
protein 1 (PD-1) antibody has become a meaningful strategy. In this study, we adopted three methods to alleviate 
hypoxia, including direct oxygen delivery using two different carriers and an indirect way involving HIF-1α 
inhibition. Both in vivo and in vitro experiments showed that liposomes modified with perfluorocarbon or he-
moglobin (PFC@lipo or Hb@lipo) were able to efficiently load and release oxygen, relieving tumor hypoxia. 
However, the gas release behavior of PFC@lipo was uncontrollable, which might induce acute hyperoxia side 
effects during intravenous injection and reduce its biosafety. In contrast, whether administered locally or sys-
temically, Hb@lipo revealed high animal tolerance, and was much safer than commercial HIF-1α inhibitor (PX- 
478), displaying prospects as a promising oxygen carrier for clinical practice. Pharmacodynamic experiments 
suggested that Hb@lipo helped PD-1 antibody break the therapeutic bottleneck and significantly inhibited the 
progression of 4 T1 breast cancer. But in CT26 colon cancer, the combination therapy failed to suppress tumor 
growth. After in-depth analysis and comparison, we found that the ratio of M1/M2 tumor associated macro-
phages (TAMs) between these two tumor models were dramatically different. And the lower M1/M2 ratio in 
CT26 tumors limited the anti-tumor effect of combination therapy. In this study, three methods for alleviating 
tumor hypoxia were compared from the perspectives of biosafety, efficacy and clinical applicability. Among 
them, Hb@lipo stood out, and its combined use with PD-1 antibody exhibit a distinct synergistic suppression 
effect on tumors with more M1 macrophages presented in the microenvironment. Our work provided a good 
reference for improving the efficacy of PD-1 antibody by alleviating tumor hypoxia.   

1. Introduction 

Immune checkpoint programmed cell death protein 1 (PD-1) 
blockage has shown promising anti-tumor effects in a variety of cancers 
[1–3]. However, clinical investigations suggest that only 30%–40% of 
melanoma patients benefit from PD-1 inhibitors, and most patients still 
fail to respond to PD-1 blockade therapy [4–6]. Hypoxia, one of the most 
distinctive features of tumor microenvironment (TME), acts to initiate 
multiple signaling pathways to hinder the antineoplastic effect of 
various treatments including immunotherapy [7]. For example, hypoxia 
inducible factor (HIF) decreases the expression of MHCI, while 
increasing the expression of PD-L1 [8], thereby reducing the lethality of 
cytotoxic T cells (CTLs) on tumor cells [9,10]. Hypoxia also promotes 

the expression of cytotoxic T lymphocyte associated antigen-4 (CTLA-4) 
in stromal cells [11–13] and weakens the antigen presentation of den-
dritic cells (DCs) [14–16]. In prostate cancer, even if CTLA-4 and PD-1 
are blocked simultaneously, the infiltration of T cells into the hypoxic 
area is still insufficient, resulting in a limited anti-tumor effect of im-
mune checkpoint inhibitors (ICIs) [17]. Besides, it has been reported 
that hypoxia relief using mitochondrial complex inhibitor can reshape 
the TME and increase the sensitivity of MC38 or B16 tumor-bearing mice 
to PD-1 blockade therapy [18]. The above facts indicate that alleviating 
hypoxic TME may be an effective strategy to improve the efficacy of 
tumor immunotherapy represented by PD-1 blockage. 

Existing methods of tumor hypoxia alleviation mainly include 
reducing the oxygen consumption of the tumor, increasing the oxygen 
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supply and utilizing substances in the TME to generate oxygen. Re-
searches on assisting radiotherapy, chemotherapy and photodynamic 
therapy through the above methods are frequently reported. For 
example, using biomimetic nano red blood cells to deliver oxygen is able 
to enhance the effect of radiotherapy in mouse model with breast cancer 
[19]. The improvement of TME by oxygen supply can increase the tumor 
killing ability of chemotherapy drugs such as Doxorubicin (DOX) and 
Cabazitaxel (CBZ) [20,21]. Disintegrating hydrogen peroxide (H2O2) 
with drugs or enzymes to produce oxygen, while using metformin to 
inhibit mitochondrial respiration of tumor cells is capable of assisting 
photodynamic therapy [22–24]. However, there are few studies on 
enhancing the efficacy of PD-1 blockade immunotherapy through hyp-
oxia relief. The existing methods not only have relatively limited effects, 
but mostly bear high safety risks, which restricts their further clinical 
transformation. Specifically, it has been reported that the combination 
of hypoxia prodrug TH-30 and PD-1 antibody only showed little synergy 
[17]. And the pharmacological actions of metformin are complicated, 
which will consequently affect the normal physiological functions of 
many other cells [25–27]. Moreover, anti-angiogenic drugs tend to over- 
trim blood vessels, leading to more severe tumor hypoxia and immu-
nosuppression [28,29]. 

In this case, a direct delivery of oxygen is fundamental to relieve 
hypoxia, such as hyperbaric oxygen respiration. Clinical trials reveal 
that although hyperbaric oxygen respiration can improve the radio-
therapy effect of patients with glioma and cervical cancer [30], and 
prolong their median survival time [31], it is still prone to exert high 
concentration oxygen poisoning, which limits its clinical application 
[32,33]. Perfluorocarbon (PFC), known as artificial blood substitutes, 
dissolves large amounts of oxygen through a gaseous diffusion process 
and is capable of delivering oxygen through passive diffusion in anoxic 
regions [34,35]. And the oxygen solubility of PFC is proportional to the 
partial pressure of the gas [36,37], contributing to a quick release of 
oxygen from it. Hemoglobin (Hb) is a special protein in red blood cells 
that transports oxygen. One Hb carry four oxygen molecules, as each of 
the four subunits of Hb binds with one oxygen molecule [38,39]. The 
binding and release of oxygen by Hb intelligently operate in response to 
the environmental oxygen concentration. And the oxygen release is a 
highly regulated chemical process, showing a milder release profile 
[40,41]. 

In this study, we hypothesized that the hypoxia relief in the TME 
might significantly enhance the efficacy of anti-tumor immunotherapy. 
And to investigate the optimal strategy of hypoxia relief, three ap-
proaches were involved, including the direct delivery of oxygen to 
tumor sites using PFC@lipo or Hb@lipo, as well as the using of HIF-1α 
inhibitors PX-478 [42,43]. Strategy with best performance was further 
combined with PD-1 antibody (aPD1) to testify its antineoplastic effi-
cacy. Our work is expected to provide valuable clinical reference for PD- 
1 blockade immunotherapy. 

2. Materials and methods 

2.1. Reagents 

Egg phosphatidyl lipid-80 (E80), cholesterol, 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)-2000] 
(DSPE-PEG2000) and soya bean lecithin (S100) were obtained from li-
poid Co. (Ludwigshafen, Germany). 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT reagent) and Human Hemoglobin 
(Hb) were purchased from Sigma-Aldrich Inc. (St Louis, MO, USA). 
Hypoxia-inducible factor 1-alpha (HIF-1α) antibody (GeneTex, 
GTX127309) were from GeneTex (Texas, USA). HRP-conjugated goat 
anti-rabbit secondary antibody (Proteintech, SA00001-2) and β-actin 
antibody (Proteintech, 20536-1-AP) were from Proteintech Group, Inc. 
(Chicago, USA). Perfluorocarbon (PFC, P122376) were purchased from 
Aladdin (Shanghai, China). DID (Beyotime, C1039), DIR Iodide (DiIC18 
(7), Beyotime, MB12482), 4′,6-diamidino-2-phenylindole (DAPI, 

Beyotime, C1005) and Hoechst 33258 (Beyotime, C1011) were from Yi 
Sheng Biotechnology Co., Ltd. (Shanghai, China). FITC-anti-mouse CD3 
(Biolegend, 100,204), PE-anti-mouse CD4 (Biolegend, 100,408), APC- 
anti-mouse CD8 (Biolegend, 100712), PE-anti-mouse CD44 (Bio-
legend, 103008) and APC-anti-mouse F4/80 (Biolegend, 123116) were 
from Dakewe Bio-engineering Co., Ltd. (Shenzhen, China). PE-anti- 
mouse CD107 (Invitrogen, 12-1071-82), FITC-anti-mouse CD86 (Invi-
trogen, 12-0862-82) and PE-anti-mouse CD206 (Invitrogen, 12-2061- 
82) were purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). The Elisa kits of IL-2 (EK202), TNF-α (EK282), TGF-β (EK981) and 
IFN-γ (EK280) were from Multi Sciences (Lianke) Biotech, Co., Ltd. 
(Shanghai, China). And the Elisa kits of IL-10 (MM-0176 M1), IL-12 
(MM-0105 M1), iNOS (MM-0454 M1) and Arg1 (MM-44182 M1) were 
purchased form Meimian industrial Co., Ltd. (Jiangsu, China). All of the 
chemicals and solvents were of analytical grade. 

2.2. Cells and animal models 

4 T1 (mouse breast cancer) and CT26 (mouse colon cancer) cells 
were obtained from Institute of Biochemistry and Cell Biology 
(Shanghai, China) and were cultured in Dulbecco's Modified Eagle Me-
dium (DMEM) medium containing 10% fetal bovine serum (FBS) at 
37 ◦C in a humidified atmosphere with 5% CO2. 

Balb/c female mice (6–8 weeks old,18 ± 2 g) were inoculated with 2 
× 106 4 T1 cells at breast fat pad or inoculated subcutaneously with 2 ×
106 CT26 cells at right leg. Once the tumors reached 50–200 mm3 in size, 
mice were used for further experiments. All the in vivo studies were 
performed as the approval of Institutional Animal Care and Use Com-
mittee of Zhejiang University. 

2.3. Preparation and characterization of liposomes 

A lipid film hydration-sonication method was employed to prepare 
liposomes containing PFC (PFC@lipo). Briefly, 15 mg S100, 5.58 mg 
DSPE-PEG2000 and 3.75 mg cholesterol were dissolved in 5 mL chloro-
form, evaporated at 60 ◦C to form a thin lipid film and hydrated with 1 
mL PBS buffer (pH = 7.4). PFC@lipo was obtained by mixing 60 μL PFC 
with above PBS solution and sonicated by an ultrasonic cell disruptor in 
an ice bath with a power of 400w (2 s, 3 s) for 8 min. “2 s, 3 s” repre-
sented the duration and time interval of each sonication respectively. 
Similarly, liposomes loaded hemoglobin (Hb@lipo) were prepared by 
dissolving 4.92 mg E80, 1.25 mg cholesterol and 0.72 mg DSPE-PEG2000 
in 5 mL chloroform and evaporating at 45 ◦C. The formed film was then 
hydrated with PBS solution containing Hb (5 mg/mL) and sonicated by 
an ultrasonic cell disruptor for 8 min in an ice bath (400w, 2 s, 3 s). 
Sephadex G-100 columns were utilized to remove free Hb. The two li-
posomes were oxygenated for 10 min before use. 

DID-, DIR-label liposomes were prepared by adding 50 μg DID or DIR 
into the lipid-chloroform solution of Hb@lipo or PFC@lipo, and then the 
solution was evaporated to form a thin film. The next steps were same as 
the preparation of Hb@lipo and PFC@lipo. 

The morphology and size of the nanoparticles was determined by 
transmission electron microscopy (TEM) (JEM-1230, Japan) and dy-
namic light scattering (DLS) (Malvern Nano-ZS 90, Malvern, UK), 
respectively. To assess stability, two liposomes were stored at 4 ◦C and 
tested for size changes at predefined time. 

2.4. Dissolved O2 detection 

PFC@lipo and Hb@lipo was oxygenated in an oxygen chamber with 
O2 flow rate of 5 L/min for 10 min, and then liposomes were added to 
PBS solution with free PFC, Hb and PBS (all oxygenated) as controls. Add 
additional anaerobic PBS solution when the oxygen concentration in the 
solution was stable, and a dissolved oxygen meter (Rex, JPBJ-607A, 
China) was used to detect the change of oxygen content in the solu-
tion. The oxygen release behavior of two liposomes was tested in an 
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anaerobic condition, and PBS solution and blank liposomes were used as 
controls for PFC@lipo, and free Hb and blank liposomes were used as 
controls for Hb@lipo. 

2.5. Cellular internalization 

4 T1 or CT26 cells were added with 10 μL DID-label PFC@lipo (60 μL 
PFC/mL) or Hb@lipo (5 mg/mL), and cultured under normoxia (20% 
O2) or hypoxia (2% O2) for 2, 6 or 12 h, respectively. Next, the cells were 
rinsed with PBS, stained with DAPI, and observed by a fluorescence 
microscopy (A1R, Nikon, Japan). 

2.6. Cytotoxicity in vitro 

The cytotoxicity of liposomes was investigated using standard MTT 
method. 4 T1 cells were incubated with different concentrations of 
PFC@lipo and Hb@lipo at normoxia and hypoxia. 24 h later, MTT so-
lution was added, and the next steps were strictly in accordance with the 
manufacturer's suggested procedures. 

2.7. Biodistribution of Hb@lipo 

When the tumors reached approximately 150 mm3 in size, mice 
bearing 4 T1 tumors were injected with DIR-labeled Hb@lipo via the tail 
vein. At a predetermined time after the injection, mice were anes-
thetized and imaged using an in vivo imaging system (Cambridge 
Research & Instrumentation, Inc., Woburn, MA). At the end of the 
experiment, mice were sacrificed with their major organs separated and 
imaged. 

2.8. Immunofluorescence 

The level of HIF-1α was used to evaluate the degree of hypoxia. 
Specifically, cells were cultured with 10 μL PFC@lipo (60 μL PFC/mL) or 
Hb@lipo (5 mg/mL) in normoxia or hypoxia for 24 h, washed by PBS 
solution, fixed with 4% formaldehyde, and incubated with 5% FBS for 
30 min at 37 ◦C. Then, cells were incubated with antibody of HIF-1α 
(GeneTex, GTX127309, dilution 1:100) at 4 ◦C overnight. FITC-labeled 
secondary antibody (Proteintech, SA00003-11, dilution 1:150) and 
Hoechst (Beyotime, C1011) were used to stain cells. A fluorescence 
microscope was used to observe protein expression. 

2.9. Western blot 

The 4 T1 cells were treated with 10 μL PFC@lipo (60 μL PFC/mL) or 
Hb@lipo (5 mg/mL) under normoxia or hypoxia for 24 h. Lysates were 
collected with RIPA-lysis buffer containing protease inhibitors. Proteins 
were separated by 8% SDS-PAGE gels, transferred onto nitrocellulose 
members (Da Wen Biotechnology Co., Ltd. Hangzhou, China), and 
blocked with 5% non-fat milk at 37 ◦C for 2 h. Then rabbit anti-mouse 
HIF-1α antibody (GeneTex, GTX127309, dilution 1:1000) and β-actin 
antibody (Proteintech, 20536-1-AP, dilution 1:1000) was added and 
incubated at 4 ◦C overnight, after that, HRP-conjugated goat anti-rabbit 
secondary antibody (Proteintech, SA00001-2, dilution 1:5000) was 
added. And proteins were visualized using the ECL Kit (Beyotime 
Institute of Biotechnology. Jiangsu, China) and analyzed by Image J 
software. 

2.10. In vivo verification alleviating tumor hypoxia by liposomes 

Balb/c female mice was inoculated with 4T1 cells to establish an 
orthotopic breast cancer. In the experiment about PFC@lipo, mice were 
randomly divided into three groups (n = 5) when the tumor reached 
about 60 mm3, and systemically or intratumorally injected with 50 μL 
PFC@lipo (60 μL PFC/mL) every other day. And mice injected with the 
same volume of saline through the vein tail was as control (drug 

injection was indicated by an arrow in the figure). As for Hb@lipo, mice 
were randomly divided into four groups (n = 5) when the tumor was 
approximately 150 mm3. The mice in group 1 were intravenously 
injected with saline every other day, and mice in group 2 and 3 were 
intravenously or intratumorally injected with Hb@lipo (25 mg/kg Hb 
per injection) every other day, respectively. Mice in group 4 were 
intraperitoneally injected with HIF-1α inhibitor PX-478 for five days 
(100 mg/kg/day) (drug injection was indicated by an arrow in the 
figure). Tumor volume and body weight of mice was measured and 
recorded every two days. Mice was sacrificed at the end of the study and 
tumors as well as major organs were stripped for H&E, immunofluo-
rescence staining and cytokine determination. All tissue sections, H&E 
and immunofluorescence for animal experiments were authorized to 
Haoke Biotechnology Co., Ltd. (Hangzhou, China). 

2.11. Co-culture experiment of PBMCs and cancer cells in vitro 

Peripheral blood lymphocytes (PBMCs) of mice were separated with 
Ficoll-paque PREMIUM (LTS1092, TBD science, China) according to the 
manufacturer's instructions. PBMCs and 4 T1 cells were co-incubated, 
and Hb@lipo, PD1 antibody (aPD1), or both of them were added. And 
cells were cultured under normoxia or hypoxia for 24 h. Then, super-
natant was collected for factor detection using Elisa kit. After washing 
the co-incubation system three times with PBS, the suspended PBMCs 
was removed and Calcein AM (Invitrogen Corp., Carlsbad, USA) was 
added to the remaining adherent tumor cells. The living 4 T1 cells were 
observed with a fluorescence microscope. 

2.12. Anti-tumor efficacy of Hb@lipo combined with PD1 monoclonal 
antibody 

Mice bearing orthotopic 4 T1 tumors or subcutaneous CT26 tumors 
were randomly divided into four groups. Mice in group 2 and 4 were 
intravenously injected with Hb@lipo (25 mg/kg Hb per injection) every 
other day. Mice in group 3 and 4 were intraperitoneally injected with 
PD1 monoclonal antibody (aPD1 (BE0146), BioXcell, USA) for every six 
days, three times in total. And mice in group 1 were intravenously 
injected with saline every two days as control. Monitor the changes of 
tumor volume and body weight of mice every two days. Mice were 
sacrificed at day 21, and peripheral blood, tumors and major organs 
were collected for further analysis. 

2.13. Elisa 

Peripheral blood of mice was collected and centrifugated at 3000 
rpm for 20 min to collect serum. Take a certain weight of tumors or 
spleens, add PBS to crush and grind, centrifuge at 15,000 rpm for 15 
min, and collect the supernatant. The level of different cytokines was 
detected by Elisa kits according to the manufacturer's instructions. 
Briefly, a certain volume of diluted samples was added to corresponding 
Elisa plate, then different detect antibodies were added. The plates were 
incubated at 37 ◦C for 2 h on a microplate shaker set at 300 rpm. 
Aspirate each well and wash, repeating the process five times. Then, 
streptavidin-HRP was added to each well and incubated at 37 ◦C for 45 
min on a microplate shaker set at 300 rpm. After washing for six times, 
substrate solutions were added to each well in the dark and incubated 
for 30 min on a microplate shaker set at 300 rpm. Add the stop solution 
and measure the optical density value within 30 min by microplate 
reader. 

2.14. Statistics 

The results were presented as the mean ± SD. When only two groups 
were compared, paired t-test was used. And an evaluation of significance 
was performed using a one-way ANOVA when more than two groups 
were compared. All statistical analyses were conducted using GraphPad 
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Prism 8 software. 

3. Results 

3.1. Characteristics of PFC@lipo and Hb@lipo and their ability to relieve 
hypoxia in vitro 

Here, thin film dispersion method was utilized to prepare PFC@lipo 
and Hb@lipo. The obtained PFC@lipo displayed an obvious circular 
lipid bilayer structure, and Hb@lipo were disc-shaped, with concave on 
both sides as viewed by transmission electron microscopy (TEM) 
(Fig. 1A). Their particle size was ~160 nm and ~ 100 nm, respectively 
(Fig. 1B), with no obvious changes when stored at 4 ◦C for half a month 
(Fig. S2A), indicating that the stability of these two liposomes were 
excellent. The encapsulation efficiency of Hb was about 50% according 

to our previous report [20,21]. Then, the oxygen release behavior of 
PFC@lipo and Hb@lipo after oxygenation was tested. Results in 
Fig. 1C& Fig. S2B suggested that liposomes could load more oxygen than 
free drugs, and the oxygen release rate of Hb@lipo was smoother than 
PFC@lipo. When the oxygen concentration in the solution was further 
reduced (with anaerobic PBS added), Hb@lipo presented a more durable 
and effective oxygen release. In addition, the final oxygen concentration 
in the anaerobic solution added with PFC@lipo or Hb@lipo was about 2 
or 1.5 mg/L and could last for at least five hours, both of which were 
much higher than their respective controls (almost zero). The cellular 
internalization of PFC@lipo was examined in 4 T1 cells. Whether in 
normoxia or hypoxia, liposomes were easily internalized by tumor cells, 
with obvious red fluorescence at 2 h (Fig. S1A). Similarly, Hb@lipo was 
easily ingested by 4 T1 and CT26 cells. Although the internalization was 
slower under hypoxia, the total uptake was similar to that of normoxia 

Fig. 1. Characteristics of PFC@lipo and Hb@lipo and their ability to relieve hypoxia in vitro. TEM (A) and DLS (B) results of PFC@lipo and Hb@lipo. Scale bar: 200 
nm. (C) Dissolved oxygen measurement results of PFC@lipo and Hb@lipo after oxygenation for 10 min. Immunofluorescence (D) and western blot (F) results of HIF- 
1α in normoxic or hypoxic 4 T1 cells treated with 10 μL PFC@lipo (60 μL PFC/mL) or Hb@lipo (50 μg Hb/mL). Scale bar: 250 μm. (E) and (G) were semi-quantitative 
result of (D) and (F) respectively by Image J software. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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(Fig. S1B&C). Fig. S2C&D was the MTT results of 4 T1 cells co-incubated 
with PFC@lipo or Hb@lipo, and no obvious toxicity was observed. 
Immunofluorescence results in Fig. 1D&E suggested that the addition of 
PFC@lipo and Hb@lipo could significantly reduce the expression of HIF- 
1α in cells under hypoxia, making it close to the level under normoxia. 
Western blot results showed the same protein expression trend 
(Fig. 1F&G). The above in vitro experiments indicated that PFC@lipo 
and Hb@lipo we prepared could effectively carry and release oxygen, 
thereby alleviating the hypoxic environment, and the oxygen release of 
Hb@lipo was more moderate. 

3.2. Comparison of three different methods to relieve hypoxia in vivo and 
their biosafety 

Next, we compared the effects of three methods for relieving hypoxia 
in vivo and explored whether different administration methods would 
influence their efficacies. Orthotopic 4 T1 tumors was established to 
verify the effect of PFC@lipo (Fig. 2A). Mice were divided into three 
groups when the tumors reached about 60 mm3 and systemically or 
intratumorally injected with oxygenation PFC@lipo. Mice injected with 
saline via the tail vein was used as controls. Surprisingly, intravenous 
injection of PFC@lipo caused death of mice (Fig. 2D). We speculated 
that the rapid release of large amounts of oxygen from PFC@lipo 

Fig. 2. Comparison of the biosafety of three methods to relieve hypoxia in vivo. (A) Schematic diagram of in vivo experiments of PFC@lipo and each arrow rep-
resented the time of drug injection. Changes in tumor volume of each mice (B), average weight change (C) and survival rate (D) of mice bearing 4 T1 orthotopic 
tumors injected with PFC@lipo or saline. (E) Schematic diagram of in vivo experiments of Hb@lipo and PX-478. Each arrow represented the time of drug injection. 
Changes in tumor volume of each mice (F), average body weight and average body weight loss rate (G) and survival rate (H) of mice bearing 4 T1 orthotopic tumors 
injected with Hb@lipo, PX-478 or saline. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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ruptured blood vessels, leading to the tragedy, which was defined as 
“acute hyperoxia side effects”. However, intratumoral injection of 
PFC@lipo could effectively kill tumor cells while ensuring safety 
simultaneously. During the course of treatment, the tumors gradually 
shrunk and scabbed, and were completely shed on the 16th day with no 
obvious changes of the body weight (Fig. 2B&C). Similarly, the effect of 
Hb@lipo and the commercial HIF-1α inhibitor PX-478 was evaluated 
and compared in vivo (Fig. 2E). Biodistribution experiment suggested 
that Hb@lipo heavily gathered in the tumor sites after injection through 
the tail vein, demonstrating successful delivery of oxygen-carrying li-
posomes to the TME (Fig. S3). Changes of tumor volume of each mouse 
and the average weight change of each group of mice were showed in 
Fig. 2F&G. Despite the strongest antineoplastic effect of PX-478, mice 
suffered weight loss up to 40% and gradually died. By contrast, Hb@lipo 
effectively delayed tumor growth and prolonged the survival time of 
mice while maintaining their body weight (Fig. 2G&H). This indicated 
that PX-478 posed a serious threat to the lives of mice, while Hb@lipo 
had expressively better safety. At the end of the above two experiments, 
mice were sacrificed with their major organs were stripped for following 
research. 

Fig. S4B showed that the morphology of lungs of mice in the Saline 
group were abnormal with a large number of tumors occupied. On the 
contrary, lungs of PFC@lipo group had no traces of metastases, which 
consisted with the H&E and Ki67 results in Fig. S4A. Data in Fig. 3A&B 
reflected the expression of HIF-1α and tumor associated macrophages 

(TAMs) in tumors. The signal intensity of HIF-1α in PFC@lipo, Hb@lipo 
and PX-478 groups was obviously weaker than that in the Saline group, 
both detected by immunofluorescence and immunohistochemistry. And 
there were more M1 macrophages (F4/80+ TNF-α+) and fewer M2 
macrophages (F4/80+ CD206+) in all groups under drug intervention. 
Analysis of cytokines in the spleens, tumors and/or blood showed that 
the expression of immune activating factors (IFN-γ, TNF-α and IL-12) 
was remarkably increased after PFC@lipo, Hb@lipo and PX-478 treat-
ment, while the level of immunosuppressive factors (IL-10) was 
expressively reduced (Fig. 3C&D). 

The above results indicated that the indirect oxygen delivery by 
PFC@lipo and Hb@lipo, as well as the direct inhibition of HIF-1α could 
effectively optimize tumor immune microenvironment. However, PX- 
478 had serious biosafety concerns, and PFC@lipo could not be 
administrated systemically, which limited its effectiveness in treating 
non-superficial tumors. By contrast, the oxygen-carrying Hb@lipo 
actived an immune-promoting TME with no physiological toxicity either 
by intratumoral injection or by systemic administration. The above 
observations suggested that Hb@lipo might be the most promising ox-
ygen carrier for clinical practice. Thus, it was selected to assist anti-PD-1 
immunotherapy. 

Fig. 3. The impact of PFC@lipo, Hb@lipo and PX-478 on tumor microenvironment. (A) Panoramic scan of tumor tissue, and the expression of HIF-1α (pink), M1 
(F4/80+ green, TNF-α+ red) and M2 (F4/80+ green, CD206+ red) macrophages in tumors of PFC@lipo (i.t.) treated mice detected by immunofluorescence. Scale bar: 
200 μm. (B) The immunohistochemistry results of HIF-1α (brown), and immunofluorescence results of M1 (F4/80+ green, TNF-α+ red) and M2 (F4/80+ green, 
CD206+ red) macrophages in tumors of Hb@lipo / PX-478 treated mice. Scale bar: 250 μm. Levels of IFN-γ, IL-12, TNF-α and IL-10 in spleens, tumors and/or blood of 
PFC@lipo (i.t.) (C) and Hb@lipo / PX-478 treated (D) mice detected by Elisa. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.3. Hb@lipo combined with PD-1 antibody enhanced the killing ability 
of PBMCs against tumor cells 

Peripheral blood lymphocytes (PBMCs) were isolated with Ficoll- 
paque PREMIUM and co-cultured with 4 T1 cells. Then Hb@lipo or/ 
and aPD1 was added into the co-incubation system for 24 h under 
normoxia or hypoxia. Morphological change of tumor cells was recorded 
by microscope, and their survival was measured by Calcein AM staining 
(green) and MTT assay, respectively. Data in Fig. S5A indicated that 4 T1 
cells appeared fusiform-shaped, and PBMCs would gather closely around 
them and produced an “erosion” effect, which was mainly manifested by 
the disappearance of the normal morphology of tumor cells. Among the 
three groups with drug intervention, the morphological change of 4 T1 
cells in the combination group was the most obvious, and almost all 
tumor cells were killed. Calcein AM staining showed that hypoxia 
weaken the killing ability of PBMCs on 4 T1 cells, fortunately, the 
addition of Hb@lipo and aPD1 restored its lethality under hypoxia. MTT 
results (Fig. S5B) reflected the above phenomenon more intuitively. 
Subsequently, the supernatant of the co-incubation system was 
collected, and cytokines were determined by Elisa. Results showed that 
4 T1 cells extremely reduced the level of TNF-α and IFN-γ secreted by 
PBMCs, but the addition of Hb@lipo and aPD1 meaningfully increased 
the expression of these two factors, even higher than that of PBMCs 
group (Fig. S5C). 

3.4. Synergistic anti-tumor effect of Hb@lipo and PD-1 antibody in 4T1 
and CT26 tumor 

The efficacy of combination therapy was validated in vivo with 
mouse breast cancer and mouse colon cancer as research objects 
(Fig. 4A). The tumor growth curve in Fig. 4B indicated that the thera-
peutic effect of aPD1 on 4 T1 tumors was limited, while Hb@lipo helped 
it break the treatment bottleneck and significantly enhanced the tumor 
suppression, which was consistent with the results in Fig. 4C&D. There 
was no significant change in the body weight of mice and no organ le-
sions were observed, indicating that the adopted treatments were highly 
safe (Figs. S6A& S8A). Peripheral blood, lymph nodes and spleens of 
mice were collected at the end of the experiment, and the level of CD8+

T cells, Treg and cytokines were analyzed by flow cytometry and Elisa 
assay, respectively. Both Hb@lipo and aPD1 could up-regulate the 
proportion of CD8+ T cells and enhance their tumor cell killing ability, 
manifested with an increase of CD8+ CD107+ T cells [44,45]. Specif-
ically, thanks to the assistance of Hb@lipo, the number of CD8+ CD107+

T cells in the lymph nodes of the combination group was approximately 
1.5 times that of aPD1 group and the number of Treg in the spleens was 
one-third of that in saline group (Fig. 4E & Fig. S6B-D). Moreover, the 
content of immune promoting cytokines (TNF-α, IFN-γ, IL-2 and IL-12) 
in combination group was extremely up-regulated and immunosup-
pressive factors (TGF-β and IL-10) were greatly down-regulated 
(Fig. 4G). Immunohistochemistry and immunofluorescence results sug-
gested that the level of HIF-1α and its downstream vascular endothelial 
growth factor (VEGF) was decreased in groups containing Hb@lipo, and 
tumor proliferation (Ki67) was suppressed, especially in the combina-
tion group. In addition, the expression of PD-L1 in tumors was expres-
sively reduced after aPD1 treatment, which was a positive prognosis 
[46,47]. The variation of Treg and CD8+ T cells consisted with the 
previous flow cytometry results. Myeloid-derived suppressor cells 
(MDSCs) was inhibited in Hb@lipo plus aPD1 group, although the 
number of dendritic cells (DCs) in each group was similar (Fig. 4F). To 
sum up, in 4 T1 tumors, Hb@lipo could tremendously improve the ef-
ficacy of aPD1 by positively regulating the TME and even the systemic 
immune system. 

In CT26 tumors, however, a completely disappointing result was 
observed. None of the treatments was able to suppress tumor growth 
(Fig. 5A). The proportion of CD4+ T cells, CD8+ T cells and CD8+ CD44+

effector T cells [48,49] in the blood, lymph nodes and spleens were 

analyzed by flow cytometry, and cytokines were detected by Elisa. Re-
sults in Fig. 5B & Fig. S7A indicated that combination therapy did not 
exhibit meaningful synergistic effect. However, the expression of IL-12 
and TNF-α was increased while TGF-β and IL-10 decreased in the com-
bination group. And the positive signal of HIF-1α, VEGF and Ki67 in the 
tumors in each group was slightly weaker than those in saline group, 
while the Tunel signal remained unchanged. Same as 4 T1 tumors, there 
was no significant change in the number of DCs, while Treg and MDSCs 
decreased slightly (Fig. 5C). And no lesions were observed in organs 
(Fig. S8B). It was clear that in CT26 tumors, Hb@lipo combined with 
aPD1 did present a certain immune activation effect, but it was not 
sufficient to defeat this tumor. 

3.5. The opposite ratio of M1/M2 TAMs was responsible for the different 
anti-tumor effects of combination therapy on 4 T1 and CT26 tumors 

We next thought to investigate the underlying mechanisms ac-
counting for the differences in anti-tumor efficacy on these two tumor 
models. Since the administration method, dosage and frequency were 
the same, we hypothesized that the differences between the two tumors 
themselves were to blame. Data in Fig. 4F&5C revealed that the number 
of DCs, Treg and MDSCs was similar in 4 T1 and CT26 tumors. Specif-
ically, they both contained a small amount of DCs, a moderate amount of 
Treg and a large amount of MDSCs. Therefore, we excluded the possi-
bility of these cells causing the differences in anti-tumor effects and 
focused our investigation on another type of cells abundant in TME, 
namely TAMs. According to the results in Fig. 6A&B, the number of M1 
macrophages in 4 T1 tumors was far more than that of M2 macrophages, 
and the latter was further reduced after combination treatment. How-
ever, the rate of M1/M2 macrophages was quite opposite in CT26 tu-
mors, with obviously more M2 macrophages. Then, the level of 
inducible nitric oxide synthase (iNOS) and arginase-1 (Arg1), markers of 
M1 and M2 macrophages, were further detected. The content of iNOS in 
4 T1 tumors was 3 times that of Arg1, while the content of iNOS in CT26 
tumors was only 1/4 that of Arg1. In addition, the level of iNOS in 4 T1 
tumors was about 10 times higher than those in CT26 tumors, while the 
level of Arg1 was same (Fig. 6C). Although all therapies, especially the 
combination therapy, were capable of increasing the ratio of M1/M2, it 
did not exert antineoplastic effect in CT26 tumors. We speculated that 
this was due to the presence of too many M2 macrophages, whose role in 
promoting tumor growth counteracted the efficacy of combination 
therapy [50,51]. 

4. Discussion 

Hypoxic TME impairs the anti-tumor efficacy of checkpoint blockade 
therapy, which may be the main reason for the currently poor clinical 
effect of PD-1 antibody. To solve this problem, we were committed to 
developing approaches to relieve tumor hypoxia. Artificial blood-PFC 
and Hb were chosen to serve as oxygen carriers, and were loaded into 
liposomes (PFC@lipo and Hb@lipo) for delivering oxygen to the tumor 
site. PFC@lipo was monodisperse with an average size of about 160 nm 
and Hb@lipo was disk-shaped with a particle size of 100–120 nm, both 
of which were stable when stored at 4 ◦C. In vitro studies confirmed that 
both PFC@lipo and Hb@lipo could load and release oxygen, thereby 
effectively reducing the expression of HIF-1α in hypoxic 4 T1 cells 
without direct cell-killing effects, and the oxygen release of Hb@lipo 
was more moderate than PFC@lipo (Fig. 1&S2). Then, mouse breast 
cancer models in different developmental stages (60 mm3 as early stage, 
150 mm3 as middle-advanced stage) were used to further verify their 
role in vivo. Results showed that the systematic injection of oxygen- 
carrying PFC@lipo led to the death of mice (Fig. 2D), which might be 
due to the instantaneous release of large amount of gas that burst the 
blood vessels, causing acute hyperoxia side effects. However, intra-
tumoral injection of oxygenated PFC@lipo could suppress and even 
eliminate tumors, and significantly inhibited its lung metastasis 
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Fig. 4. Synergistic anti-tumor effect of Hb@lipo and aPD1 on 4 T1 tumors (n = 7). (A) Schematic diagram of administration method for mice bearing 4 T1 or CT26 
tumors. (B) Changes in tumor volume of mice. Weight (C) and pictures (D) of tumors at the end of the experiment. (E) The expression of CD3+CD8+ and CD8+CD107+

T cells in the blood, lymph nodes and spleens of mice. (F) Immunohistochemistry of HIF-1α, Ki67, PD-L1, VEGF and immunofluorescence of CD8+T (CD8+, green), 
DCs (CD11C+, green), Treg (Foxp3+, green), and MDSCs (Ly6G+, green) in tumors. Scale bar: 250 μm. (G) The expression of cytokines in peripheral blood, spleens 
and tumors detected by Elisa. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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(Fig. 2B&S4). Data in Fig. 2F-G suggested that Hb@lipo was effective in 
alleviating tumor hypoxia regardless of delivery routes (subcutaneous 
injection or systemic administration). At the same time, compared with 
the HIF-1α inhibitor PX-478, which caused a drastic weight loss in mice 
(~40%), Hb@lipo exhibited significantly better biological safety. Sub-
sequent analysis showed that the intervention of PFC@lipo or Hb@lipo 
reduced the expression of HIF-1α and immunosuppressive cells and 
cytokines, while increasing the level of immune promoting cells and 
cytokines (Fig. 3). To sum up, the two liposomes we prepared (PFC@lipo 
and Hb@lipo) could effectively deliver oxygen to tumors in the early or 
middle-advanced stages of development, thereby altering the cells and 
immune factors in TME, transforming it from an immunosuppressive 
state to an immune promoting one. 

However, PFC@lipo could not be administered intravenously, and 
local administration could not achieve the treatment of non-superficial 
tumors, which was far away from clinical practice. Thus, it was 
obvious that Hb@lipo we prepared had excellent biological safety for 
systematic administration, and becoming the most potential candidate 
for improving immunotherapy. Besides, the materials of Hb@lipo were 
cheap, easily available, and biocompatible. The prepared liposomes 

exhibited great stability and biological safety. In addition, the prepa-
ration process was quite simple, convenient for large-scale production, 
storage and transportation, which implied a good clinical trans-
formation ability. Our previous researches proved that Hb@lipo could 
significantly enhance the anti-tumor effect of photodynamic therapy, 
chemotherapy and radiotherapy [20,23,52]. Here, we explored its 
impact on PD-1 blockade immunotherapy. Preliminary in vitro experi-
ments suggested that Hb@lipo combined with aPD1 could significantly 
enhance the killing ability of PBMCs against tumor cells (Fig. S5). 
Subsequent pharmacodynamic experiments showed that Hb@lipo could 
reverse the immunosuppressive microenvironment caused by hypoxia, 
thereby breaking the therapeutic bottleneck of aPD1 and significantly 
inhibiting the growth of 4 T1 tumors (Fig. 4 & Fig. S6). However, in 
CT26 tumors, the auxiliary effect of Hb@lipo on aPD1 had not been 
exhibited, and the combination therapy could not inhibit tumor growth 
(Fig. 5& Fig. S7). Further study revealed that the discrepancy in the ratio 
of M1/M2 macrophages was an important reason for the above differ-
ences in efficacy. There were a large number of M2 macrophages and 
quite few M1 macrophages in CT26 tumors, which was contrary to that 
of 4 T1 tumors (Fig. 6). We believed that highly infiltrated M2 

Fig. 5. Synergistic anti-tumor effect of Hb@lipo and aPD1 on CT26 tumors (n = 9). (A) Changes in tumor volume and body weight of mice. (B) The proportion of 
CD3+CD4+, CD3+CD8+and CD8+CD44+ T cells in the lymph nodes, spleens and blood of mice. (C) Immunohistochemistry of HIF-1α, VEGF, Ki67, Tunel and 
immunofluorescence of CD8+T (CD8+, green), DCs (CD11C+, green), Treg (Foxp3+, green), and MDSCs (Ly6G+, green) in tumors. Scale bar: 250 μm.*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. 
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macrophages in tumors were the culprits leading to the treatment 
failure. 

5. Conclusion 

To find a suitable way for relieving tumor hypoxia was the key to 
improving the effect of PD-1 blockade immunotherapy. Here, we 
compared three different approaches of hypoxia relief. PFC@lipo and 
Hb@lipo for oxygen delivery and PX-478 for HIF-1α inhibition. Based on 
biosafety and clinical applicability, Hb@lipo was screened to improve 
the immunotherapy effect of PD-1 antibody. As we expected, the adju-
vant effect of Hb@lipo significantly enhanced the anti-tumor effect of 
aPD1 in 4 T1 tumors, but in CT26 tumors, the above strategy failed to 
suppress tumor growth. Further analysis revealed that the ratio of M1/ 
M2 TAMs in 4 T1 tumors was obviously higher than that in CT26 tumors. 
And a higher M1/M2 ratio was often associated with better tumor 
immunotherapy outcomes [53–55], which might explain why the same 
treatment strategy showed different effects in the two models. In 
conclusion, the nanosystem constructed in this work was simple and 
effective, providing a promising strategy for future cancer 
immunotherapy. 

Declaration of Competing Interest 

The authors declare no conflicts of interest. 

Acknowledgements 

This work was financially supported by the National Natural Science 
Foundation of China (81973246 and 82003667), National Special Fund 
for Major New Drug Development (2017ZX09201004015). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2021.06.001. 

References 

[1] A.V. Balar, J.S. Weber, PD-1 and PD-L1 antibodies in cancer: current status and 
future directions, Cancer Immunol. Immun. 66 (2017) 551–564. 

[2] F.F. Teng, X.J. Meng, L. Kong, J.M. Yu, Progress and challenges of predictive 
biomarkers of anti PD-1/PD-L1 immunotherapy: a systematic review, Cancer Lett. 
414 (2018) 166–173. 

[3] Y. Yan, L. Zhang, Y. Zuo, H.Y. Qian, C. Liu, Immune checkpoint blockade in cancer 
immunotherapy: mechanisms, clinical outcomes, and safety profiles of PD-1/PD-L1 
inhibitors, Arch. Immunol. Ther. Ex. 68 (2020) 1–15. 

[4] Y.G. Najjar, A.V. Menk, C. Sander, U. Rao, A. Karunamurthy, R. Bhatia, S.Y. Zhai, J. 
M. Kirkwood, G.M. Delgoffe, Tumor cell oxidative metabolism as a barrier to PD-1 
blockade immunotherapy in melanoma, JCI Insight 4 (2019), e124989. 

[5] S.L. Topalian, F.S. Hodi, J.R. Brahmer, S.N. Gettinger, D.C. Smith, D.F. McDermott, 
J.D. Powderly, R.D. Carvajal, J.A. Sosman, M.B. Atkins, P.D. Leming, D.R. Spigel, S. 
J. Antonia, L. Horn, C.G. Drake, D.M. Pardoll, L.P. Chen, W.H. Sharfman, R. 
A. Anders, J.M. Taube, T.L. McMiller, H.Y. Xu, A.J. Korman, M. Jure-Kunkel, 
S. Agrawal, D. McDonald, G.D. Kollia, A. Gupta, J.M. Wigginton, M. Sznol, safety, 

Fig. 6. The expression of TAMs in 4 T1 and CT26 tumors. Full scan images (upper, Scale bar: 2 mm) and enlarged pictures (lower, Scale bar: 250 μm) of M1 (F4/80+

green, TNF-α+ red) and M2 (F4/80+ green, CD206+ red) macrophages in 4 T1 (A) and CT26 (B) tumors detect by immunofluorescence. (C) Content of iNOS, Arg1 and 
the results of log (M1/M2) in 4 T1 and CT26 tumors detected by Elisa. 

M. Jiang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.jconrel.2021.06.001
https://doi.org/10.1016/j.jconrel.2021.06.001
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0005
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0005
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0010
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0010
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0010
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0015
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0015
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0015
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0020
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0020
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0020
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025


Journal of Controlled Release 335 (2021) 408–419

418

activity, and immune correlates of Anti-PD-1 antibody in cancer, New Engl. J. Med. 
366 (2012) 2443–2454. 

[6] S.A. Hussain, A. Birtle, S. Crabb, R. Huddart, D. Small, M. Summerhayes, R. Jones, 
A. Protheroe, From clinical trials to real-life clinical practice: the role of 
immunotherapy with PD-1/PD-L1 inhibitors in advanced urothelial carcinoma, 
Eur. Urol. Oncol. 1 (2018) 486–500. 

[7] C. Riera-Domingo, A. Audige, S. Granja, W.C. Cheng, P.C. Ho, F. Baltazar, 
C. Stockmann, M. Mazzone, Immunity, hypoxia, and metabolism-the menage a 
trois of cancer: implications for immunotherapy, Physiol. Rev. 100 (2020) 1–102. 

[8] S. Chouaib, M.Z. Noman, K. Kosmatopoulos, M.A. Curran, Hypoxic stress: obstacles 
and opportunities for innovative immunotherapy of cancer, Oncogene 36 (2017) 
439–445. 

[9] M.Z. Noman, S. Buart, P. Romero, S. Ketari, B. Janji, B. Mari, F. Mami-Chouaib, 
S. Chouaib, Hypoxia-inducible miR-210 regulates the susceptibility of tumor cells 
to Lysis by cytotoxic T cells, Cancer Res. 72 (2012) 4629–4641. 

[10] A. Palazon, P.A. Tyrakis, D. Macias, P. Veliça, H. Rundqvist, S. Fitzpatrick, 
N. Vojnovic, A.T. Phan, N. Loman, I. Hedenfalk, T. Hatschek, J. Lövrot, 
T. Foukakis, A.W. Goldrath, J. Bergh, R.S. Johnson, An HIF-1α/VEGF-A axis in 
cytotoxic T cells regulates tumor progression, Cancer Cell 32 (2017) 669–683 
(e665). 

[11] S. Sethumadhavan, M. Silva, P. Philbrook, T. Nguyen, S.M. Hatfield, A. Ohta, M. 
V. Sitkovsky, Hypoxia and hypoxia-inducible factor (HIF) downregulate antigen- 
presenting MHC class I molecules limiting tumor cell recognition by T cells, PLoS 
One 12 (2017), e0187314. 

[12] T. Gaber, K. Schonbeck, H. Hoff, C.L. Tran, C. Strehl, A. Lang, S. Ohrndorf, 
M. Pfeiffenberger, E. Rohner, G. Matziolis, G.R. Burmester, F. Buttgereit, P. Hoff, 
CTLA-4 mediates inhibitory function of mesenchymal stem/stromal cells, Int. J. 
Mol. Sci. 19 (2018) 1–12. 

[13] M.Z. Noman, M. Hasmim, A. Lequeux, M.L.N. Xiao, C. Duhem, S. Chouaib, 
G. Berchem, B. Janji, Improving cancer immunotherapy by targeting the hypoxic 
tumor microenvironment: new opportunities and challenges, Cells-Basel 8 (2019) 
1–13. 

[14] L.A.J. O’Neill, E.J. Pearce, Immunometabolism governs dendritic cell and 
macrophage function, J. Exp. Med. 213 (2016) 15–23. 

[15] S. Winning, J. Fandrey, Dendritic cells under hypoxia: how oxygen shortage affects 
the linkage between innate and adaptive immunity, J. Immunol. Res. 2016 (2016) 
1–8. 

[16] T. Ogita, J. Miyamoto, Y. Hirabayashi, M. Rossi, G. Mazzarella, I. Takahashi, 
S. Tanabe, T. Suzuki, Analysis of hypoxia-associated dendritic cells in colitic mice 
and effects of probiotics on IL-10 production in inflammatory dendritic-cells under 
hypoxia, Benef. Microb. 10 (2019) 801–810. 

[17] P. Jayaprakash, M.D. Ai, A. Liu, P. Budhani, T. Bartkowiak, J. Sheng, C. Ager, 
C. Nicholas, A.R. Jaiswal, Y.Q. Sun, K. Shah, S. Balasubramanyam, N. Li, G. 
C. Wang, J. Ning, A. Zal, T. Zal, M.A. Curran, Targeted hypoxia reduction restores T 
cell infiltration and sensitizes prostate cancer to immunotherapy, J. Clin. Invest. 
128 (2018) 5137–5149. 

[18] N.E. Scharping, A.V. Menk, R.D. Whetstone, X. Zeng, G.M. Delgoffe, Efficacy of PD- 
1 blockade is potentiated by metformin-induced reduction of tumor hypoxia, 
Cancer Immunol. Res. 5 (2017) 9–16. 

[19] M. Gao, C. Liang, X. Song, Q. Chen, Q. Jin, C. Wang, Z. Liu, Erythrocyte-membrane- 
enveloped perfluorocarbon as nanoscale artificial red blood cells to relieve tumor 
hypoxia and enhance cancer radiotherapy, Adv. Mater. 29 (2017) 1701429. 

[20] J. Yang, W. Li, L.H. Luo, M.S. Jiang, C.Q. Zhu, B. Qin, H. Yin, X.L. Yuan, X.Y. Yin, J. 
L. Zhang, Z.Y. Luo, Y.Z. Du, J. You, Hypoxic tumor therapy by hemoglobin- 
mediated drug delivery and reversal of hypoxia-induced chemoresistance, 
Biomaterials 182 (2018) 145–156. 

[21] M.S. Jiang, X.Y. Yin, B. Qin, S.Y. Xuan, X.L. Yuan, H. Yin, C. Zhu, X. Li, J. Yang, Y. 
Z. Du, L.H. Luo, J. You, Inhibiting hypoxia and chemotherapy-induced cancer cell 
metastasis under a valid therapeutic effect by an assistance of biomimetic oxygen 
delivery, Mol. Pharm. 16 (2019) 4530–4541. 

[22] P. Liu, X. Xie, X. Shi, Y. Peng, J. Ding, W. Zhou, Oxygen-self-supplying and HIF- 
1alpha-inhibiting core-shell nanosystem for hypoxia-resistant photodynamic 
therapy, ACS Appl. Mater. Interfaces 11 (2019) 48261–48270. 

[23] W. Li, J. Yang, L.H. Luo, M.S. Jiang, B. Qin, H. Yin, C.Q. Zhu, X.L. Yuan, J.L. Zhang, 
Z.Y. Luo, Y.Z. Du, Q.P. Li, Y. Lou, Y.Q. Qiu, I. You, Targeting photodynamic and 
photothermal therapy to the endoplasmic reticulum enhances immunogenic cancer 
cell death, Nat. Commun. 10 (2019) 1–16. 

[24] H. Zuo, Y. Hou, Y. Yu, Z. Li, H. Liu, C. Liu, J. He, L. Miao, Circumventing myeloid- 
derived suppressor cell-mediated immunosuppression using an oxygen-generated 
and -economized nanoplatform, ACS Appl. Mater. Interfaces (2020) 55723–55736. 

[25] M. Podhorecka, B. Ibanez, A. Dmoszynska, Metformin - its potential anti-cancer 
and anti-aging effects, Postepy Hig. Med. Dosw. (Online) 71 (2017) 170–175. 

[26] C. Coyle, F.H. Cafferty, C. Vale, R.E. Langley, Metformin as an adjuvant treatment 
for cancer: a systematic review and meta-analysis, Ann. Oncol. 27 (2016) 
2184–2195. 

[27] J. Zhou, S. Massey, D. Story, L.X. Li, Metformin: an old drug with new applications, 
Int. J. Mol. Sci. 19 (2018) 1–15. 

[28] R.R. Ramjiawan, A.W. Griffioen, D.G. Duda, Anti-angiogenesis for cancer revisited: 
is there a role for combinations with immunotherapy? Angiogenesis 20 (2017) 
185–204. 

[29] A. Argentiero, A.G. Solimando, M. Krebs, P. Leone, N. Susca, O. Brunetti, 
V. Racanelli, A. Vacca, N. Silvestris, Anti-angiogenesis and immunotherapy: novel 
paradigms to envision tailored approaches in renal cell-carcinoma, J. Clin. Med. 9 
(2020) 1–19. 

[30] T. Beppu, K. Kamada, Y. Yoshida, H. Arai, K. Ogasawara, A. Ogawa, Change of 
oxygen pressure in glioblastoma tissue under various conditions, J. Neuro-Oncol. 
58 (2002) 47–52. 

[31] K. Graham, E. Unger, Overcoming tumor hypoxia as a barrier to radiotherapy, 
chemotherapy and immunotherapy in cancer treatment, Int. J. Nanomedicine 13 
(2018) 6049–6058. 

[32] K. Stepien, R.P. Ostrowski, E. Matyja, Hyperbaric oxygen as an adjunctive therapy 
in treatment of malignancies, including brain tumours, Med. Oncol. 33 (2016) 1–9. 

[33] B. Gallez, M.A. Neveu, P. Danhier, B.F. Jordan, Manipulation of tumor oxygenation 
and radiosensitivity through modification of cell respiration. A critical review of 
approaches and imaging biomarkers for therapeutic guidance, Bba-Bioenergetics 
1858 (2017) 700–711. 

[34] I.P. Torres, Mini-review: perfluorocarbons, oxygen transport, and microcirculation 
in low flow states: in vivo and in vitro studies, Shock 52 (2019) 19–27. 

[35] S.N. Ma, J. Zhou, Y.X. Zhang, B. Yang, Y.Y. He, C. Tian, X.H. Xu, Z.W. Gu, An 
oxygen self-sufficient fluorinated nanoplatform for relieved tumor hypoxia and 
enhanced photodynamic therapy of cancers, ACS Appl. Mater. Inter. 11 (2019) 
7731–7742. 

[36] J.G. Riess, Understanding the fundamentals of perfluorocarbons and 
perfluorocarbon emulsions relevant to in vivo oxygen delivery, Artif. Cell Blood 
Sub. 33 (2005) 47–63. 

[37] Y.H. Cheng, H. Cheng, C.X. Jiang, X.F. Qiu, K.K. Wang, W. Huan, A. Yuan, J.H. Wu, 
Y.Q. Hu, Perfluorocarbon nanoparticles enhance reactive oxygen levels and 
tumour growth inhibition in photodynamic therapy, Nat. Commun. 6 (2015) 1–8. 

[38] A.I. Alayash, Mechanisms of toxicity and modulation of hemoglobin-based oxygen 
carriers, Shock 52 (2019) 41–49. 

[39] A. Sen Gupta, Hemoglobin-based oxygen carriers: current state-of-the-art and novel 
molecules, Shock 52 (2019) 70–83. 

[40] S. Rockwell, I.T. Dobrucki, E.Y. Kim, S.T. Marrison, V.T. Vu, Hypoxia and radiation 
therapy: past history, ongoing research, and future promise, Curr. Mol. Med. 9 
(2009) 442–458. 

[41] Y.L. Xu, Y.X. Lin, S.M. Gao, J.F. Shen, Study on mechanism of release oxygen by 
photo-excited hemoglobin in low-level laser therapy, Laser Med. Sci. 33 (2018) 
135–139. 

[42] S.T. Palayoor, J.B. Mitchell, D. Cerna, W. Degraff, M. John-Aryankalayil, C. 
N. Coleman, PX-478, an inhibitor of hypoxia-inducible factor-1alpha, enhances 
radiosensitivity of prostate carcinoma cells, Int. J. Cancer 123 (2008) 2430–2437. 

[43] M.Y. Koh, T. Spivak-Kroizman, S. Venturini, S. Welsh, R.R. Williams, D. 
L. Kirkpatrick, G. Powis, Molecular mechanisms for the activity of PX-478, an 
antitumor inhibitor of the hypoxia-inducible factor-1alpha, Mol. Cancer Ther. 7 
(2008) 90–100. 

[44] A.A. Khan, R. Srivastava, H. Vahed, S. Roy, S.S. Walia, G.J. Kim, M.A. Fouladi, 
T. Yamada, V.T. Ly, C. Lam, A. Lou, V. Nguyen, U. Boldbaatar, R. Geertsema, N. 
W. Fraser, L. BenMohamed, Human asymptomatic epitope peptide/CXCL10-based 
prime/pull vaccine induces herpes simplex virus-specific gamma interferon- 
positive CD107(+) CD8(+) T cells that infiltrate the corneas and trigeminal ganglia 
of humanized HLA transgenic rabbits and protect against ocular herpes challenge, 
J. Virol. 92 (2018), e00535-18. 

[45] L. Geffner, J.I. Basile, N. Yokobori, Y.G.C. Sabio, R. Musella, J. Castagnino, M. 
C. Sasiain, S. de la Barrera, CD4(+) CD25(high) forkhead box protein 3(+) 
regulatory T lymphocytes suppress interferon-gamma and CD107 expression in 
CD4(+) and CD8(+) T cells from tuberculous pleural effusions, Clin. Exp. 
Immunol. 175 (2014) 235–245. 

[46] M.H. Zhang, H.B. Sun, S. Zhao, Y. Wang, H.H. Pu, Y. Wang, Q.Y. Zhang, Expression 
of PD-L1 and prognosis in breast cancer: a meta-analysis, Oncotarget 8 (2017) 
31347–31354. 

[47] M. Zhang, Expression of PD-L1 is associated with poor prognosis in breast cancer: a 
meta-analysis, Ann. Oncol. 27 (2016) 17–33. 

[48] L.G. Guidotti, D. Inverso, L. Sironi, P. Di Lucia, J. Fioravanti, L. Ganzer, A. Fiocchi, 
M. Vacca, R. Aiolfi, S. Sammicheli, M. Mainetti, T. Cataudella, A. Raimondi, 
G. Gonzalez-Aseguinolaza, U. Protzer, Z.M. Ruggeri, F.V. Chisari, M. Isogawa, 
G. Sitia, M. Iannacone, Immunosurveillance of the liver by intravascular effector 
CD8(+) T cells, Cell 161 (2015) 486–500. 

[49] Y.L. Yao, X. Wang, H.C. Zhou, H. Zhang, Y.F. Shi, S.Y. Wang, X.Y. Wang, MHC class 
II peptides induce CD8(+)CD44(+)Ly49(+) regulatory T cells in C57BL/6 mice, 
Cell. Immunol. 312 (2017) 71–77. 

[50] V.G. Martinez, C. Rubio, M. Martinez-Fernandez, C. Segovia, F. Lopez-Calderon, M. 
I. Garin, A. Teijeira, E. Munera-Maravilla, A. Varas, R. Sacedon, F. Guerrero, 
F. Villacampa, F. de la Rosa, D. Castellano, E. Lopez-Collazo, J.M. Paramio, 
A. Vicente, M. Duenas, BMP4 induces M2 macrophage polarization and favors 
tumor progression in bladder cancer, Clin. Cancer Res. 23 (2017) 7388–7399. 

[51] Q. Zhang, H. Wang, C. Mao, M. Sun, G. Dominah, L. Chen, Z. Zhuang, Fatty acid 
oxidation contributes to IL-1beta secretion in M2 macrophages and promotes 
macrophage-mediated tumor cell migration, Mol. Immunol. 94 (2018) 27–35. 

[52] C.Q. Zhu, X.M. Guo, L.H. Luo, Z. Wu, Z.Y. Luo, M. Jiang, J.L. Zhang, B. Qin, Y. 
Y. Shi, Y. Lou, Y.Q. Qiu, J. You, Extremely effective chemoradiotherapy by 
inducing immunogenic cell death and radio-triggered drug release under hypoxia 
alleviation, ACS Appl. Mater. Int. 11 (2019) 46536–46547. 

M. Jiang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0025
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0030
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0030
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0030
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0030
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0035
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0035
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0035
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0040
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0040
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0040
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0045
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0045
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0045
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0050
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0050
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0050
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0050
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0050
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0055
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0055
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0055
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0055
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0060
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0060
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0060
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0060
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0065
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0065
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0065
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0065
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0070
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0070
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0075
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0075
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0075
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0080
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0080
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0080
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0080
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0085
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0085
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0085
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0085
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0085
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0090
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0090
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0090
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0095
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0095
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0095
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0100
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0100
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0100
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0100
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0105
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0105
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0105
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0105
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0110
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0110
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0110
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0115
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0115
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0115
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0115
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0120
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0120
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0120
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0125
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0125
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0130
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0130
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0130
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0135
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0135
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0140
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0140
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0140
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0145
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0145
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0145
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0145
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0150
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0150
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0150
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0155
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0155
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0155
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0160
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0160
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0165
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0165
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0165
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0165
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0170
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0170
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0175
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0175
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0175
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0175
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0180
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0180
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0180
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0185
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0185
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0185
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0190
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0190
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0195
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0195
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0200
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0200
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0200
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0205
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0205
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0205
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0210
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0210
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0210
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0215
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0215
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0215
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0215
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0220
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0225
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0225
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0225
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0225
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0225
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0230
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0230
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0230
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0235
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0235
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0240
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0240
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0240
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0240
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0240
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0245
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0245
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0245
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0250
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0250
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0250
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0250
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0250
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0255
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0255
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0255
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0260
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0260
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0260
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0260


Journal of Controlled Release 335 (2021) 408–419

419

[53] M.Y. Zhang, Y.F. He, X.J. Sun, Q. Li, W.J. Wang, A.M. Zhao, W. Di, A high M1/M2 
ratio of tumor-associated macrophages is associated with extended survival in 
ovarian cancer patients, J. Ovar. Res. 7 (2014) 1–16. 

[54] M. Oshi, Y. Tokumaru, M. Asaoka, L. Yan, V. Satyananda, R. Matsuyama, 
N. Matsuhashi, M. Futamura, T. Ishikawa, K. Yoshida, I. Endo, K. Takabe, M1 
macrophage and M1/M2 ratio defined by transcriptomic signatures resemble only 

part of their conventional clinical characteristics in breast cancer, Sci. Rep. UK 10 
(2020) 1–12. 

[55] A. De Vito, P. Orecchia, E. Balza, D. Reverberi, D. Scaldaferri, R. Taramelli, D. 
M. Noonan, F. Acquati, L. Mortara, Overexpression of murine Rnaset2 in a colon 
syngeneic mouse carcinoma model leads to rebalance of intra-tumor M1/M2 
macrophage ratio, activation of T cells, delayed tumor growth, and rejection, 
Cancers 12 (2020) 1–13. 

M. Jiang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0265
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0265
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0265
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0270
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0270
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0270
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0270
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0270
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0275
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0275
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0275
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0275
http://refhub.elsevier.com/S0168-3659(21)00284-4/rf0275

	A clinically acceptable strategy for sensitizing anti-PD-1 treatment by hypoxia relief
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Cells and animal models
	2.3 Preparation and characterization of liposomes
	2.4 Dissolved O2 detection
	2.5 Cellular internalization
	2.6 Cytotoxicity in vitro
	2.7 Biodistribution of Hb@lipo
	2.8 Immunofluorescence
	2.9 Western blot
	2.10 In vivo verification alleviating tumor hypoxia by liposomes
	2.11 Co-culture experiment of PBMCs and cancer cells in vitro
	2.12 Anti-tumor efficacy of Hb@lipo combined with PD1 monoclonal antibody
	2.13 Elisa
	2.14 Statistics

	3 Results
	3.1 Characteristics of PFC@lipo and Hb@lipo and their ability to relieve hypoxia in vitro
	3.2 Comparison of three different methods to relieve hypoxia in vivo and their biosafety
	3.3 Hb@lipo combined with PD-1 antibody enhanced the killing ability of PBMCs against tumor cells
	3.4 Synergistic anti-tumor effect of Hb@lipo and PD-1 antibody in 4T1 and CT26 tumor
	3.5 The opposite ratio of M1/M2 TAMs was responsible for the different anti-tumor effects of combination therapy on 4 T1 a ...

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


