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Abstract 

Liposomes reportedly accumulate in mononuclear phagocytic systems (MPS), such as 

those of the spleen. Accumulation of considerable amounts of liposome in MPS can 

affect immunologic response. While developing a liposomal oxygen carrier containing 

human hemoglobin (HbV), we identified its suppressive effect on the proliferation of rat 

splenic T cells. The aim of this study is elucidation of the mechanism underlying that 

phenomenon and its effect on both local and systemic immune response. For this study, 

we infused HbV intravenously at a volume of 20% of whole blood or empty liposomes 

into rats, removed their spleens, and evaluated T cell responses to concanavalin A (Con 

A) or keyhole limpet hemocyanin (KLH) by measuring the amount of 3H-thymidine 

incorporated into DNA. Cells that phagocytized liposomal particles were sorted using 

FCM and analyzed. Serum anti-KLH antibody was measured after immunizing rats with 

KLH. Results showed that T cell proliferation in response to Con A or KLH was 

inhibited from 6 hr to 3 days after the liposome injection. Direct cell-to-cell contact was 

necessary for the suppression. Both iNOS and arginase inhibitors restored T cell 

proliferation to some degree. The suppression abated 7 days later. Cells that trapped 

vesicles were responsible for the suppression. Most expressed CD11b/c but lacked class 

II molecules. However, the primary antibody response to KLH was unaffected. We 
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conclude that the phagocytosis of the large load of liposomal particles by rat CD11b/c+, 

class II- immature monocytes temporarily renders them highly immunosuppressive, but 

the systemic immune response was unaffected. 
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Introduction 

A liposome is a lipid particle that is widely used as a drug vehicle in clinical 

settings and as an adjuvant or delivery system for vaccine antigens. For example, the 

delivery of Ag inside lipid vesicles is expected to enhance its uptake by 

antigen-presenting cells such as macrophages and dendritic cells (Dal Monte and Szoka, 

1989; Dupuis, 2001; Guery, 1996), thereby augmenting the immune response. However, 

some macrophages act as immune suppressor cells (suppressor macrophages) under 

certain pathological conditions; the production of nitric oxide is reportedly involved in 

that suppression activity (al-Ramadi, 1991; Albina, 1991; Schleifer, 1993; Dasgupta, 

1999). 

The mononuclear phagocytic system (MPS) includes various cells, monocytes, 

and macrophages (Dupuis, 2001; Randolf, 1999) capable of phagocytizing particles. 

Because liposomes are particulate, they accumulate in the MPS present in the liver, 

spleen, bone marrow, and other tissues when injected intravenously into experimental 

animals (Torchilin, 2005). Therefore, accumulation of liposome in 

monocyte/macrophages can negatively affect local immune function. Nevertheless, no 

such effect has been reported to date, possibly because the amount of infused liposome 

is usually small. 
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Artificial red blood cells (artificial oxygen carriers) are classifiable into two major 

types: cell-free type and cellular type (Chatterjee, 1986; DeVenuto, 1983; Ajisaka, 1980; 

Natanson, 2008). The latter include hemoglobin molecules encapsulated by liposomes, 

the major component of which is 1, 2-palmitoyl-sn-glycero-3-phosphatidylcholine 

(DPPC) and designated as hemoglobin vesicles (HbV) (Djordjevich, 1980; Phillips, 

1999; Chang, 2004; Sakai, 1997). In fact, HbV have functioned well as blood 

substitutes in animal models with no noteworthy adverse reactions either in vivo (Sakai, 

2004; Cabrales, 2005; Yoshizu, 2004) or in vitro (Wakamoto, 2005, Ito, 2001; Abe, 

2006). They also reportedly accumulate in components of the MPS soon after their 

administration (Sou, 2005). 

The amount of HbV to be infused as a blood substitute is quite large. Therefore, 

the negative effect of the liposome on the immunological functions might be amplified 

and easily detected. 

In fact, we recently found splenic T cell proliferation to be temporarily but 

dramatically suppressed after massive administration of HbV into rats. Considering that 

many trials of cancer immunotherapy have used liposome containing DPPC, the 

mechanism behind this immune suppression should be elucidated. In this study, we 

identified the cells responsible for this phenomenon, elucidated the mechanism behind it, 
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and assessed its effect on both local and systemic immune response. These results might 

contribute to the progress not only of a liposome-based cancer vaccine strategy but also 

to progressive development of artificial oxygen carriers such as HbV. 

 
Methods 

Preparation of HbV and liposome suspension 

The HbV were prepared as described (Sakai, 1997; Sou, 2003). Briefly, a 

hemoglobin solution prepared from outdated red blood cells was heated under a CO gas 

atmosphere to inactivate any contaminating virus (Abe, 2001). After centrifugation and 

filtration, the hemoglobin solution was mixed with lipids and then extruded through 

membrane filters with a 0.22 µm pore size to produce liposomes. The lipid composition 

(molar ratio) was as follows: 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine 

(DPPC): cholesterol (CHOL): 1,5-O- dihexadecyl-N-succinyl-L-glutamate (DHSG): 

polyethylene glycol-conjugated 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine 

(PEG5000-DSPE) = 5:5:1:0.033. The mean particle size was 250 nm. All lipids were 

purchased from Nippon Fine Chemical Co. Ltd. (Osaka, Japan) except PEG5000-DSPE 

(NOF Corp., Tokyo, Japan). The HbV were suspended in normal saline; the suspension 

contained 10 g of hemoglobin/dl, 5.7 g of lipid/dl, and <0.1 endotoxin unit of 

lipopolysaccharide/ml. Empty vesicles (EV), which consisted of the same lipid 

composition as HbV without hemoglobin encapsulation, were also prepared. 

Furthermore, liposomes that were composed solely of DPPC (designated 

DPPC-liposomes) were prepared. 

Preparation of FITC-labeled empty vesicle (FITC-liposome) 
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Using mixed lipids of DPPC, cholesterol, DHSG, and PEG-DSPE (5:5:1:0.033, 

molar ratio) including 0.1 mol% of N-(fluorescein-5-thiocarbamoyl)-1, 

2-dihexadecanoyl-sn- glycero-3-phosphoethanolamine and triethylammonium salt 

(FITC-lipid, Cat#F-362; Molecular Probes Inc.), FITC-labeled empty vesicle, 

designated FITC-liposome, were prepared. The mixed lipid powder was hydrated with 

saline solution at 7 g/dL. The dispersion was introduced into an extruder (Lipex 

Biomembrane Inc., Canada) and extruded through the membrane filters (final pore size, 

0.22 μm, Durapore®; Nihon Millipore Ltd., Tokyo, Japan) under pressure using 

nitrogen gas to obtain FITC-liposome with 233 nm mean diameter. 

Animals and injection of HbV(or other liposomes) 

Male WKAH rats, 8–12 wk old and weighing 220–300 g, were purchased from 

Japan SLC Inc. (Shizuoka, Japan). Under ether anesthesia, HbV (or other liposomes) 

were infused intravenously into the tail at the top load. Saline was infused as a control. 

The injection volume was 20% of whole blood volume, which was estimated as 56 ml 

kg-1 of body weight in rats. This is consistent with about 1 liter of whole blood in a 70 

kg male human: an amount that is likely to occur in a clinical setting. After the injection, 

the spleen or lymph node was excised aseptically under ether anesthesia. Then, a 

single-cell suspension was prepared. Erythrocytes were depleted using RBC lysing 

buffer (IBL). Then spleen cells were washed in RPMI1640 medium containing 10% 

fetal calf serum (FCS). The Executive Review Board (functioning as an Institutional 

Review Board) of our blood center reviewed and approved this study’s protocol. 

Pre-immunization with Keyhole Limpet Hemocyanin (KLH) 

To generate KLH-specific T cells, KLH solution (200 µg KLH in 0.5 ml saline) or 

saline was mixed with the same volume of incomplete Freund’s adjuvant. Then 0.5 ml 
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of the mixture (100 µg KLH) was injected subcutaneously. The HbV or saline was 

injected seven days after injection of KLH because preliminary experiment showed that 

induction of KLH specific T cell response in the spleen was achieved by seven days 

after injection of KLH. Subsequently, the spleen was excised 6 h, 1 day, 3 days, and 7 

days and the proliferative response of KLH-specific splenic T cells was assayed in vitro. 

Assay of the proliferation of splenic T cells in response to Concanavalin A or KLH 

Single spleen cell suspensions in RPMI1640 medium supplemented with 10%FCS 

and 2-ME (50 µM) were plated in 96-well plates in a volume of 0.2 ml/well. The cells 

were cultured in triplicate for 72 hr in the presence of 0.3 and 3 µg/ml of Con A 

(Sigma-Aldrich Corp.) or KLH (30 µg/ml) and pulsed with 3H-TdR (18.5 kBq) for the 

final 18 hr of incubation. Phytohemagglutinin M (PHA-M) was also used as a T cell 

mitogen in some experiments. Subsequently, the cells were harvested onto glass fiber 

paper. Radioactivity was measured using a liquid scintillation counter (LS5000 TD; 

Beckman Coulter Inc.). For some experiments, control spleen cells (1 × 105) were 

mixed with HbV or EV-loaded spleen cells (1 × 105), which were taken from rat loaded 

with HbV or EV 24 hr before, and plated in 96-well plates in a volume of 0.2 ml/well. 

Assay of Nitric oxide and IL2 production 

The production of NO in the culture supernatant after 48 hr incubation in the 

presence of Con A (0.3 μg/ml) was measured as the concentration of nitrite using a 

Griess Assay kit (R&D Systems). The amount of IL-2 was also measured using the rat 

IL-2 Immunoassay Quantikine kit (R&D Systems). 

Evaluation of T cell suppressive effect of liposome-phagocytized cells 

Cells that were positive for FITC were sorted from FITC-liposome loaded 
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splenocytes using FCM (Aria; BD Biosciences). Their suppressive effect on the 

proliferation of Con A-stimulated bulk splenocytes was assayed. 

Analysis of cell surface markers and cell sorting 

Cell surface markers were analyzed using an LSR flow cytometer (BD 

Biosciences). The antibodies used for the analysis were APC-conjugated 

CD11b/c(OX42) and PE-conjugated anti-class II (OX6), CD80, CD86, CD8a (OX8), 

CD25 (OX39), CD11a (WT-1), CD172 (OX41), HIS48 (anti-granulocytes), CD103 

(OX62), and anti-CD161 (NKR-P1A), ), FITC-conjugated anti-rat CD25(BD 

Biosciences), all of which were purchased from BD Biosciences. In addition, 

APC-conjugated anti-rat CD3 was purchased from Immunotech. For each analysis, at 

least 10,000 events were collected and analyzed using CELLQUEST software (BD 

Biosciences). 

Detection of cells with intracytoplasmic iNOS protein 

To detect intracytoplasmic inducible nitric oxide synthase (iNOS), cells were fixed 

using FACS Lysing Solution (BD Biosciences) and permeabilized using PBS containing 

0.1% saponin and 1% FCS. Then they were stained with mouse FITC-conjugated 

anti-rat CD11b (BD Biosciences Pharmingen) and PE-conjugated anti-rat NOS2 

(Biolegend). 

Histological staining 

In some experiments, splenocytes were spun on slides with Cytospin (Shandon 

Inc., Pittsburgh, PA, USA) and stained with May–Grunwald–Giemsa dye (Merck and 
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Co. Inc., Darmstadt, Germany). Alternatively, the spleen was fixed with formalin and 

stained with hematoxylin (Sigma-Aldrich Corp. St. Louis, MO) and eosin (Merck 

Diagnostica, West Point, PA), respectively, then observed under a light microscope 

(BX50; Olympus Optical Co. Ltd.). Microscopic images were captured using a digital 

camera (MP5Mc/OL; Olympus Optical Co. Ltd.) and processed using software (Win 

Roof ver. 5.5; Mitani Corp. Japan). 

Evaluation of the effect of L-NMMA and nor-NOHA on the suppression of 

splenocyte proliferation 

For some experiments, an inducible nitric oxide synthase (iNOS) inhibitor, 

NG-monomethyl-L-arginine (2mM; L-NMMA; Alexis Corp., San Diego, CA), or 

arginase inhibitor, N ω-hydroxy-nor-L-arginine, diacetate salt (0.5 mM; nor-NOHA; 

Calbiochem, San Diego, CA), or both were added to the culture at final concentrations 

of 2 mM and 0.5 mM, respectively. 

Transwell experiment 

Control bulk splenocytes were washed twice with 1%FCS/PBS and resuspended 

in the same solution at a concentration of 1 × 107/ml. Subsequently, the cells were 

incubated with 5 µM of CFSE (5-and 6-carboxyfluorescein diacetate succinimidyl ester; 

Molecular Probes Inc.) at 37°C for 5 min; they were then washed and re-suspended in 

10%FCS/RPMI 1640 medium. The HbV-loaded splenocytes (4 × 105) were placed in 

the upper chamber (Falcon Transwell, 3095, 0.4 µm pore size; Becton, Dickinson and 

Co.) and CFSE stained control splenocytes (4 × 105) were placed in the lower chamber 

(Falcon culture plate, 3504). Then they were incubated in the presence of Con A (0.3 

µg/ml). At the same time, only the control splenocytes (4 × 105) or a mixture of both 

vesicle-loaded and control splenocytes were cultured in the lower chamber in the 
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presence of Con A (0.3 µg/ml). The fluorescence intensity of CFSE-stained cells was 

analyzed using FCM 72 hr later. 

Evaluation of the effect of HbV on primary antibody response 

Rats were infused with HbV or saline 6 hr before the intravenous injection of 

KLH (100 µg) on day 0. Peripheral blood was taken from the tail vein on days 5, 7, 10, 

and 14. Subsequently, serum was separated and stored at -80°C until anti-KLH antibody 

was measured. 

The serum concentration of anti-KLH IgG was measured via enzyme 

immunoassay. Ninety-six-well microtiter plates (Nunc, Rochester, NY) were coated 

with 0.5 µg of KLH in 100 µl phosphate-buffered saline (PBS) per well and incubated 

overnight at 4°C. Plates were washed with PBS once and blocked with 5% dry skim 

milk in PBS. After incubation for 2 hr at room temperature, plates were washed three 

times with PBS-0.1% polyoxyethylene sorbitan monolaurate (Tween 20). Rat sera were 

added at a concentration of 1:1000 40%FCS/0.05%Tween 20/PBS. Appropriately 

diluted standard rat anti-KLH IgG2a (BD Biosciences) in 40%FCS/0.05%Tween 

20/PBS was also added to the appropriate plates. Plates were incubated for 60 min and 

washed three times. Then 100 μl of horseradish peroxidase-conjugated goat anti-rat IgG 

secondary antibody (Jackson Immuno Research Laboratories, Inc., West Grove, PA) 

was added at a concentration of 1:10,000 in 0.05% skim milk/0.1% Tween 20/PBS to 

the appropriate plates and incubated for 60 min. Plates were washed three times, then 

100 µl of the 3, 3’, 5, 5’,-tetramethylbenzidine (TMB) One-step Substrate System 

(Dako) was added to all wells. Plates were incubated for 15 min and read at an optical 

density (OD) of 450 nm. 

Statistical analyses 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

13 
 

Experimental differences from the controls were assessed using two-sided 

unpaired Student’s t-tests. Software was used for statistical analyses (ystat2004; Igaku 

Tosho Press, Co. Ltd., Tokyo, Japan). Values of p < 0.05 were inferred as significant. 

 

Results 

Both HbV and empty vesicles suppressed the proliferative response of splenic T 

cells to Con A 

The proliferative response of both EV and HbV-loaded splenic T cells was clearly 

inhibited at a lower dose of Con A (0.3 µg/ml) than that of saline-loaded (control) 

splenic T cells (p<0.01) (Fig. 1a). This result was quite reproducible. However, at a high 

dose of Con A (3.0 µg/ml), the inhibition was mild. Therefore, the concentration of Con 

A used in the subsequent experiment was fixed at 0.3 µg/ml. As with splenocytes, the 

Con A-induced proliferation of HbV-loaded lymph node cells was also decreased at 0.3 

µg/ml of Con A (p<0.05) compared to that of control lymph node cells (Fig. 1b). In 

addition, the suppressive effect of EV tended to be stronger than that of HbV. 

Furthermore, PHA-M induced T cell proliferation was suppressed at 2–8 µg/ml of 

PHA-M (data not shown). 

Kinetics of the HbV-induced suppression of the T cell proliferative response to Con 

A and KLH 

Suppression was observed clearly from 6 hr to 3 days after the injection. It 

disappeared completely 7 days after the injection (Fig. 1c). The KLH-specific 

proliferation of splenic T cells was also inhibited by the HbV infusion, the kinetics 

being the same as that for Con A stimulation. 

IL-2 and NO were detected in the supernatant cultured for 48 hr in the presence of 
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Con A 

Although the T cell proliferation of HbV-loaded splenocytes was inhibited 

reproducibly at 0.3 µg/ml of ConA, the amount of IL-2 in the supernatant of these 

splenocytes was comparable to that produced by saline-loaded splenocytes (Fig. 2a). 

Moreover, flow cytometric analysis revealed that the expression of high affinity IL2 

receptor on the surface of the former T cells was comparable to that of the latter (data 

not shown). These data suggest that T cells were activated normally. Furthermore, NO 

was shown to be produced by both HbV-loaded and saline-loaded splenocytes, 

irrespective of the presence of Con A. However, the production of NO in HbV-loaded 

splenocyte culture supernatant tended to be higher than that of saline-loaded splenocyte 

culture supernatant (Fig. 2b). 

T cell proliferation was restored by L-NMMA or nor-NOHA 

Through the preliminary experiment, we confirmed that L-NMMA (iNOS 

inhibitor) (2 mM) and nor-NOHA (arginase inhibitor) (0.5 mM) used in the experiment 

did not influence the proliferation of Con A-stimulated saline-loaded T cell at all. 

Actually, L-NMMA(2 mM) was sufficient to inhibit the production of NO produced by 

Con A (0.3 µg/ml) stimulation, although nor-NOHA did not influence the production of 

NO at all (Fig. 2b). Both L-NMMA and nor-NOHA restored T cell proliferation to some 

degree, with better restoration by L-NMMA (Fig. 2c). These data show that NO was 

involved in the suppression of T cell proliferation. 

Cell-to-cell contact is necessary for suppression 

When CFSE-stained control splenocytes were stimulated with Con A in the 

presence of HbV-loaded splenocytes, no cell division was observed (Fig. 2d, lower). In 

contrast, when they were separated from HbV-loaded splenocytes using a transwell, 
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considerable cell division was observed (Fig. 2d, middle). 

Identification of cells responsible for T cell suppression 

When control spleen cells (1 × 105) were stimulated using Con A (0.3 µg/ml) in 

the presence of spleen cells (1 × 105) loaded with HbV (or EV) 24 hr prior, T cell 

proliferation was suppressed (Fig. 3a). Furthermore, cells that had phagocytized 

FITC-liposomes (FITC-positive cells) (Fig. 3b) inhibited the proliferation of control 

splenic T cells dose-dependently (Fig. 3c). Additionally, FITC-negative cells 

proliferated well compared to FITC-EV-loaded bulk splenocytes. They proliferated even 

better than control splenocytes at 1 µg/ml of Con A (Fig. 3d). 

Phenotypic analysis of cells responsible for T cell suppression 

The FITC-positive cells were gated first. These cells accounted for approximately 

5% of all splenocytes. Then, the phenotype of those cells was analyzed. Most were 

positive for CD11b/c, but negative for class II molecules, CD80, or CD86 (Fig. 4a, 

upper). Additionally, they were weakly positive for CD4, and negative for CD3, CD25, 

CD8, and CD103. Some (14%) were positive for both CD11b/c and HIS48 (data not 

shown). 

Microscopic examination revealed that unique cells appeared after the injection of 

vesicles. They were larger than lymphocytes. Moreover, they had cytoplasm that was 

abundant in vesicle-like particles and had a nucleus with an irregular rim (Fig. 4b). 

Flow cytometric analyses of iNOS-positive cells revealed that the percentage of 

iNOS positive cells among CD11b positive cells is not necessarily higher in 

HbV-loaded splenocytes than in saline-loaded splenocytes (data not shown) suggesting 

HbV load does not increase in the number of NO producing phagocyte.  

Effect of HbV infusion on primary antibody response 
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Elevation of anti-KLH IgG antibody after the first challenge of KLH was 

demonstrated in both HbV-loaded and control rats, with no apparent difference between 

them (Fig. 5). 

DPPC-liposomes can induce immune suppression 

Macroscopic examination revealed that, like HbV and empty vesicles, 

DPPC-liposome accumulated in the spleen (Fig. 6a). Subsequent histological 

examination revealed unique cells with abundant cytoplasm (Fig. 6b). Moreover, 

DPPC-liposomes induced suppression of T cell proliferation (Fig. 6c). 

 

Discussion 

We showed that the infusion of HbV temporarily suppressed not only 

mitogen-induced but also antigen-induced T cell proliferation in rat splenocytes (Figs. 

1a and 1c), which indicated that HbV infusion suppressed T cell receptor-mediated T 

cell proliferation. 

The Hb molecule can be ruled out as a cause of suppression because even empty 

vesicles, HbV without Hb molecules in them, induced suppression. 

Among the components of HbV, DPPC was responsible for the suppression. 

Similarly to HbV and EV, DPPC-liposomes, which contain no CHOL, DHSG, PEG, or 

Hb, were shown to accumulate in the spleen and induce suppression (Fig. 6). Whether 

CHOL, DHSG, and PEG are involved in the suppression or not remains unknown at 

present. However, considering that the suppressive effect of DPPC-liposome is more 

prominent than that of HbV, it is less likely that these components play a principal role 

in the suppression. 

According to a previous report (Sakai, 2001), HbV began to accumulate in 
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monocyte/macrophages present in the red pulp of the spleen. Then they were observed 

in considerable amounts on day 3, before gradually disappearing by day 7. This pattern 

resembled that of immune suppression induced by the infusion of HbV (Fig. 1c). 

Consequently, the accumulation of liposomal particles in the spleen must be related 

somehow with this temporary immune suppression. Actually, splenocytes acquired the 

ability to inhibit the proliferation of control splenocytes after the injection of HbV (or 

EV) (Fig. 3a). Moreover, cells that trap liposomal vesicles (FITC-liposome) were shown 

to be responsible for immune suppression (Figs. 3b, 3c). The result that cells sorted as 

FITC-negative cells acquired greater proliferative capacity might support this inference 

(Figs. 3d). Therefore, it was concluded that the cells responsible for the immune 

suppression were phagocytic cells. The expression of CD11b/c, which is a hallmark of 

macrophage/monocyte lineage, was consistent with the conclusion. Furthermore, their 

lack of class II molecule, CD80 and CD86 expression, coupled with their morphology 

(Figs. 4a and 4c), indicated that they are immature monocytic cells. It is possible that 

they lost these molecules when phagocytizing liposomes. However, this might not be 

the case because, even in control splenocytes, most CD11b/c+ cells were negative for 

class II molecules, CD80, and CD86 (data not shown). 

Based on the results obtained from a series of experiments conducted to elucidate 

the mechanism for immune suppression, direct cell-to-cell contact (Fig. 2c) is necessary, 

and both nitric oxide (NO) and arginase are involved (Fig. 2d), with a more principal 

role played by the former. 

Phagocytosis of HbV might not be linked to the generation of NO, because the 

percentage of iNOS positive cells among CD11b positive cells (macrophage lineage) 

was not necessarily higher in HbV-loaded splenocytes than in saline-loaded splenocytes 
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(data not shown). It is unclear why NO generated by the former tended to be higher than 

that generated by the latter. However, it is possible that phagocytosis of HbV might 

result in enhancing the generation of NO. 

Referring to T cells, based on data about IL-2 secretion (Fig. 2a) and CD25 

expression, HbV-loaded splenic T cells were activated in a normal way. However, they 

were unable to proliferate. It must be emphasized that these mechanisms and T cell 

status closely resemble those of T cell suppression caused by myeloid-derived 

suppressor cells (MDSC) (Rosenberg, 2009; Mazzoni, 2002), although most 

liposome-phagocytizing cells did not express HIS 48 antigen, which is reportedly a 

marker of rat MDSC (Dugast, 2008). 

As described previously, the suppressive effect of HbV tended to be milder than 

that of EV (Fig. 1a). The Hb molecule might be responsible for the difference because 

the only difference between them was the presence of HbV. It is possible that NO is 

trapped by Hb molecules, engendering the decrease of its immunosuppressive effect. 

This trapping phenomenon might also explain why the suppressive effect of 

DPPC-liposome is more prominent than that of HbV (Fig. 6c). 

Whether HbV infusion induced systemic immune suppression or not is the next 

concern of this research. The antibody response to KLH is dependent on T cells. 

Therefore, the primary antibody response to KLH was evaluated as a systemic immune 

response. The primary antibody response was unaffected by infusion of HbV, at least in 

our experimental conditions (Fig. 5). Therefore, it is less likely that massive infusion of 

HbV induces severe immunosuppressive effect on the host. The findings that T cell 

suppression was a transient phenomenon and that immune suppression in the lymph 

node cells was rather milder than that of splenocytes (Fig. 1b) support this. However, 
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this finding must be emphasized: transient induction of immunosuppressive activity in 

HbV-phagocytizing cells is unique. Considering that infusion of HbV induces no strong 

adverse reaction, HbV (or liposomes) might be preferred as an immunosuppressive 

agent in certain clinical settings. 

In conclusion, we demonstrated the existence of a subset of CD11b/c+, class II- 

immature monocytes in rat spleen which can swiftly and transiently acquire strong T 

cell suppressive potential via the phagocytosis of a considerable amount of HbV or 

DPPC-liposomes. Direct cell-to-cell contact and both iNOS and arginase are involved in 

that suppression. Immune suppression might be restricted to a local site such as the 

spleen, which has abundant phagocytic cells. 

 

Acknowledgements 

We would like to dedicate this paper to the late Emeritus Professor Eishun Tsuchida, 

Research Institute for Science and Engineering, Waseda University, Tokyo, Japan 

          

Authorship contributions 

Participated in research design: Azuma, Takahashi, Sakai, Sou, Fujihara 

Conducted experiments: Takahashi, Azuma, Abe, Wakita 

Contributed new reagents and analytic tool: Sou, Sakai  

Performed data analysis: Azuma, Takahashi, Fujihara, Horinouchi, Nishimura, Ikeda  

Wrote the manuscript: Azuma, Takahashi, Sakai 

Other: Kobayashi, Horinouch acquired funding for the research 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

20 
 

                            References 

Abe H, Ikebuchi K, Hirayama J, Fujihara M, Takeoka S, Sakai H, Tsuchida E, and Ikeda 

H (2001) Virus inactivation in hemoglobin solution by heat treatment. Artif Cells 

Blood Substit Immobil Biotechnol 29: 381–388. 

Abe H, Fujihara M, Azuma H, Ikeda H, Ikebuchi K, Takeoka S, Tsuchida E, and 

Harashima H (2006) Interaction of hemoglobin vesicles, a cellular-type artificial 

oxygen carrier, with human plasma: effects on coagulation, kallikrein–kinin, and 

complement systems. Artif Cells Blood Substit Immobil Biotechnol 34: 1–10. 

Ajisaka K, and Iwashita Y (1980) Modification of human hemoglobin with polyethylene 

glycol: a new candidate for blood substitute. Biochem Biophys Res Commun 97: 

1076–1081. 

Albina JE, Abate JA, and Henry WL Jr (1991) Nitric oxide production is required for 

murine resident peritoneal macrophages to suppress mitogen-stimulated T cell 

proliferation. Role of IFN-gamma in the induction of the nitric oxide-synthesizing 

pathway. J Immunol 147: 144–148. 

al-Ramadi BK, Brodikin MA, Mosser DM, and Einstein TK (1991) Immunosuppression 

induced by attenuated Salmonella: Evidence for mediation by macrophage precursors. 

J Immunol 146: 2737–2746. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

21 
 

Cabrales P, Sakai H, Tsai AG, Takeoka S, Tsuchida E, and Intaglietta M (2005) Oxygen 

transport by low and normal oxygen affinity hemoglobin vesicles in extreme 

hemodilution. Am J Physiol Heart Circ Physiol 288: 1885–1892. 

Chang TM (2004) Hemoglobin-based red blood cell substitutes Artif Organs 28: 

789–794. 

Chatterjee R, Welty EV, Walder RY, Pruitt SL, Rogers PH, Amone A, and Walder JA 

(1986) Isolation and characterization of a new hemoglobin derivative cross-linked 

between the alpha chains (lysine 99alpha1----lysine 99alpha2). J Biol Chem 261: 

9929–9937. 

Dal Monte PR, and Szoka Jr, FC (1989) Effect of liposome encapsulation on antigen 

presentation in vitro: comparison of presentation by peritoneal macrophages and B 

cell tumors. J Immunol 142: 1437–1443. 

Dasgupta SA, Mookerjee SK, Chowdhury SK, and Ghose AC (1999) 

Immunosuppression in hamsters with progressive visceral leishmaniasis: an 

evaluation of the role of nitric oxide toward impairment of the lymphoproliferative 

response. Parasitol Res 85: 594–596. 

DeVenuto F, and Zegna A (1983) Preparation and evaluation of 

pyridoxalated-polymerized human hemoglobin. J Surg Res 34: 205–212. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

22 
 

Djordjevich L, and Miller IF (1980) Synthetic erythrocytes from lipid encapsulated 

hemoglobin. Exp Hematol 8: 584–592. 

Dugast AS, Haudebourg T, Coulon F, Heslan M, Haspot F, Poirier N, Silly VR, Usal C, 

Smit H, Martinet B, Thebault P, Renaudin K, and Vanhove B (2008) Myeloid-derived 

suppressor cells accumulate in kidney allograft tolerance and specifically suppress 

effector T cell expansion. J Immunol 180: 7898–7906. 

Dupuis M, Denis-Mize K, Labarbara A, Peters W, Charo IF, McDonald DM, and Ott G 

(2001) Immunization with the adjuvant MF59 induces macrophage trafficking and 

apoptosis. Eur J Immunol 31: 2910–2918. 

Guery JC, Ria F, and Adorini L (1996) Dendritic cells but not B cells present antigenic 

complexes to class II-restricted T cells after administration of protein in adjuvant. J 

Exp Med 183: 751–757. 

Ito T, Fujihara M, Abe H, Yamaguchi M, Wakamoto S, Takeoka S, Sakai H, Tsuchida E, 

Ikeda H, and Ikebuchi K (2001) Effects of poly(ethyleneglycol)-modified 

hemoglobin vesicles on N-formyl-methionyl-leucyl-phenylalanine-induced 

responses of polymorphonuclear neutrophils in vitro. Artif Cells Blood Substit 

Immobil Biotechnol 29: 427–437. 

Mazzoni A, Bronte V, Visintin A, Spitzer JH, Apolloni E, Serafini P, Zanovello P, and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

23 
 

Segal DM (2002) Myeloid suppressor lines inhibit T cell responses by an 

NO-dependent mechanism. J Immunol 168: 689–695. 

Natanson C, Kern SJ, Lurie P, Banks SM, and Wolfe SM (2008) Cell-free 

hemoglobin-based blood substitutes and risk of myocardial infarction and death: a 

meta-analysis. JAMA 299: 2304–2312. 

Phillips W T, Klipper RW, Awasthi VD, Rudolph AS, Cliff R., Kwasiborski V, and 

Goins BA (1999) Polyethylene glycol-modified liposome-encapsulated hemoglobin: 

a long circulating red cell substitute. J Pharmacol Exp Ther 288: 665–670. 

Randolf GJ, Inaba K, Robbiani DF, Steinman RM, and Muller WA (1999) 

Differentiation of phagocytic monocytes into lymph node dendritic cells in vivo. 

Immunity 11: 753–761. 

Rosenberg SO, and Sinha P (2009) Myeloid-derived suppressor cells: linking 

inflammation and cancer J Immunol 182: 4494–4506. 

Sakai H, Horinouchi H, Tomiyama K, Ikeda E, Takeoka S, Kobayashi K, and Tsuchida 

E (2001) Hemoglobin-vesicle as oxygen carriers: Influence on phagocytic activity 

and histopathological changes in reticuloendothelial system. Am J Pathol 159: 

1079–1088. 

Sakai H, Masada Y, Horinouchi H, Yamamoto M, Ikeda E, Takeoka S, Kobayashi K, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

24 
 

and Tsuchida E (2004) Hemoglobin-vesicles suspended in recombinant human serum 

albumin for resuscitation from hemorrhagic shock in anesthetized rats. Crit Care 

Med 32: 539–545. 

Sakai H, Takeoka S, Park SI, Kose T, Nishide H, Izumi Y, Yoshizu A, Kobayashi K, and 

Tsuchida E (1997) Surface modification of hemoglobin vesicles with poly (ethylene 

glycol) and effects on aggregation, viscosity, and blood flow during 90% exchange 

transfusion in anesthetized rats. Bioconjug Chem 8: 23–30. 

Schleifer KW, and Mansfield JM (1993) Suppressor macrophages in African 

trypanosomiasis inhibit T cell proliferative responses by nitric oxide and 

prostaglandins. J Immunol 151: 5492–5503. 

Sou K, Klipper R, Goins B, Tsuchida E, and Phillips WT (2005) Circulation kinetics 

and organ distribution of Hb-vesicles developed as a red blood cell substitute. J 

Pharmacol Exp Ther 312: 702–709. 

Sou K, Naito Y, Endo T, Takeoka S, and Tsuchida E (2003) Effective encapsulation of 

proteins into size-controlled phospholipid vesicles using freeze–thawing and 

extrusion. Biotechnol Prog 19: 1547–1552. 

Torchilin VP (2005) Recent advances with liposomes as pharmaceutical carriers. Nat 

Rev Drug Discov 4: 145–160. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

25 
 

Wakamoto S, Fujihara M, Abe H, Yamaguchi M, Azuma H, Ikeda H, Takeoka S, and 

Tsuchida E (2005) Effects of hemoglobin vesicles on resting and agonist-stimulated 

human platelets in vitro. Artif Cells Blood Substit Immobil Biotechnol 33: 101–111. 

Yoshizu A, Izumi Y, Park S, Sakai H, Takeoka S, Horinouchi H, Ikeda E, Tsuchida K, 

and Kobayashi K (2004) Hemorrhagic shock resuscitation with an artificial oxygen 

carrier, hemoglobin vesicle, maintains intestinal perfusion and suppresses the 

increase in plasma tumor necrosis factor-alpha. ASAIO J 50: 458–463. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

26 
 

Footnotes 

This work was supported in part by the Ministry of Health, Labour and Welfare, Japan, 

Health Sciences Research Grants, Research on Public essential Drugs and Medical 

Devices [H18-Soyaku-Ippan-022],  

 

Reprint request: Hiroshi Azuma, M.D. 

Research Section, Hokkaido Red Cross Blood Center 

Yamanote 2-2, Nishi-ku, Sapporo, Japan, 063-0002 

e-mail: azuma@hokkaido.bc.jrc.or.jp 

 

1) Of the authors, H.S., K.S. are inventors listed in patents related to the production and 

utilization of hemoglobin vesicles. 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.172510

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#172510 

27 
 

Legends for Figures 

Figure 1. Effect of HbV and empty vesicles on proliferation of Con A-stimulated 

rat splenic T cells. 

a) Spleens were excised from rats 24 hr after injection of HbV, empty vesicles (EV) or 

saline (control); splenic single cells were stimulated with Con A. Both HbV and EV 

induced significant suppression of the proliferative response to Con A compared to 

saline. Data from three independent experiments were collected and expressed as 

mean±SD. b) Abdominal lymph nodes were excised 24 hr after injection of HbV. The 

lymph node single cells were stimulated with Con A. Proliferation of HbV-loaded 

lymph node cells was less than that of control lymph node cells at 0.3 μg/ml of Con A. 

Data are representative of two independent experiments. c) Rats were immunized with 

KLH. After 7 days, they were injected with HbV. Spleens were excised 6 h, 1 day, 3 

days, and 7 days later; the bulk splenocytes were stimulated with Con A or KLH. The 

proliferative response of splenic T cells to Con A and KLH was inhibited from 6 hr to 3 

days after injection of HbV. No suppression was observed after 7 days. Data are 

representative of at least three independent experiments and are expressed as mean±SD. 

**: p<0.01 compared to control. *: p<0.05 compared to control or day 7. 

 

Figure 2. Analysis of the mechanism of T cell suppression 

a) Each rat was injected with HbV or saline. Splenocytes were stimulated with Con A 

(0.3 µg/ml) for 48 hr; then supernatant was collected and IL-2 was measured as 

described in Materials and Methods. Data were collected from three independent 

experiments and expressed as mean±SD (N=3). n.s.: not significant (p>0.05) 

b) Splenocyte culture was performed in the presence or absence of L-NMMA and/or 
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nor-NOHA for 48 hr, then supernatant was collected and NO was measured as described 

in Materials and Methods. Data are representative of at least three independent 

experiments. 

 c) Each rat was injected with HbV or saline. Splenocytes were stimulated with Con A 

(0.3 µg/ml) in the presence or absence of iNOS inhibitor (L-NMMA, 2mM) or arginase 

inhibitor (nor-NOHA, 0.5 mM) or both. T cell proliferation was restored to a certain 

degree in the presence of each inhibitor. Significant inhibition disappeared in the 

presence of both inhibitors, suggesting that both iNOS and arginase were involved in 

the suppression. Data from two independent experiments are collected and expressed as 

mean±SD (N=5). 

**; p<0.01, n.s.: not significant. 

d) Control bulk splenocytes were stained in advance with CFSE. Transwell chambers 

were used to prevent direct cell-to-cell contact between HbV-loaded bulk splenocytes (4 

× 105) and control bulk splenocytes (4 × 105). Cell division was assessed by measuring 

the relative abundance of CFSE high and CFSE low T cells using FCM. Inhibition of 

cell division was observed only when they were mixed and cultured together. Data are 

representative of at least three independent experiments. 

Figure 3. Immune suppressor cells are induced after infusion of HbV (or empty 

liposomes). 

a) HbV or EV-loaded bulk spleen cells (1 × 105) were mixed with control bulk spleen 

cells (1 × 105) and stimulated with Con A (0.3 µg/ml). T cell proliferation was clearly 

suppressed. **: p<0.01. Data are representative of two independent experiments; they 

are expressed as mean±SD (N=3). b) FITC-labeled empty liposomes (FITC-liposome) 

were injected into rats; spleens were excised the next day. Subsequently, single spleen 
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cells were analyzed using FCM. Cells that phagocytized FITC-liposome were 

recognized clearly as FITC-positive cells. These cells (upper square) were sorted using 

FCM. Their purity was >95%. c) Then control bulk splenocytes (2 × 105/well) were 

simulated with Con A (0.3 μg/ml) in the presence of the sorted cells at indicated ratios. 

Control bulk splenocytes was used as control cells. Splenic T cell proliferation was 

suppressed dose-dependently by FITC-positive cells (liposome-phagocytized cell). Data 

are representative of two independent experiments; they are expressed as mean±SD 

(N=3). **: p<0.01 compared to control. *: p<0.05 compared to control. d) T cell 

proliferation of FITC-negative cells (lower square at on b)) (2 × 105/well) and FITC-EV 

loaded bulk splenocytes was compared with that of control splenocytes. No inhibition 

was observed in FITC-negative cells. Data are representative of two independent 

experiments and are expressed as mean±SD (N=3). **: p<0.01 compared to control. *: 

p<0.05 compared to control. 

 

Figure 4. Phenotypic and morphological analyses of FITC-liposome phagocytized 

cells. 

a) Splenocytes derived from FITC-liposome loaded rat spleen were analyzed: upper: 

FITC-positive cells were gated in R2; lower: whole splenocytes were gated in R1. 

Subsequently, the gated cells were analyzed for the indicated cell surface markers. More 

than 90% of FITC-positive cells were positive for CD11b/c, only partially positive for 

class II, and negative for CD80, CD86, and HIS48. Data are representative of at least 

three independent experiments. 

b) HbV-loaded splenocytes were spun on a slide glass and stained with 

May–Grunwald–Giemsa dye. Images were visualized using a light microscope (BX50; 
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Olympus Corp.) equipped with a 40×/0.75 or 100×/1.3 oil objective lens to give the 

original magnification at the time of photomicroscopy as ×400 and ×1000, respectively. 

Arrows indicate unique cells that appeared after the injection of empty vesicles. They 

appeared to be monocytic cells. 

 

Figure 5. Effect of HbV on primary antibody response. 

Primary antibody response to KLH was evaluated as described in Materials and 

Methods. 

The kinetics of the primary antibody response of three rats preloaded with HbV was 

shown to be comparable to that of three rats preloaded with saline. 

 

Figure 6. Effect of DPPC-liposome on immune suppression. 

HbV, EV, DPPC-liposome, or saline was injected intravenously. The spleen was excised 

18 hr later. a) The spleen mass increased more after injection of HbV, EV, and 

DPPC-liposomes than after injection of saline alone. Data are expressed as mean±SD 

(N=3). **: P <0.01. b) Microscopic examination of the spleen injected with each vesicle. 

Unique cells with small particles in their enlarged cytoplasm appeared. The cellular 

cytoplasm of HbV-loaded spleen appeared to be reddish compared to that of other 

spleen, possibly because of Hb. Images were visualized using a light microscope 

(BX50; Olympus Corp.) equipped with a 20×/0.50 or 100×/1.3 oil objective lens to give 

the original magnification at the time of photomicroscopy as ×200 and ×1000. c) 

Infusion of DPPC-liposome induced immune suppression. Data from several 

independent experiments were collected and expressed as mean±SD. 
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