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D
endritic cells (DCs) serve as a piv-
otal bridge between innate and
adaptive immunity. In peripheral

tissues, DCs exist as immature DCs (iDCs).

Upon activation following encounter with

either exogenous (e.g., pathogen-

associated molecular patterns such as mi-

crobial nucleic acids, lipopolysaccharides, or

flagellin) or endogenous (e.g., CD40 ligand

and inflammatory cytokines) stimulators,

iDCs undergo a process of activation to be-

come mature DCs (mDCs) that migrate to

secondary lymphoid organs for the induc-

tion of various immune responses. In the

context of antitumor immunity, it has be-

come clear that (1) DCs infiltrate tumor tis-

sues; (2) high levels of more mature DCs in

tumor tissues correlate with better clinical

outcomes in patients with various cancers,

whereas high levels of iDCs in tumor tissues

promote tumor progression and inversely

correlate with poor prognosis; and (3) DCs

loaded with tumor-associated antigens and

matured ex vivo promote antitumor im-

mune responses in both animal models
and human clinical trials.1 Thus, promotion
of DC maturation in tumor-bearing hosts is
critical for the induction of antitumor immu-
nity and may provide a novel approach for
the development of an effective therapeu-
tic modality for various cancers.

Many kinds of nanomaterials, due to
their specific physicochemical properties
(e.g., unique sizes and versatile surface func-
tionalizing modifications), are currently un-
der extensive investigation for their poten-
tial utilization as drug delivery systems for
antitumor chemotherapeutic drugs, as tools
for molecular imaging and staging of tu-
mor, or even as therapeutic measures for tu-
mors. Fullerenes and their derivatives be-
long to a family of widely investigated
carbon nanomaterials, which have attracted
much attention in recent years due in part
to their appealing physical, chemical, and
biological properties and to the availabili-
ties of various methods for their surface
modification.2,3 Fullerene derivatives with
anti-HIV activity have been
synthesized.2,4�6 Certain hydroxylated/
carboxylated fullerenes and fullerene-
derivatized amino acids are potent antioxi-
dants. Due to their capacity to scavenge re-
active oxygen species (e.g., H2O2, O2

●�),
block apoptosis, and inhibit lipid peroxida-
tion, these fullerene derivatives can be used
as neuroprotective agents for the treat-
ment of neurodegenerative disorders (e.g.,
Parkinson’s syndrome, Alzheimer’s disease)
or to prevent damage caused by ischemia
reperfusion.2,3,7�12 A variety of C60 fullerene
derivatives show potent antimicrobial
activities.2,13�16 Fullerene derivatives en-
trapping metal atoms in their carbon cages
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ABSTRACT Dendritic cells play a pivotal role in host immune defense, such as elimination of foreign pathogen

and inhibition of tumorigenesis. In this paper, we report that [Gd@C82(OH)22]n could induce phenotypic maturation

of dendritic cells by stimulating DC production of cytokines including IL-12p70, upregulating DC co-stimulatory

(CD80, CD83, and CD86) and MHC (HLA-A,B,C and HLA-DR) molecules, and switching DCs from a CCL5-responsive

to a CCL19-responsive phenotype. We found that [Gd@C82(OH)22]n can induce dendritic cells to become functionally

mature as illustrated by their capacity to activate allogeneic T cells. Mice immunized with ovalbumin in the

presence of [Gd@C82(OH)22]n exhibit enhanced ovalbumin-specific Th1-polarized immune response as evidenced

by the predominantly increased production of IFN�, IL-1�, and IL-2. The [Gd@C82(OH)22]n nanoparticle is a potent

activator of dendritic cells and Th1 immune responses. These new findings also provide a rational understanding

of the potent anticancer activities of [Gd@C82(OH)22]n nanoparticles reported previously.
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(metallofullerenes) have been used as radiotracers or

contrast agents for X-ray angiography or magnetic reso-

nance imaging (MRI).17�20

Gd@C82(OH)x is a C82 fullerene derivative with a gad-

olinium atom entrapped in the core of the carbon cage

while its surface is modified with x number of hydroxyl

groups. Gd@C82(OH)x is a water-soluble and biocompat-

ible nanoparticle, which has been studied as a new gen-

eration of MRI contrast agent due to its high proton re-

laxivity.19 Recently, Gd@C82(OH)x with x � 22 � 2

[Gd@C82(OH)22] has been synthesized and found to ex-

hibit potent in vivo antitumor activity in a mouse

hepatoma model.21 Gd@C82(OH)22 in physiologic saline

forms molecular aggregates of approximately 22 nm in

diameter, hence, it is referred to as a [Gd@C82(OH)22]n

nanoparticle. The antitumor activity of [Gd@C82(OH)22]n

was unlikely due to direct cytotoxic effect since (1)

[Gd@C82(OH)22]n did not directly kill tumor cells, and (2)

less than 5% of the intraperitoneally (ip) applied

[Gd@C82(OH)22]n reached the tumor tissue.21 Interest-

ingly, there was abundant infiltration of leukocytes in

the residual tumors of [Gd@C82(OH)22]n-treated mice,

whereas no such infiltration was detected in the re-

sidual tumors of cyclophosphamide-treated mice.21

Thus, we propose that [Gd@C82(OH)22]n may exert its in

vivo antitumor effect by promoting inflammatory

and/or immune response against tumors. To unravel

the mechanism by which [Gd@C82(OH)22]n exerted anti-

tumor effects, we investigated the effect of

[Gd@C82(OH)22]n on DCs and antigen-specific immune

responses. The results show that [Gd@C82(OH)22]n acti-

vates myeloid DCs in vitro and enhances antigen-

specific Th1 immune response in vivo, suggesting a

novel basis for its potent antitumor activity.

RESULTS AND DISCUSSION
[Gd@C82(OH)22]n Nanoparticle Induces IL-6 Production by DCs.

The schematic structure of the Gd@C82(OH)22 is given

Figure 1A. The original size of a single Gd@C82(OH)22

molecule is less than 2 nm (Figure 1A). However, due

to intermolecular interactions, they aggregated into

larger particles in saline solution, which was demon-

strated by the use of the high-resolution atomic force

microscopic (AFM) image technique (Nanoscope sys-

tem, Digital Instruments Nanoscope, Santa Barbara, CA).

The diameters of the [Gd@C82(OH)22]n aggregates were

determined by statistical analysis. The intermolecular

aggregation formed [Gd@C82(OH)22]n particles at 25 nm

average, mainly ranging from 10 to 60 nm (Figure 1B).

The antitumor effect of the [Gd@C82(OH)22]n nano-

particle is accompanied by massive leukocyte infiltra-

tion at the sites of residual tumor tissue,21 suggesting

that [Gd@C82(OH)22]n may promote antitumor immune

response. Activation of antigen-presenting cells is the

very first step in the induction of any adaptive immune

response, so we hypothesized that [Gd@C82(OH)22]n

might have a direct activating effect on DCs, the most

potent antigen-presenting cells.22 As a first step to this

end, the effect of [Gd@C82(OH)22]n on the production of

IL-6 by DCs was determined. [Gd@C82(OH)22]n nanopar-

ticles increased the production of IL-6 by human

monocyte-derived DCs in a dose- and time-dependent

manner, with more than 35-fold upregulation of IL-6

protein production when DCs were treated with 100

�g/mL of [Gd@C82(OH)22]n for 48 h (Figure 2A). To iden-

tify whether the capacity of [Gd@C82(OH)22]n prepara-

tion to upregulate DC IL-6 production was not due to

potential lipopolysaccharide (LPS) contamination, we

determined the potential level of LPS in

[Gd@C82(OH)22]n preparation as well as the capacity of

polymyxin B (PxB) to block the IL-6-inducing effect of

[Gd@C82(OH)22]n preparation. The LPS level in 1 mg/mL

of [Gd@C82(OH)22]n was below the detection limit of the

Limulus Amebocyte Lysate Pyrogen kit (Biowhittaker),

suggesting that the [Gd@C82(OH)22]n preparation used

in the present study contained less than 0.6 ng of LPS

per mg of [Gd@C82(OH)22]n (data not shown). Further-

more, DC production of IL-6 was not significantly inhib-

ited by 15 �g/mL of PxB, which, as expected, blocked

DC production of IL-6 in response to LPS (Figure 2B).

Figure 1. Schematic structure of the Gd@C82(OH)22. (A) Schematic structure of the Gd@C82(OH)22. (B) AFM image of the
[Gd@C82(OH)22]n nanoparticles.
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Therefore, the capacity of [Gd@C82(OH)22]n preparation

to induce IL-6 production by DCs was not due to LPS

contamination.

[Gd@C82(OH)22]n Nanoparticle Stimulates Phenotypic

Maturation of DCs. The capacity of the [Gd@C82(OH)22]n

nanoparticle to induce IL-6 production prompted us to

investigate the capacity of [Gd@C82(OH)22]n to stimulate

DC maturation. DC maturation is characterized by three

hallmarks: production of a variety of inflammatory cy-

tokines, upregulation of surface costimulatory and MHC

molecules, and switch of chemokine responsiveness

based on changes in chemokine receptor expression.22

To examine whether [Gd@C82(OH)22]n nanoparticles

could stimulate DCs to produce cytokines indicative of

DC maturation, monocyte-derived DCs were incubated

in the presence of [Gd@C82(OH)22]n (100 �g/mL) or LPS

(as a positive control, 1 �g/mL) for 48 h, followed by

quantization of cytokine levels in the culture superna-

tants. As shown by Figure 3, DCs treated with

[Gd@C82(OH)22]n increased this production of IL-1�,

IL-6, IL-8, IL-10, IL-12p70, and TNF�. DCs treated with

LPS (as a positive control) also upregulated all the

above assayed cytokines (Figure 3). However,

[Gd@C82(OH)22]n-treated DCs produced significantly

more IL-1� and much less IL-10 than LPS-treated DCs

(Figure 3).

Cell surface expression of co-stimulatory and MHC

molecules by myeloid DC after treatment with the

[Gd@C82(OH)22]n nanoparticle was determined by flow

cytometry (Figure 4). Compared with sham-treated DCs

(upper panels), LPS-treated DCs became positive for

CD83, a marker for DC maturation, and showed en-

hanced levels of surface CD80, CD86, HLA-ABC, and

HLA-DR on their cell surface (Figure 4, lower panels).

The [Gd@C82(OH)22]n nanoparticle promoted the expres-

sion of CD83, CD80, CD86, HLA-ABC, and HLA-DR by

DCs in a dose-dependent manner (Figure 4, middle

panels). Upregulation of CD86, HLA-ABC, and HLA-DR

began to occur at as low as 1 �g/mL [Gd@C82(OH)22]n,

whereas upregulation of CD83 and CD80 did not be-

come apparent until a higher dose of 100 �g/mL

[Gd@C82(OH)22]n nanoparticle was used.

Immature myeloid DCs express multiple chemokine

receptors such as CCR5, which enable them to migrate

in response to many inflammatory chemokines such as

CCL5, while mature DCs downregulate this receptor

and instead upregulate CCR7, a receptor specific for

the constitutive chemokines CCL19 and CCL21.22,23

Upon treatment with LPS, a potent inducer of DC matu-

ration, DC migrated to CCL19 but not CCL5 (Figure 5,

hatched bars). DCs treated with the [Gd@C82(OH)22]n

nanoparticle similarly acquired the capacity to migrate

to CCL19 and simultaneously lost the responsiveness to

CCL5 (Figure 5, dotted bars). Meanwhile, sham-treated

DCs migrated to CCL5 but not CCL19, indicative of their

immature phenotype (Figure 5, white bars). CXCL12

was used as a positive control because it can induce

the migration of both immature and mature DCs. On

the basis of the capacity to promote DC production of

proinflammatory cytokines (Figure 3) and to upregulate

DC surface markers such as CD80, CD83, CD86, HLA-

ABC, and HLA-DR (Figure 4), as well as to convert DCs

from CCL5 responsive to CCL19 responsive (Figure 5), it

can be concluded that the [Gd@C82(OH)22]n nanoparti-

Figure 2. [Gd@C82(OH)22]n nanoparticle (NP) induction of IL-6 production by
DCs. (A) Dose response and time course. Human DCs (5 � 105/mL) were incu-
bated at 37 °C in G4 medium in the absence or presence of NP at 10 or 100
�g/mL for 24�48 h, and IL-6 concentrations in the supernatants were mea-
sured. The fold increase in DC production of IL-6 was calculated by dividing
the background IL-6 concentration (IL-6 in the absence of nanoparticles) by
IL-6 concentrations induced by a given concentration of nanoparticles for the
same period of time. Shown is the average of three independent experi-
ments when compared with the level of IL-6 in the absence of nanoparticles
(t test, *p � 0.05). (B) Lack of blockade of nanoparticle-induced DC IL-6 by PxB.
DCs were incubated in triplicate for 24 h in the presence of nanoparticles
(100 �g/mL), LPS (100 ng/mL), and PxB (15 �g/mL), as indicated before the su-
pernatants were collected for IL-6 quantitation. Shown is the average (mean
� SD) IL-6 concentration of triplicate cultures (p values were calculated based
on t test).

Figure 3. [Gd@C82(OH)22]n nanoparticle upregulation of mul-
tiple DC cytokines. Human DCs (1 � 106/mL) were incubated
in triplicate at 37 °C in the absence (sham) or presence of
100 �g/mL of nanoparticle or 1 �g/mL of LPS for 48 h. Sub-
sequently, the supernatants were collected for the quantita-
tion of a variety of cytokines as indicated. Shown is the aver-
age (mean � SD) of two independent experiments; *p �
0.05 by t test.
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cle is capable of inducing the phenotypic maturation
of DCs.

[Gd@C82(OH)22]n Nanoparticle-Matured Human DCs Activate T
Cells in a Th1-Polarizing Direction. To determine whether
[Gd@C82(OH)22]n nanoparticle-induced maturation of
DCs was reflected at the functional level,
[Gd@C82(OH)22]n nanoparticle-treated DCs were ana-
lyzed for their capacity to stimulate the proliferation
and activation of T cells in an allogeneic mixed lympho-
cyte reaction (MLR) setting (Figure 6). Whereas sham-
treated DCs did not stimulate the proliferation of allo-
geneic T cells as judged by their inability to increase

tritiated thymidine (3H-TdR) incorporation at any DC/T

ratio (Figure 6A, circles), LPS-treated DCs (as a positive

control) stimulated considerable proliferation of alloge-

neic T cells at DC/T ratios higher than 1:6250 (Figure

6A, diamonds). DCs treated with the [Gd@C82(OH)22]n

nanoparticle also stimulated the proliferation of alloge-

neic T cells in a dose-dependent fashion (Figure 6A, tri-

angles). DCs matured by 10 �g/mL of the

[Gd@C82(OH)22]n nanoparticle began to induce signifi-

cant proliferation of allogeneic T cells when used at a

DC/T ratio higher than 1:250 (Figure 6A, open triangles),

while DCs matured by 100 �g/mL of the

[Gd@C82(OH)22]n nanoparticle stimulated significant

proliferation of allogeneic T cells at DC/T ratios higher

than 1:6250 (Figure 6A, closed triangles). Therefore,

[Gd@C82(OH)22]n nanoparticle-treated DCs exhibited a

remarkably enhanced capacity for presenting antigen

to T cells for the stimulation of cell proliferation, indicat-

ing that the [Gd@C82(OH)22]n nanoparticle was capable

of inducing functional maturation of DCs.

Analysis of the supernatants of day 3 allogeneic

MLR for the production of T-cell-derived cytokines

showed that [Gd@C82(OH)22]n nanoparticle-matured

DCs in comparison with sham-treated DCs activated al-

logeneic T cells to produce elevated levels of IL-2, IFN�,

and IL-17 and a decreased level of IL-10, with no signifi-

cant change in the production of IL-4 (Figure 6B). This

profile of T cell cytokines is characteristic of a Th1 re-

Figure 4. [Gd@C82(OH)22]n nanoparticle enhancement of surface expression of multiple DC marker molecules. DCs (5 � 105/
mL) were incubated at 37 °C for 48 h in the absence (sham) or presence of various concentration (1, 10, 100 �g/mL) of nano-
particle or 1 �g/mL of LPS (as a positive control). Subsequently, the treated DCs were immunostained with a combination
of FITC-conjugated antihuman CD83 (FITC-CD83) and PE-conjugated antihuman CD11c (PE-CD11c), FITC-CD80/PE-CD86, or
FITC-HLA-ABC/PE-HLA-DR and analyzed by flow cytometry. Shown are the histograms of one experiment representative of
three. The blue open area is the relative fluorescence of DCs stained with isotype-matched control antibody; the red closed
area is the relative fluorescence intensity of DCs stained with various antibodies. The number inside the histogram is the geo-
metric mean fluorescence intensity of the indicated surface molecule on DCs upon distinct treatment.

Figure 5. [Gd@C82(OH)22]n nanoparticle alters DCs’ respon-
siveness to selected chemokines. DCs (1 � 106/mL) were in-
cubated at 37 °C for 48 h in the absence (sham) or presence
of NP (100 �g/mL) or LPS (1 �g/mL). Subsequently, treated
DCs were harvested and washed, and their capacity to mi-
grate in response to various chemokines (CCL5, CCL19, and
CXCL12) was determined using a 48-well microchemotaxis
chamber assay as detailed in the Materials and Methods sec-
tion. Data are the average (mean � SD) numbers of the mi-
grated DCs of triplicate wells.
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sponse. The Th1-polarizing effect of the
[Gd@C82(OH)22]n nanoparticle was dose-dependent: the
higher the concentration of the [Gd@C82(OH)22]n nano-
particle used for the treatment of DCs, the greater the
effect of the [Gd@C82(OH)22]n-treated DCs on the pro-
duction of T-cell-derived cytokines (Figure 6B). LPS-
matured DCs, as expected, activated allogeneic T cells
to generate elevated levels of IL-2, IFN�, and IL-17 as
well as a decreased level of IL-10, with no significant
change in the production of IL-4 (Figure 6B) because
LPS is a known Th1-polarizing DC activator. Strikingly,
[Gd@C82(OH)22]n-matured DCs induced greater IFN�

production than LPS-matured DCs by allogeneic T cells,
indicating that the [Gd@C82(OH)22]n nanoparticle may
be a more efficacious Th1-polarizing DC activator than
LPS (Figure 6B).

[Gd@C82(OH)22]n Nanoparticle-Enhanced Antigen-Specific Th1
Immune Response In Vivo. Th1 immune response plays an
essential role in antitumor immunotherapies. The capa-
bility of the [Gd@C82(OH)22]n nanoparticle to mature
DCs in a Th1-polarizing direction suggested that it
might act as an immunoenhancer for the promotion of
in vivo antigen-specific Th1 immune response. To vali-
date this possibility, C57BL/6 mice were immunized
with ovalbumin (OVA) in the absence or presence of
the [Gd@C82(OH)22]n nanoparticle or alum (as a positive
control) on day 0 and boosted with OVA alone on day
14; their spleens were removed on day 21 for the deter-
mination of OVA-specific proliferation and cytokine pro-
duction. As expected, splenocytes from mice immu-
nized with OVA in the presence of alum incorporated

significantly more 3H-TdR than cells of
mice immunized with OVA alone (PBS
group), particularly when the concentra-
tion of OVA used for in vitro stimulation
reached 50 �g/mL (Figure 6A). Impor-
tantly, splenocytes of mice immunized
with OVA in the presence of
[Gd@C82(OH)22]n nanoparticles also
showed enhanced proliferation upon in
vitro stimulation with OVA (Figure 7A), in-
dicating enhancement of mouse anti-
OVA immune response by the
[Gd@C82(OH)22]n nanoparticle. Upon
stimulation with OVA, splenocytes of
mice immunized with OVA plus
[Gd@C82(OH)22]n nanoparticle produced
predominantly Th1 cytokines, namely,
IFN�, without upregulation of Th2 cyto-
kines (e.g., IL-4, IL-5, and IL-10). The sple-
nocytes of mice immunized with OVA
plus [Gd@C82(OH)22]n nanoparticle also
produced higher levels of IL-1� and IL-2
than those of mice immunized with OVA
alone (Figure 7B). Therefore,
[Gd@C82(OH)22]n nanoparticle demon-
strated the capacity to promote in vivo
antigen-specific Th1-type T cell response

(Figure 7B). Alum, as expected, enhanced predominantly
Th2 responses as evidenced by upregulation of indicator
cytokines such as IL-4, IL-5, and IL-10 (Figure 7B).

Gd@C82(OH)22 has been developed as a potent and
novel antitumor agent without detectable cytotoxicity
in vitro or toxic side effects in mouse models. However,
the molecular mechanism of Gd@C82(OH)22-induced an-
titumor activities is largely unknown. Our previous stud-
ies revealed that intraperitoneal administration of the
[Gd@C82(OH)22]n nanoparticle caused a remarkable inhi-
bition of the growth of subcutaneously implanted
mouse hepatoma tumor, which was accompanied by
marked infiltration of leukocytes in residual tumor tis-
sue.21 Since leukocyte infiltration of tumor tissues is of-
ten indicative of inflammatory and/or immune re-
sponses against tumor, this suggests that
[Gd@C82(OH)22]n may activate DCs, which promotes
both inflammatory and immune responses.22 Incuba-
tion of human DCs with [Gd@C82(OH)22]n resulted in
both phenotypic and functional maturation of DCs as
evidenced by the acquisition of numerous hallmarks of
DC maturation (production of proinflammatory cyto-
kines, upregulation of surface expression of co-
stimulatory and MHC molecules, and switch from CCL19
unresponsive to CCL19 responsive), as well as the ca-
pacity to present antigen to naı̈ve T cells (Figures
2�6A). Analysis of the cytokine profiles generated by
activated T cells in response to [Gd@C82(OH)22]n-treated
DCs revealed a predominant upregulation of IFN� and
IL-17 but not of IL-4 or IL-10, suggesting that

Figure 6. [Gd@C82(OH)22]n nanoparticle-treated DCs acquire the capacity to stimulate the
proliferation and activation of allogeneic T lymphocytes. DCs (5 � 105/mL) were incubated
at 37 °C for 48 h in the absence (sham) or presence of NP (10 or 100 �g/mL) or LPS (1 �g/
mL). Subsequently, treated DCs were harvested and used for allogeneic MLR. (A) DCs were
cocultured in triplicate in wells of a 96-well plate with allogeneic T lymphocyte (105/well)
at various DC/T ratios for 5 days with the addition of [3H]-TdR in the last 18 h of culture. The
cultures were then harvested, and the incorporation of [3H]-TdR was measured by liquid
scintillation counting. Shown is the average (mean � SD) incorporated radioactivity (CPM)
of triplicate wells of one experiment representative of three. (B) DCs were mixed with allo-
geneic T cells (106/mL/well) at a DC/T ratio of 1:25 in a 24-well plate and incubated for 3
days before harvesting the supernatants for the quantitation of cytokines. Shown is the av-
erage (mean � SD) cytokine concentration of three independent experiments; *p � 0.05
compared with the level of T cell cytokine in response to sham-treated DCs.
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[Gd@C82(OH)22]n has the capacity to induce a Th1-

polarized immune response (Figure 6B). This notion

was validated in vivo because immunization of mice

with a mixture of an antigen (OVA) and [Gd@C82(OH)22]n

resulted in the generation of OVA-specific Th1-

polarized immune response (Figure 7). The immunoen-

hancing adjuvant effect of [Gd@C82(OH)22]n is in dis-

tinct contrast to that of alum, which predominantly pro-

motes antigen-specific Th2 response as indicated by

enhancement of IL-4, IL-5, and IL-10 but not of IFN�

(Figure 7B). The Th2-enhancing adjuvant effect of alum

is well-documented.24 Therefore, the results demon-

strate that [Gd@C82(OH)22]n can activate DCs and pro-

mote Th1-type immune response, which may account

for, at least in part, its antitumor activities.

Although the data of the current study demon-

strate that [Gd@C82(OH)22]n can induce full maturation

of DCs as indicated by the induction of many cytokines

(Figures 1 and 2), upregulation of surface co-stimulatory

and MHC molecules (Figure 3), and switch of chemo-

kine responsiveness (Figure 4), how [Gd@C82(OH)22]n ex-

erts its effect on DCs remains to be investigated. The

DC-maturing effect of [Gd@C82(OH)22]n is unlikely due

to contamination by LPS because (1) the

[Gd@C82(OH)22]n preparation used in the present study

did not contain a detectable level of LPS and (2) its IL-6-

inducing effect could not be blocked by PxB, a widely

used LPS-neutralizing reagent (Figure 1B). Furthermore,

the profile of DC cytokines induced by [Gd@C82(OH)22]n

is clearly different from that induced by LPS (Figure 2):

[Gd@C82(OH)22]n induced much more IL-1� and much

less immunosuppressive IL-10 than LPS. This difference

not only indicates that the DC-activating effect of

[Gd@C82(OH)22]n is unlikely due to LPS contamination

but also suggests that [Gd@C82(OH)22]n may be even

more efficacious than LPS at enhancing immune re-

sponses. Our preliminary attempt to study the interac-

tion between [Gd@C82(OH)22]n and DCs revealed that,

upon addition to DC culture in vitro, [Gd@C82(OH)22]n

was rapidly engulfed by DCs (data not shown). How-

ever, engulfment of inert particles (e.g., latex beads and

dextran, etc.) by DCs per se generally does not gener-

ally cause DC maturation. In contrast, a multihydroxy-

lated C60 fullerene nanoparticle without a Gd atom,

[C60(OH)26]n, also exhibited the capacity to induce DC ac-

tivation in vitro, albeit less potent than [Gd@C82(OH)22]n,

suggesting that Gd may not be required for activating

DCs (data not shown). C60 or C82 fullerenes without hy-

droxylation were not water-soluble hence could not be

tested in our assays. Therefore, the DC-activating ef-

fect of [Gd@C82(OH)22]n is likely based on its unique

properties in aqueous solution, including its size and

multiple hydroxylation.

[Gd@C82(OH)22]n is the first fullerene-derived nano-

particle shown to promote both DC maturation and

antigen-specific immune response (Scheme 1). Several

nanoformulations have recently been reported to have

the capacity to induce the maturation of dendritic cells

and/or to promote immune responses, such as very

small size proteoliposome, monophosphoryl lipid A

containing copolymer, poly(�-glutamic acid) nanoparti-

cles, or polystyrene beads.25�28 However, most of these

nanoparticle-induced responses were due to microbial

components attached to the nanoparticles (namely,

Neisserial outer membrane protein and lipid A deriva-

tive, respectively).25,26 [Gd@C82(OH)22]n is quite unique

Figure 7. [Gd@C82(OH)22]n nanoparticle enhancement of antigen-specific immune response. C56BL/6 mice (n � 4) were ip immu-
nized with OVA (50 �g/mouse) in the absence or presence of nanoparticle (10 �g/mouse) or alum (as a positive control) on day 1,
boosted ip with OVA alone on day 14, and euthanized on day 21 for the preparation of single splenocyte suspension. (A) OVA-specific
proliferation of splenocytes. Splenocytes were cultured in triplicate in a 96-well plate at 2 � 105/well in the presence of various con-
centrations of OVA for 60 h and pulsed with 0.5 �Ci/well of [3H]-TdR for the last 18 h. Proliferation of splenocytes was measured as [3H-
TdR] incorporation and shown as the average (mean � SD) incorporated radioactivity (CPM) of four mice; *p � 0.05 compared with
the corresponding PBS group (immunized with OVA alone). (B) Pooled splenocytes of each group were cultured in duplicate in a 24-
well plate at 5 � 106/1 mL/well in RPMI 1640 containing 10% FBS and 50 �g/mL of OVA for 48 h before harvesting the superna-
tants for cytokine measurement. Shown is the average (mean � SD) cytokine concentration of four mice. Similar results were ob-
tained in two independent experiments; *p � 0.05 compared with the PBS group.
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since it selectively enhances antigen-specific Th1 re-
sponse, whereas polystyrene microbeads and (�-
glutamic acid) nanoparticles are capable of enhancing
both Th1 and Th2 immune responses.27�29 Induction of
the Th1-type of tumor antigen-specific immune re-
sponse (e.g., IFN� and CD8 T cells) is more effective in
achieving therapeutic antitumor responses, so
[Gd@C82(OH)22]n may prove to be a good candidate for
potential antitumor therapeutic implication.

The in vivo antitumor activity of [Gd@C82(OH)22]n is
based on more than just promoting the activation of
DCs and antitumor immunity. [Gd@C82(OH)22]n reduces
oxidative stress in tumor-bearing mice, which may con-
tribute to its antitumor activity because oxidative stress
can promote tumor progression.30 In a preliminary
study, we observed that administration of
[Gd@C82(OH)22]n to tumor-bearing mice reduced the
blood supply into tumor tissues (data not shown). Lim-
iting blood supply to the tumor tissue by

[Gd@C82(OH)22]n may also contribute to its antitumor ac-
tivity by inhibiting tumor growth. Thus, the in vivo anti-
tumor activity of [Gd@C82(OH)22]n is most likely medi-
ated by its effects on promoting DC activation, reducing
oxidative stress, and reducing blood supply to tumor
tissues.

CONCLUSION
[Gd@C82(OH)22]n possesses novel properties that

make this reagent a promising drug candidate, ca-
pable of simultaneously enabling tumor detection,
treatment, and evaluation of therapeutic efficacy. First,
[Gd@C82(OH)22]n exhibits good biocompatibility, stabil-
ity, and no obvious toxic side effect both in vitro and in
vivo.12,21 Second, it shows potent in vivo antitumor ac-
tivity.21 Furthermore, due to the entrapment of a gado-
linium atom, it can be potentially used as a good con-
trast reagent in the detection, staging, and/or
monitoring of tumors based on MRI.3,19�21 Our study’s
results suggest that the Gd@C82(OH)22 nanoparticle may
promote antitumor immune response in tumor-bearing
hosts. Thus, Gd@C82(OH)22 nanoparticles, due to their
unique physical size, surface chemical properties, and
capacity of simultaneously targeting multiple processes
in tumor development, appear to be a promising base
for the development of potentially more effective mea-
sures for the diagnosis and/or treatment of tumors.

MATERIALS AND METHODS
Reagents and Mice. Recombinant human granulocyte�

macrophage colony stimulating factor (GM-CSF, specific activity
�107 U/mg), interleukin-4 (IL-4, specific activity �2 	 106 U/mg),
stromal cell-derived factor alpha (CXCL12/SDF-1�) regulated on ac-
tivation and normal T cell expressed (CCL5/RANTES), and second-
ary lymphoid organ chemokine (CCL19/ELC) were obtained from
PeproTech (Rocky Hill, NJ). BSA, OVA, PxB, and LPS (Escherichia coli,
serotype O55:B5) were from Sigma (St. Louis, MO). Tritiated thymi-
dine (3H-TdR, specific radioactivity � 2 Ci/mmol) was purchased
from NEN (Boston, MA). RPMI 1640, glutamine, penicillin, strepto-
mycin, HEPES, and phosphate-buffered saline (PBS, pH � 7.4) were
from Biowhittaker (Walkersville, MD). Fetal bovine serum (FBS)
was purchased from Hyclone (Logan, UT). All antibodies used for
flow cytometry analysis were purchased from BD/PharMingen (San
Diego, CA), including FITC-conjugated mouse antihuman CD83
(IgG1, 
, clone HB15e), FITC-conjugated mouse antihuman CD80
(IgG1, 
, clone L307.4), FITC-conjugated mouse antihuman HLA-
ABC (IgG1, 
, clone G46-2.6), phycoerythrin (PE)-conjugated mouse
antihuman CD11c (IgG1, clone B-Ly6), PE-conjugated mouse anti-
human CD86 (IgG1, 
, clone 2331), PE-conjugated mouse antihu-
man HLA-DR (IgG2a, 
, clone G46-6), and FITC- and/or PE-
conjugated isotype-matched mouse IgG controls (IgG1, 
 and
IgG2a, 
). QCL-1000 chromogenic LAL assay kit was purchased
from Cambrex (Walkersville, MD).

C57BL/6 mice (6�7 weeks old) were purchased from
Charles River (Frederick, MD) and allowed to acclimate for at
least 2 weeks before experimental use. All mice were kept un-
der specific pathogen-free condition with water and food
given ad libitum. Mouse care and use were in compliance
with the principles and procedures outlined in the NIH Guide
for the Care and Use of Animals.

Preparation and Characterization of the [Gd@C82(OH)22]n Nanoparticles.
The Gd@C82 was synthesized by the arc-discharge method us-
ing composite rods consisting of Gd2O3 (purity �99.99%) and

graphite (purity �99.99%) in He atmosphere. The separation of
Gd@C82 was performed by a two-step high-performance liquid
chromatography (HPLC, LC908-C60, Japan Analytical Industry
Co.), and the details were reported previously.31,32 The purity of
the final Gd@C82 product was �99.5%. Gd@C82(OH)22 was syn-
thesized by the alkaline reaction, the same as reported
elsewhere.21,30,33 The MALDI-TOF-MS technique (AutoFlex,
Bruker Co., Germany), X-ray photoemission spectroscopy (XPS,
Beijing Synchrotron Radiation Facility), and element analyses
were employed to measure surface hydroxyl groups.
[Gd@C82(OH)22]n was dissolved in endotoxin-free water to make
a stock solution of 10 mg/mL and kept at 4 °C until use. The sche-
matic structure of the Gd@C82(OH)22 is given in Figure 1A, and
Figure 1B shows the AFM image of the [Gd@C82(OH)22]n nanopar-
ticles. The average particle size is about 25 nm, mainly ranging
from 10 to 60 nm.

Isolation and Purification of Cells. Human peripheral blood mono-
nuclear cells (PBMCs) were isolated by Ficoll density gradient
centrifugation from leukopacks supplied by the Department of
Transfusion Medicine (Clinical Center, National Institute of
Health, Bethesda, MD).9 Monocytes were purified (�95%) from
human PBMC with MACS CD14 monocyte isolation kit (Miltenyi
Biotech Inc., Auburn, CA). Human peripheral blood T cells were
isolated from human PBMC by using a CD3 enrichment column
(R&D System) following the manufacturer’s instruction.

DC Culture. DCs were generated as described previously.9 In
brief, monocyte-derived immature DCs (Mo-iDCs) were gener-
ated by incubating purified peripheral blood monocytes at 2�5
	 105/mL in G4 medium (RPMI 1640 containing 10% FBS, 2 mM
glutamine, 25 mM HEPES, 100 U/mL penicillin, 100 �g/mL strep-
tomycin, 50 ng/mL GM-CSF, and 50 ng/mL IL-4) at 37 °C in a
CO2 (5%) incubator for 5�6 days. Subsequently, DCs were incu-
bated at 5�10 	 105/mL in fresh G4 medium in the absence or
presence of [Gd@C82(OH)22]n nanoparticle or LPS at specified con-
centrations for 24�48 h in a CO2 (5%) incubator before analysis

Scheme 1.
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of their production of cytokines, expression of surface markers,
and capability of antigen presentation. In some experiments, PxB
was added to DC cultures at a final concentration of 10�15 �g/
mL.

Cytokine Quantitation. The cytokines (IL-1�, IL-2, IL-4, IL-5, IL-6,
IL-8, IL-10, IL-12p70, IL-17, TNF�, and IFN�) in the supernatants
of cultured human and mouse cells were quantitated using a
SearchLight Multiplex Proteome Array (Pierce Biotech, Woburn,
MA).

Flow Stain and Analysis. DCs (106/sample) were first washed
three times with FACS buffer (PBS, 1% FBS, 0.02% NaN3, pH 7.4).
After blocking for 15 min at 4 °C in FACS buffer containing 1%
human AB serum and 1% normal mouse serum, DCs were incu-
bated with various FITC- or PE- conjugated mouse monoclonal
antibodies against human CD11c, CD80, CD83, CD86, HLA-ABC,
HLA-DR, or isotype-matched control antibody at 4 °C for 30 min
as specified. Subsequently, the cells were washed (twice with
FACS buffer and twice with PBS), suspended in PBS, and ana-
lyzed with a Becton-Dickinson FACScan cytometer.

DC Migration Assay. DC migration in response to chemokines
was determined using a 48-well microchemotaxis chamber as-
say as previously described.9 In brief, chemokines (100 ng/mL)
and DCs (106/mL) in chemotaxis medium (C.M., RPMI 1640 con-
taining 1% BSA) were put into the lower and upper wells, respec-
tively, of a 48-well microchemotaxis chamber (Neuro Probe,
Cabin John, MA), with the lower and upper compartments sepa-
rated by a 5 �M polycarbonate filter (Osmonics, Livermore, CA).
After incubation at 37 °C for 1.5 h in humidified air with 5% CO2,
the filters were removed and stained, and the cells migrated
across the filter were counted with the use of a Bioquant semi-
automatic counting system (Bioquant Image Analysis Corp,
Nashville, TN). The results were presented as the number of
cells per high power field (No./HPF).

Mixed Lymphocyte Reaction (MLR). Allogeneic MLR was performed
as described.9 Briefly, purified human allogeneic T cells (105/
well) were cultured with different numbers of DCs in a 96-well
flat-bottom plate for 6 days at 37 °C in humidified air with 5%
CO2. The proliferative response of T cells was examined by puls-
ing the culture with 3H-TdR (0.5 �Ci/well) for the last 18 h before
cell harvest. 3H-TdR incorporation was measured with a micro-
beta counter (Wallac, Gaithersburg, MD). Alternatively, the super-
natants of the MLR cultures were collected for cytokine
quantitation.

Immunization and Detection of Antigen-Specific Immune Responses.
Eight-week-old C57BL/6 mice (3�5 mice/group) were injected
i.p. on day 1 with 0.2 mL of PBS containing either 50 �g of OVA
(Sigma), or a mixture of 50 �g of OVA and 10 �g of
[Gd@C82(OH)22]n nanoparticle, or 50 �g of OVA absorbed onto 3
mg of alum (Sigma). On day 14, all mice were booster immunized
by ip injection of 0.2 mL of PBS containing 50 �g of OVA. On
day 21, immunized mice were euthanized to remove spleens and
to make single splenocyte suspension. OVA-specific splenocyte
proliferation and/or cytokine production was measured as previ-
ously described with minor modifications.34 Briefly, splenocytes
(2 	 105/well) were seeded in triplicate in wells of round-
bottomed 96-well plates in complete RPMI 1640 medium (0.2
mL/well) and incubated in the presence or absence of an indi-
cated concentration of OVA at 37 °C in a CO2 incubator for 60 h.
The cultures were pulsed with 3H-TdR (1 �Ci/well) for the last
18 h for the measurement of splenocyte proliferation. Alterna-
tively, splenocytes were cultured in duplicate in complete RP-
MI1640 in 24-well plates (5 	 106/1 mL/well) having indicated
concentrations of OVA for 48 h before the culture supernatants
were harvested for cytokine quantitation.
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