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Abstract
Graft versus host disease (GVHD) is an immunological disorder triggered by bone marrow

transplantation that affects several organs, including the gastrointestinal tract and liver. Ful-

lerenes and their soluble forms, fullerols, are nanocomposites with a closed symmetrical

structure with anti-inflammatory and anti-oxidant properties. The present study evaluated

the effects of treatment with the fullerol (C60(OH)18-20) in the development and pathogene-

sis of GVHD in a murine model. Mice with experimental GVHD that were treated with the

fullerol showed reduced clinical signs of disease and mortality compared with untreated

mice. Treatment with the fullerol decreased the hepatic damage associated with reduced

hepatic levels of reactive oxygen species, pro-inflammatory cytokines and chemokines

(IFN-γ TNF-α, CCL2, CCL3 and CCL5) and reduced leukocyte accumulation. The ameliora-

tion of GVHD after treatment with the fullerol was also associated with reduced intestinal le-

sions and consequent bacterial translocation to the blood, liver and peritoneal cavity.

Moreover, the fullerol treatment alleviated the GVHD while preserving effects of the graft

against a leukemia cell line (GFP+P815). In summary, the fullerol was effective in reducing

the GVHD inflammatory response in mice and may suggest novel ways to treat this

disease.
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Introduction
Allogeneic bone marrow transplantation is the only curative therapy for hematological malig-
nancies. However, GVHD is a severe and often fatal complication following allogeneic HSCT
and is the major cause of morbidity in up to 50% of transplant patients [1, 2]. GVHD is charac-
terized by immunosuppression, activation of APCs, production of inflammatory mediators [3–
5] and intense recruitment and activation of immune cells accounting for damage to target or-
gans including the liver, intestine, skin and lung [6–8]. Currently, various therapies to treat
GVHD are available, such as the use of high doses of steroids, monoclonal antibodies targeting
the host APCs and immunosuppressive agents [8, 9]. However, while reducing GVHD in pa-
tients, these treatments increase the possibility for immunosuppression and the incidence of in-
fection and contribute to morbidity and mortality [10].

Fullerenes are a broad family of symmetrical nanomolecules formed by hexagons intercon-
nected by pentagons, the latter being responsible for the curvature of the molecule and conse-
quently for its three-dimensional shape and were discovered in 1985 by Kroto [11] and
collaborators and have attracted attention because of their biological and pharmacological
properties. Fullerol is the most abundant and representative soluble form of fullerenes derived
from C60 (C60(OH)18–20) and is formed by the addition of polar groups (OH) [12]. Fullerol
has been utilized as an effective intervention for the control of the inflammatory responses in
some experimental models by reducing the levels of inflammatory cytokines and oxidative
stress [13–17]. Additionally, it also has potential applications as a pharmaceutical for the treat-
ment of several other illnesses [18].

In this study, we hypothesized that treatment with fullerol in GVHDmight control the in-
flammatory response leading to the prevention of acute graft versus host disease. To test this
hypothesis, we evaluated the effects of treatment with the fullerol in mice with experimental
GVHD.

Materials and Methods

Ethics Statement
The animal care and handling procedures were in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee, and the study received prior approval from the local
animal ethics committee (Animal Ethics Review Board—Comitê de Ética em Experimentação
Animal-CETEA/Universidade Federal de Minas Gerais-UFMG (protocol number: 209/2011).
Animals judged to be moribund were euthanatized with an overdose of anesthesia (mixture of
ketamine (37.5 mg/ml, final concentration) and xylazine (2.5 mg/ml, final concentration) and
counted as GVHD lethality. At the end of these experimental procedures, the remaining mice
were also euthanized with an overdose of anesthetics. In all experiments the efforts were made
to minimize suffering at all times.

Mice
Eight- to 12-week-old C57BL/6 and B6D2F1 (C57BL/6 X DBA/2) mice were obtained from the
Centro de Bioterismo (UFMG) and housed under standard conditions in a temperature-con-
trolled room (23±1°C) on an automatic 12-h light/dark cycle. The mice had free access to com-
mercial chow and water. The number of mice in each specific group is provided in the figure
legend. One representative experiment with at least 5 mice per group of similar independent
experiments is shown in each figure.

Nanocomposite Reduces Disease and Lethality in Murine GVHD

PLOSONE | DOI:10.1371/journal.pone.0123004 April 13, 2015 2 / 16

Competing Interests: The authors have declared
that no competing interests exist.



Fullerol (C60(OH)18–20)
The fullerenes, being hydrophobic, require functionalization with polar groups for most bio-
logic applications. One of the simplest ways of making fullerenes hydrophilic is by attaching
multiple hydroxyl groups to the fullerene carbon cage, resulting in a polihydroxy-fullerene salt
known as a fullerol or fullerenol. In this work, we synthesized this salt by means of a phase
transfer reaction using tetrabutylammonium hydroxide (TBAH) as a catalyst. The original syn-
thesis using polyethylene glycol as the phase transfer catalyst is described elsewhere [19]. For
this work, we modified the synthesis procedure as follows. Initially, 22 g of NaOH was dis-
solved in 40 mL of deionized water. In parallel, 36 mg of the C60 fullerenes (99.5% Sigma Al-
drich) was added to 40 mL of toluene. This aqueous solution was stirred constantly and heated
to 50°C before 0.1 mL of TBAH was added. The fullerene organic solution was concomitantly
added dropwise to the aqueous solution. After the reagent solutions were mixed, the final solu-
tion was stirred for 3 hours. At the end of this procedure, two phases were clearly observed: the
first, which was colorless, was the remaining toluene after the phase transfer, whereas the sec-
ond, a brownish-red sludge, was the alkaline aqueous phase with the fullerenes carried by the
TBAH. The colorless organic phase was then removed by evaporation, and then, the remaining
solution with the brown sludge was reduced to 30 mL with the help of a rota-evaporator and
filtered under vacuum with a Millipore system. The filtered alkaline aqueous solution, which
had a brownish red color and was cleared of the sludge, was further reduced to 20 mL and had
a pH of 14. The last part of the process involved the reduction of the pH with multiple washings
with methanol. First, 20 mL of the brown alkaline aqueous solution was diluted in 500 mL of
methanol for 10 min of stirring, and then, it was vacuum filtered with a further dilution of the
material retained in the filter in 20 mL of water. This process was repeated several times until
the pH of the aqueous solution was reduced to 7. At the end, the remaining solution was dried
in an oven for 8 hours and quality controlled by infrared spectroscopy. The resulting brown
powder was a fullerol salt similar to [C60(OH)xOy]

n-[Nan]
n+ (x = 12 to 15, y = 7 to 9 and n = 2

to 3) [20]. In this synthesis, approximately 1 g of the fullerol was produced. The composition
was, however, nearer to the commercial C60(OH)18–22(OK)4 (F2), with Na+ replacing the K+ as
the counter ions [21]. For simplicity, we refer to the fullerol used in this work as C60(OH)18–20.

Induction of GVHD
Low dose regimen. GVHD was induced by i.v. injection of 3×107 splenocytes from synge-

neic (B6D2F1) or semiallogeneic (C57BL/6) donors into recipient B6D2F1 mice that had been
irradiated with a single 4 Gy dose of low body irradiation (source CO60) 2 days prior to trans-
plantation, as described previously [3–5,7].

High dose regimen. Recipient B6D2F1 mice were irradiated with 8 Gy of total body irra-
diation (source CO60) in 2 doses at a 2 hour interval to minimize gastrointestinal toxicity, fol-
lowed by an i.v. infusion of 3×107 splenocytes and 1×107 bone morrow cells from syngeneic
(B6D2F1) or parent (C57BL/6) donors. In this model, due to the toxicity of the high body irra-
diation, the recipient mice received an oral suspension of ciprofloxacin (70 mg/L) in their
drinking water from 1 day before to 15 days after the transplantations [7].

Cell preparation. Bone marrow suspensions were prepared by flushing the mouse femurs
with RPMI 1640 medium that was supplemented with 10% FCS. The splenocytes were ob-
tained by gently crushing the spleens in complete medium to release the cells, which were then
filtered to remove the debris and washed twice in PBS before the injections.
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Therapies
The fullerol was given at a dose of 10 mg/kg (C60 (OH) 18–20), i.p. in 100 μL of PBS, 30 min-
utes before the transplant and then every 48 hours until the end of experiments. In the same
way, the GVHD group was treated with 100μL PBS (i.p) every 48 hours. The control group
(B6D2F1 to B6D2F1) did not receive a treatment.

Mortality rate and assessment of GVHD clinical score
The mice were monitored daily for survival after the transplants and were evaluated clinically
with a standard scoring system that generated a composite GVHD score from the individual
scores for weight loss, posture (hunching), activity, fur texture, skin integrity, diarrhea, and
fecal occult blood. A clinical index was subsequently generated by summing the 7 criteria
scores (maximum index = 14), as described previously [3–5].

Histopathology
A set of experiments was conducted for the quantification of histopathological parameters in
the liver and small intestine. Tissues sections were processed for histological analysis as de-
scribed previously [3] and were evaluated by a pathologist who was blinded to treatment
groups. A numerical value was attributed to the changes observed in these organs, and each an-
imal received a score generated by summing the changes observed (maximum index, 6 for the
liver and 9 for the intestines) [3]. Histopathological scores were assigned to the samples ob-
tained from the mice at 10 and 20 days after the transplant, which corresponds to the early clin-
ical signs and the mortality phase in the mice, respectively.

Bacterial translocation
At day 20 after the transplantation, 100 μl of blood, 100 μl of peritoneal lavage fiuid and 100
mg of liver homogenate were plated onto Muller Hilton plates. These plates were incubated for
24 h at 37°C and the numbers of bacterial colonies were counted and expressed as the CFUs.

Quantification of macrophage infiltration
The relative numbers of infiltrating macrophages in the intestine and liver were quantified by
measuring the NAG activity (N-acetyl-β-D-glucosaminidase activity) on day 20 after the trans-
plantation. A 100 mg portion of the small intestine was resuspended in 0.9% saline (4°C) with
0.15% v/v Triton X-100 (Merck, Rahway, NJ, USA), homogenized, and centrifuged at 4°C for
10 min at 1500 rpm. The supernatants were collected and assayed immediately for NAG activi-
ty at a 1:10 dilution as described previously [22].

Quantification of neutrophilic infiltration
The relative number of neutrophils infiltrating into the liver was quantified by measuring the
MPO activity (myeloperoxidase activity) at 10 and 20 days after the transplant. A portion of
the 100 mg of the liver was removed and frozen at -70°C for later analysis. Upon thawing, the
tissue (0.1 gm of tissue per 1.9 ml of buffer) was homogenized and processed for the determina-
tion of the MPO activity as described previously by Souza [23]. The assay used 25 mL of 3,3
0-5,50- tetramethylbenzidine (TMB, Sigma, St Louis, MO, USA) in PBS (pH 5.4) as the color
reagent.
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Quantification of cytokines and chemokines
The concentrations of cytokines and chemokines were quantified from the intestinal or liver
homogenates from the animals at days 3, 10, and 20 after transplantation. The tissues were
mixed with PBS that contained antiproteases (0.1 mM PMSF, 0.1 nM benzethonium chloride,
10 mM EDTA, and 20 KI aprotinin A) and 0.05% Tween 20. Next, the samples were centri-
fuged for 10 min at 10,000 rpm and 4°C. Dilutions of the supernatants in PBS (1:4) were imme-
diately analyzed by ELISA. The cytokine and chemokine concentrations were measured
according to the manufacturer’s procedures (R&D Systems, Minneapolis, MN, USA) and the
colorimetric reactions were analyzed with a spectrophotometer at a wavelength of 492 nm.

Reactive oxygen species (ROS) analysis
ROS production was assessed by fluorescence 20 days after transplantation in the liver and was
measured using the ROS-specific fluorescent probe H2 DCFDA 2'-7’- dichlorofluorescein dia-
cetate (DCF-DA) as described previously by Amaral [24]. Briefly, suspension of cells from the
liver was incubated with the DCF-DA probes (20 mM) for 30 minutes in an incubator at 37°C
in the dark because the markers are photosensitive. The reading of the fluorescence was per-
formed in a spectrophotometer (Synergy 2, Biotek) at an excitation wavelength of 485 nm and
with emission at 530 nm. The data are expressed as the mean fiuorescence.

GVL induction
A P815 mouse mastocytoma cell line (H-2d; American Type Culture Collection, Manassas,
VA, USA) that had been transduced with a lentiviral vector (elongation factor 1-GFP) was
kindly provided by Anna C. Leal and Martin Bonamino (Instituto Nacional do Câncer, Rio de
Janeiro, Brazil). This cell line was maintained in RPMI/10% FCS at 37°C and 5% CO2 and was
used for the GVL (graft-versus-leukemia) experiments in vivo [4,5]. The above-described pro-
tocols for irradiation and GVHD induction were used. The B6D2F1 recipients were injected i.
v. with 104 GFP+ P815 cells on day 0 of the transplantation experiment. After the induction of
GVHD and the transplantation of tumor cells, the mice were monitored every 2 days for sur-
vival. The fullerol group was treated with fullerol (C60 (OH) 18–20), i.p. in 100 μL of PBS
every 48 hours beginning one day before the transplantation and continuing until the end of
the experiment. At the end of the experimental procedure, the remaining mice were euthanized
with an overdose of anesthesia.

Confocal microscopy
At Day 10 after the transplant, mice were killed and lymphoid organs (lymph node and spleen)
prepared for confocal microscopy analysis. Images were obtained using C2 Eclipse Ti confocal
microscope (Nikon). Total cell counts were performed in a modified Neubauer chamber using
Tripan’s stain. Tumor cells (GFP+P815 cell) were identified in cytocentrifuged slides, which
were also stained with DAPI to nuclear stain. Fluorescence intensity was measured off-line
using Volocity software 6.3 (Perkin-Elmer) and the fluorescence profile was assessed using
Image J (NIH).

Statistical analysis
The data in the text are expressed as the mean ± SEM. Comparisons between the groups were
performed by ANOVA, followed by a Student Newman-Keuls post hoc analysis. A log-rank
test was used to compare the relevant survival curves. Statistical significance was set at p<0.05,
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and the graphs were created and the analyses were performed with GraphPad Prism 4 software
(GraphPad Software Inc., San Diego, CA, USA).

Results

Treatment with fullerol prevents mortality and morbidity in mice with
experimental GVHD
Initial experiments were performed to evaluate the effects of fullerol treatment on the survival
and clinical signs in murine GVHD, as described in the Methods section. In the model using
low body irradiation, which induces a GVHD less severe providing a more accurate evaluation
of inflammatory parameters and the effects of treatments [7], the transplant of splenocytes
from C57BL/6 donors to recipient B6D2F1 mice (GVHD group) resulted in 100% lethality by
day 26 after the disease induction. In contrast, the mice with experimental GVHD treated with
fullerol (fullerol group) exhibited 80% survival (Fig 1A). The fullerol treatment was terminated
after all the animals from the GVHD group died. These mice remained alive until day 47, the
last day of the observation (Fig 1A). The control group did not develop GVHD, and thus, all of
these mice were alive at the end of the experiment. Consistent with the higher survival observed
in the GVHD fullerol-treated mice these animals had lower clinical scores compared with the
untreated GVHD group: absence of occult blood in feces, diarrhea, hunching (posture) and ap-
athy and preservation of skin integrity and fur texture (Fig 1B). At day 22 after transplantation,
fullerol treatment significantly ameliorated weight losses. (Fig 1C).

To confirm the effects of the fullerol treatment on GVHD and to establish the relevance to
human disease, we tested the fullerol treatment in mice with experimental GVHD using a high
dose of irradiation that results in a more severe disease and that involves bone marrow trans-
plantation. The irradiation dose is proportional to the degrees of tissue damage and cytokine
production, and these factors can influence the development of GVHD [7]. We observed that
the transplant of splenocytes and bone marrow from the C57BL/6 donor to the recipient
B6D2F1 mice (GVHD group) resulted in 100% lethality and higher clinical scores and weight
loss 21 days after the disease induction (Panel A-C in S1 Fig). The fullerol treatment prolonged
survival, reduced the clinical scores and resulted in lesser weight loss (Panel A-C in S1 Fig). At
21 days after the transplant, the treatment was interrupted and the survival was 67% until the
end of experiment. The remaining mice were killed on day 40, the last day of the observation
(Panel A in S1 Fig). To determine whether fullerol treatment could be associated with

Fig 1. Fullerol treatment reducesmortality and clinical signs in experimental GVHD.GVHDwas induced by the transfer of 3 x 107 splenocytes from
C57BL/6J donors to B6D2F1 mice that were irradiated with low dose two days before transplantation. The mice that received splenocytes from the syngeneic
(B6D2F1) mice did not develop the disease and were considered the control group. Fullerol (10 mg/Kg in 100 ml of PBS, i.p.) was given to theWTmice 30
minutes before the transplantation and every 48 hours thereafter during the 28 days of the experiment (period during which all of the animals from the GVHD
group died). After the induction of GVHD, the mice were monitored every 2 d for survival (A), GVHD clinical scores (B) and body weight (C). The results are
shown as the mean ± SEM, and the number of animals was as follows: Control group (●, n = 5); GVHD group (▲, n = 6); fullerol group (■, n = 6). * and #
P< 0.05 compared with the control and GVHD groups, respectively.

doi:10.1371/journal.pone.0123004.g001
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undesired effects in the mice, the animals without experimental GVHD were treated with full-
erol for 20 days. Our results show that the nanocomposite had no effect on body weight and
the survival of the mice (data not shown).

Treatment with the fullerol ameliorates GVHD-related hepatic damage
Because the partial body irradiation GVHDmodel allowed a more detailed evaluation of the
clinical signs of GVHD due to the reduced severity of the disease, the next experiments were
performed in this model. Liver sections were processed at days 10 and 20 after the transplant,
which corresponded to the onset of clinical signs and the mortality phase, respectively. At day
10, the GVHD group had a modest inflammatory cell infiltrate and some degenerative signs in
the parenchyma and the periportal areas, and the fullerol treatment did not modify these pa-
rameters (data not shown). However, at day 20 after the transplantation, the GVHD group
showed significant liver injury throughout the liver parenchyma and increased inflammatory
infiltration mainly in the periportal areas (Fig 2B). Moreover, vasodilatation, hepatocyte necro-
sis and diffuse vacuolization were observed in this group (Fig 2B). In contrast, the fullerol
group had lower hepatic histopathological scores (Fig 2A). This was characterized by a signifi-
cant reduction in the observable degenerative process and infiammatory cell accumulation
compared with the GVHD group (Fig 2B–2D). There were no histopathological changes in the
control group at any time point. In addition, we quantified the accumulation of macrophages
and neutrophils by the activity of N-acetyl-β-D-glucosaminidase (NAG) and myeloperoxidase
(MPO), respectively. The GVHD group had increased macrophage and neutrophil

Fig 2. Fullerol treatment reduces hepatic injury in mice with experimental GVHD.GVHDwas induced
by the transfer of splenocytes from semi allogeneic C57BL/6J donors to B6D2F1 mice. Fullerol (10 mg/Kg in
100 ml of PBS, i.p.) was given to the B6D2F1 mice 30 min before transplantation and every 48 hours
thereafter during the entire duration of the experiments. The mice that received splenocytes from the
syngeneic (B6D2F1) mice did not develop the disease and were considered the control group. After the
induction of GVHD, the mice were killed and the liver sampled for histopathological analysis and scoring at 20
days post-transplantation (A). Histological aspects of the H&E-stained liver sections in the control, GVHD,
and fullerol treated mice, respectively (B-D). The scale bar = 50 μm for all the panels. The results are
presented as the mean ± SEM (n = 6); * and #, P< 0.05 when compared with the control and GVHD
groups, respectively.

doi:10.1371/journal.pone.0123004.g002
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accumulation compared with the control group at days 10 and 20 after the transplant (Fig 3A–
3D). The fullerol treatment significantly reduced the accumulation of these cells at 20 days
(Fig. 3B–3D).

Treatment with fullerol decreased the levels of inflammatory mediators in
the livers of mice with experimental GVHD
In agreement with results described above, at day 10 after the transplant, there was no differ-
ence between the levels of TNF-α, IFN-γ, CCL2, CCL3 and CCL5 in the mice with experimen-
tal GVHD regardless of whether they received treatment with fullerol (data not shown). At day
20, the treatment with fullerol reduced the levels of TNF-α, IFN-γ, CCL2, CCL3 and CCL5 to
background levels (Fig 4A–4E).

The levels of ROS in the livers of the mice with experimental GVHD were increased on day
20. However, treatment with fullerol significantly reduced the levels of ROS (Fig 4F).

Fig 3. Fullerol treatment decreased the accumulation of leukocytes in the liver at 20 days after
transplant.GVHDwas induced by the transfer of splenocytes from semi allogeneic C57BL/6J donors to
B6D2F1 mice. Fullerol (10 mg/Kg in 100 ml of PBS, i.p.) was given to the B6D2F1 mice 30 min before
transplantation and every 48 hours thereafter during the entire duration of the experiments. The mice that
received splenocytes from the syngeneic (B6D2F1) mice did not develop the disease and were considered
the control group. Liver samples were collected 10 and 20 days after transplantation, and the accumulation of
macrophages and neutrophils was analyzed in this tissue through the activity of N-acetyl-β-D-
glucosaminidase (NAG) and myeloperoxidase (MPO), respectively. The relative numbers of macrophages
10 days (A) and 20 days (B) after transplantation are shown. The relative numbers of neutrophils 10 days (C)
and 20 days (D) after transplantation are shown. The results are presented as the mean ± SEM (n = 6), * and
#P< 0.05 compared with the control and GVHD groups, respectively.

doi:10.1371/journal.pone.0123004.g003
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Treatment with fullerol prevents bacterial translocation and intestinal
injury in mice with experimental GVHD
Bacterial translocation aggravates GVHD and can result in sepsis and patient death [25, 26]. At
day 20, the numbers of bacterial colony forming units (CFUs) in the peritoneal cavity, liver and
blood of the mice with experimental GVHD and treated with the fullerol were significantly re-
duced compared with the untreated mice (Fig 5A–5C). The reduced bacterial translocation in
the mice with experimental GVHD and treated with the fullerol correlated with the preservation
of the intestinal parenchyma. Indeed, there was a reduced infiammatory infiltrate, a milder
edema in the lamina propria and the preservation of the muscular and serous layers, as well as a
significant decreased in the degenerative process compared with the GVHD group (Fig 5D–5G).

Treatment with fullerol decreased the GVHD but did not interfere with the
GVL response in mice
Allogeneic hematopoietic stem cell transplantation is the main therapy used to eliminate hema-
tological diseases by graft-versus-leukemia (GVL) activity by donor T-cells [1]. To verify
whether fullerol interfered in the GVL response, graft versus host disease was induced by a
transfer of allogeneic splenocytes from the C57BL/6J to recipient B6D2F1 mice. The control
group received a transfer of syngeneic splenocytes from the B6D2F1 mice. The mice with ex-
perimental GVHD were treated with vehicle alone or with the fullerol. To verify the GVL re-
sponse, the GVHDmice were injected with 104 GFP+P815 cells immediately after the
splenocyte transplantation (day 0). One group of the GVHDmice that received the GFP+P815
cells had been treated with fullerol. Finally, to verify the viability of the P815 cells, one group of
the mice received only the P815 injection in the absence of experimental GVHD. The mice
were monitored every 2 d for survival.

There were no deaths in the control group (mice that did not receive tumor cells and did
not develop GVHD). The GVHD group that had not received the fullerol treatment (GVHD

Fig 4. Fullerol reduces the concentration of cytokines, chemokines and reactive oxygen species in
the liver.GVHDwas induced by the transfer of splenocytes from semi-allogeneic WT or C57BL/6J donors to
B6D2F1 mice. The mice that received splenocytes from the syngeneic (B6D2F1) mice did not develop the
disease and were considered the control group. Fullerol (10 mg/Kg in 100 ml of PBS, i.p.) was given to the
WTmice 30 min before transplantation and every 48 hours thereafter during the entire duration of the
experiments. At 20 days after the induction of GVHD, the mice were killed, the concentrations of IFN-γ (A),
TNF-α (B), CCL2 (C), CCL3 (D) and CCL5 (E) in the liver were evaluated by ELISA, and the levels of reactive
oxygen species were evaluated by fluorescence units in the liver (F). The results are shown as the
mean ± SEM (n = 6). * and #P<0,05 compared with the control and GVHD groups, respectively.

doi:10.1371/journal.pone.0123004.g004
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group) died before 25 days after transplant. The mice that received only the tumor cells (P815
group) all died by day 25 after transplantation, which indicated the viability of the tumor cells.
The GVHDmice that received P815 (GVHD + P815 group) all died before 35 days after trans-
plant. Thus, the GVHDmice that received the P815 cells died from GVHD rather than from
the tumors. The fullerol treatment reduced the severity of the GVHD without interfering with
the beneficial responses of the allogeneic cells against the tumors because the mice that received
both the splenocytes and the tumor cells (GVHD + ful + P815) had a survival rate (71,4%) sim-
ilar to the fullerol-treated mice that received only the splenocytes (80%) (GVHD+ful) (Fig 6A).
In addition, there was a marked increase in the frequency of P815 in lymphoid organs (inguinal
and mesenteric lymph node and spleen) of mice that were not subjected to GVHD (P815

Fig 5. Fullerol treatment was associated with the inhibition of bacterial translocation and intestinal
injury.GVHDwas induced by the transfer of splenocytes from semi allogeneic C57BL/6J donors to B6D2F1
mice. Fullerol (10 mg/Kg in 100 ml of PBS, i.p.) was given to the B6D2F1 mice 30 min before transplantation
and every 48 hours thereafter during the entire duration of the experiments. The mice that received
splenocytes from the syngeneic (B6D2F1) mice did not develop the disease and were considered the control
group. At Day 20 after transplant, the mice were sacrificed and bacterial translocation to the peritoneal cavity
(A), blood (B), and liver (C) were quantified. The small intestine samples were also removed for
histopathological analysis (D). The histological aspects of the H&E-stained small intestine sections in control,
GVHD, and fullerol treated mice, respectively (E-G) The scale bar = 50 μm for all the panels. Control group
(n = 5); GVHD group (n = 6); and fullerol group (n = 6). * and # P< 0.05 compared with the control and GVHD
groups, respectively.

doi:10.1371/journal.pone.0123004.g005

Nanocomposite Reduces Disease and Lethality in Murine GVHD

PLOSONE | DOI:10.1371/journal.pone.0123004 April 13, 2015 10 / 16



group). In contrast, in mice subjected to GVHD there was a reduced frequency of GFP+P815
tumor cells in lymphoid organs, suggesting that there was a GVL effect. Treatment with fullerol
also decreased the frequency of GFP+P815 tumor cells, suggesting that fullerol did not affect
GVL (Fig 6B). These results support our hypothesis that mice not subjected to GVHD

Fig 6. Fullerol treatment does not interfere with GVL in mice with experimental GVHD.GVHD was
induced by the transfer of splenocytes from allogeneic (C57BL/6J) donors to B6D2F1 mice. GFP+P815 cells
were injected i.v. into the B6D2F1 recipients on day 0 of transplantation. The mice that received splenocytes
alone from the syngeneic (B6D2F1) mice did not develop the disease and were considered the control group.
The P815 group received the GFP+P815 cells alone and the other groups received splenocytes from the
allogeneic (C57BL/6J) donors and the GFP+P815 cells. Fullerol (10 mg/Kg in 100 ml of PBS, i.p.) was given
to theWTmice 30 min before transplantation and every 48 hours thereafter during the entire duration of the
experiments. After the induction of GVHD, the mice were monitored every 2 d for survival (A). The results are
shown as the mean ± SEM (n = 6). In other experiment, GFP+P815 cells were evaluated in lymphoid organs
by confocal microscopy (B). Arrows show GFP+P815. 60x. The scale bar: GVHD = 62 μm; P815 = 62 μm;
GVHD + P815 = 80 μm and GVHD + P815 + ful = 80 μm. Red arrows show GFP+P815 tumor cells. * and #
P<0,05 compared with the control and GVHD groups, respectively.

doi:10.1371/journal.pone.0123004.g006
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(transplant syngenic) died because of development of tumor and those subjected to allogenic
transplant died because of GVHD.

Discussion
Herein, we provide evidence for the application of fullerol in the treatment of murine GVHD.
The major findings of the current study can be summarized as follows: 1) Fullerol treatment
ameliorated the clinical signs of GVHD and improved survival; less hepatic damage was associ-
ated with decreased hepatic levels of TNF-α and IFN-γ and chemokines, including CCL2,
CCL3 and CCL5, reactive oxygen species, and leukocyte accumulation was reduced in the mice
with experimental GVHD that were treated with fullerol. 2) Amelioration of the GVHD after
treatment with fullerol was also associated with reduced intestinal lesions and consequently re-
duced bacterial translocation. 3) Finally, the fullerol treatment alleviated the GVHD without
impairing the beneficial effects of the graft against a leukemia cell line (GFP+ P815).

In our model, treatment with fullerol prevented death in the mice with experimental
GVHD. The survival was associated with less injury in the liver. Hepatic dysfunction is a com-
mon complication of graft-versus-host disease [27, 28]. Of note, 50% of patients with GVHD
have liver injury associated with hepatomegaly, abnormal levels of liver enzymes in the blood
and hyperbilirubinemia [29, 30]. Here, we demonstrated that treatment with fullerol decreased
liver injury. We further demonstrated that treatment with fullerol was correlated with reduced
leukocyte accumulation and decreased levels of inflammatory cytokines (IFN-γ and TNF-α)
and chemokines (CCL2, CCL3 and CCL5) in this organ. Corroborating our results, Yudoh and
collaborators [17] demonstrated that the water-soluble fullerene (C60) reduced the levels of in-
flammatory cytokines such as TNF-α in a rat model of arthritis. Some cytokines and chemo-
kines, such as IFN-γ, TNF-α, CCL2, CCL3 and CCL5, are well known to have relevant roles in
GVHD [2–5, 31, 32]. It is known that there is a correlation between high levels of IFN-γ and
TNF-α and the severity of GVHD [29, 32–34]. Chemokines such as CCL2, CCL3, and CCL5
are also important in the activation and recruitment of leukocytes to inflammatory sites and
are associated with target organ damage in GVHD [31–33]. Terwey and colleagues [35] re-
ported that the receptor for the cytokine CCL2 (CCR2) has an important role in the activation
and migration of CD8+ T cells into the intestines and liver of animals with experimental
GVHD. Therapies based on the blockade of CCL3 were effective to control murine GVHD by
minimizing the clinical signs of disease and increasing the survival rate of the animals [3]. In
2007, Choi and colleagues [2] showed that the absence of CCR1 and its interaction with its li-
gand (CCL5) was related to greater survival of the mice with GVHD, reduced clinical signs of
the disease and the reduced production of proinflammatory cytokines. Chemokines are impor-
tant for the recruitment of leukocytes to inflammatory sites and their activation. These cells
play an important role in GVHD, leading to the destruction of host tissues and the increased
production of inflammatory mediators and this process is associated with the GVHDmortality
[1, 31, 33]. Additionally, the fullerol treatment reduced the accumulation of macrophages and
neutrophils in the liver. Thus, we believe that the effect of the fullerol in on reducing the levels
of cytokine, chemokine and leukocyte accumulation in the liver become relevant to controlling
the outcome of GVHD in mice. Hepatitic GVHD usually follows cutaneous and/or intestinal
GVHD and may rapidly progress to ductopenia and deep jaundice [36].

Because fullerenes (C60) can act as an antioxidants [37–39], we investigated their effects on
the ROS production in the target organs of GVHD. The antioxidant potential that is attribut-
able to the fullerenes and their derivatives is as a result of the symmetrical and stable structure
of these compounds, which makes them excellent electron acceptors; thus, fullerenes and their
derivatives are very efficient at capturing free radicals and working as a "free radical sponge"
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[37]. Here, the capacity of fullerol to decrease ROS implies that its antioxidant effects may be
associated with the control of the inflammatory response reflected in an improvement in the
clinical signs and the increased survival of the mice with GVHD. Fullerol does not prevent re-
lease but removes ROS from the system. ROS are known to be inflammatory mediators inducer
and there is an association between increase of reactive oxygen species and production of cyto-
kines and proinflammatory chemokines [40]. Thus, reduction of proinflammatory mediators
after treatment with fullerol appears to be secondary to decrease of ROS levels in sites of
GVHD injury.

It is known that GVHD is also characterized by intestinal injury [41–44]. Intestinal injury is
associated with bacterial translocation to the liver and subsequently into the bloodstream [25,
43]. Here, we showed a reduction in the intestinal damage associated with decreased bacterial
translocation into the peritoneal cavity, blood and liver in the mice with experimental GVHD
that were treated with fullerol. The capacity of fullerol to control the bacterial translocation is
an important factor because sepsis is a major cause of death in patients with GVHD [25, 43].

Graft-versus-host disease is the main complication of hematopoietic stem cell transplanta-
tion; however, it may have significant antitumor benefits, often termed a graft-versus-leukemia
(GVL) effect. Several therapies that decrease GVHD are frequently able to reduce GVL activity,
which is the ability of donor-derived infused lymphocytes in a hematopoietic stem cell-trans-
planted patient to react against leukemic cells [44, 45]. The observation that GVL is maintained
and that initial disease (see body weight and clinical score) is similar in treated and untreated
mice suggests that the effects of fullerol is mostly on the effector phase of the immune response.
Given this, reducing GVHD while preserving the GVL effects may be an interesting therapeutic
strategy after HSCT. Of note, the fullerol treatment inhibited the GVHD but did not affect the
ability to induce the GVL response.

It is worth noting that the protective effects of the fullerol are not associated with the toxic ef-
fects because the animals without experimental GVHD that were treated with fullerol did not
show changes in weight and survival. The toxicity of the water-soluble fullerene has been the
focus of some authors [38, 46, 47]. Gharbi and collaborators [38] studied the effects of C60-pre-
treatments on acute carbon tetrachloride intoxication in rats and showed that the aqueous C60
suspensions did not have acute or subacute toxicity in rodents. In addition, the fullerol does not
exhibit appreciable toxicity, unless it is combined with ultraviolet light [39, 48].

In summary, the results presented in our study demonstrate that the fullerol treatment was
effective in reducing the inflammatory response associated with GVHD without interfering
with the graft versus leukemia response. Thus, the use of fullerol may be a promising strategy
for the treatment of GVHD and different diseases associated with a persistent inflammatory
response.

Supporting Information
S1 Fig. Fullerol reduces mortality and clinical signs in a model of severe GVHD. GVHD
was induced by the transfer of 3x107 splenocytes and 1x107 bone marrow cells from semi-alloge-
neic WT or C57BL/6J donors to the B6D2F1 mice, which had been irradiated with a high dose
for bone marrow depletion. The mice that received cells from the syngeneic (B6D2F1) mice did
not develop the disease and were considered the control group. Fullerol (10 mg/Kg in 100 ml of
PBS, i.p.) was given to theWTmice 30 min before transplantation and every 48 hours thereafter
during the twenty days of the experiment (period during which all the GVHD group animals
died). After the induction of GVHD, the mice were monitored every 2 d for survival (A),
GVHD clinical scores (B) and body weight (C). The results are shown as the mean ± SEM
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(n = 6). � and # P< 0.05 compared with the control and GVHD groups, respectively.
(TIFF)

Author Contributions
Conceived and designed the experiments: PTTB BMR DGS MGMCMMT VP. Performed the
experiments: PTTB BMR CBR TPDP ACRWAG. Analyzed the data: PTTB BMR DGS
MGMCMMT VP. Contributed reagents/materials/analysis tools: EGVMVBP. Wrote the
paper: PTTB BMR CBR TPDP ACRWAG EGVMVBP DGS MGMCMMT VP.

References
1. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet. 2009; 373 (9674): 1550–

61. doi: 10.1016/S0140-6736(09)60237-3 PMID: 19282026

2. Choi SW, Levine JE, Ferrara JL. Pathogenesis and management of graft-versus-host disease. Immu-
nol Allergy Clin North Am. 2010; 30 (1): 75–101. doi: 10.1016/j.iac.2009.10.001 PMID: 20113888

3. Castor MGM, Rezende B, Resende CB, Alessandri AL, Fagundes CT, Sousa LP, et al. The CCL3/Mac-
rophage Inflammatory Protein-1a-Binding Protein Evasin-1 Protects from Graft-versus-Host Disease
but Does Not Modify Graft-versus-Leukemia in Mice. J Immunol. 2010; 184 (5): 2646–2654. doi: 10.
4049/jimmunol.0902614 PMID: 20100934

4. Castor MGM, Rezende BM, Bernardes PTT, Vieira AT, Vieira ELM, Arantes RME, et al. PI3K-controls
leukocyte recruitment, tissue injury, and lethality in a model of graft-versus-host disease in mice. Jour-
nal of Leukocyte Biology. 2011; 89 (6): 955–964. doi: 10.1189/jlb.0810464 PMID: 21402770

5. Castor MGM, Rezende BM, Resende CB, Bernardes PTT, Cisalpino D, Vieira AT, et al. Platelet-activat-
ing factor receptor plays a role in the pathogenesis of graft-versus host disease by regulating leukocyte
recruitment, tissue injury, and lethality. Journal of Leukocyte Biology. 2012; 91 (14): 629–639.

6. Penack O, Holler E, Van den Brink MRM. Graft-versus-host disease: regulation by microbe-associated
molecules and innate immune receptors. Blood. 2010; 115 (10): 1865–1872. doi: 10.1182/blood-2009-
09-242784 PMID: 20042727

7. Schroeder MA, Di Persio JF. Mouse models of graft-versus-host disease: advances and limitations.
Disease Models & Mechanisms. 2011; 4 (3): 318–333.

8. Ferrara JL. Novel strategies for the treatment and diagnosis of graft-versus-host disease. Best Practice
& Research Clinical Hematology. 2007; 20 (1): 91–97.

9. Choi JH, Yoon H, Min CK, Choi EY. Effects of pre-conditioning dose on the immune kinetics and cyto-
kine production in the leukocytes infiltrating GVHD tissues after MHC-matched transplantation. Immune
Network. 2011; 11 (1): 68–78. doi: 10.4110/in.2011.11.1.68 PMID: 21494376

10. Jacobsohn DA, Vogelsang GB. Anti-cytokine therapy for the treatment of graft-versus-host disease.
Curr. Pharm. Des. 2004; 10 (11): 1195–1205. PMID: 15078135

11. Kroto AW, Heath JR, O’Brien SC, Smalley RE. C60: Buckminsterfullerene. Nature. 1985; 318 (14):
162–163.

12. Roberts JE, Wielgus AR, BoyesWK, Andley U, Chignell CF. Phototoxicity and Cytotoxicity of Fullerol in
Human Lens Epithelial Cells. Toxicol Appl Pharmacol. 2008; 228 (1): 49–58. doi: 10.1016/j.taap.2007.
12.010 PMID: 18234258

13. Dugan LL, Lovett KL, Quick J, Lotharius TT, O'Malley KL. Fullerene-based antioxidants and neurode-
generative disorders. Parkinsonism Relat Disord. 2001; 7 (3): 243–246. PMID: 11331193

14. Injac R, Perse M, Obermaje N, Djordjevic-Millic V, Prijatelj M, Djordjevic A, et al. Potential hepatopro-
tective effects of fullerenol C60(OH)24 in doxorubicin-induced hepatotoxicity in rats with mammary car-
cinomas. Biomaterials 2008; 29 (24–25): 3451–3460.

15. Injac R, Perse M, Cerne M, Nejca P, Radic N, Govedarica B, et al. Protective effects of fullerenol C60
(OH)24 against doxorubicin-induced cardiotoxicity and hepatotoxicity in rats with colorectal cancer. Bio-
materials. 2009; 30 (6): 1184–1196. doi: 10.1016/j.biomaterials.2008.10.060 PMID: 19046599

16. Quick KL, Ali SS, Arch R, Xiong C, Wozniak D, Dugan LL. A carboxyfullerene SODmimetic improves
cognition and extends the lifespan of mice. Neurobiol Aging. 2008; 29 (1): 117–128. PMID: 17079053

17. Yudoh k, Karasawa R, Masuko K, Kato T. Water-soluble fullerene (C60) inhibits the development of ar-
thritis in the rat model of arthritis. International Journal of Nanomedicine. 2009; 4: 217–225. PMID:
19918368

Nanocomposite Reduces Disease and Lethality in Murine GVHD

PLOSONE | DOI:10.1371/journal.pone.0123004 April 13, 2015 14 / 16

http://dx.doi.org/10.1016/S0140-6736(09)60237-3
http://www.ncbi.nlm.nih.gov/pubmed/19282026
http://dx.doi.org/10.1016/j.iac.2009.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20113888
http://dx.doi.org/10.4049/jimmunol.0902614
http://dx.doi.org/10.4049/jimmunol.0902614
http://www.ncbi.nlm.nih.gov/pubmed/20100934
http://dx.doi.org/10.1189/jlb.0810464
http://www.ncbi.nlm.nih.gov/pubmed/21402770
http://dx.doi.org/10.1182/blood-2009-09-242784
http://dx.doi.org/10.1182/blood-2009-09-242784
http://www.ncbi.nlm.nih.gov/pubmed/20042727
http://dx.doi.org/10.4110/in.2011.11.1.68
http://www.ncbi.nlm.nih.gov/pubmed/21494376
http://www.ncbi.nlm.nih.gov/pubmed/15078135
http://dx.doi.org/10.1016/j.taap.2007.12.010
http://dx.doi.org/10.1016/j.taap.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18234258
http://www.ncbi.nlm.nih.gov/pubmed/11331193
http://dx.doi.org/10.1016/j.biomaterials.2008.10.060
http://www.ncbi.nlm.nih.gov/pubmed/19046599
http://www.ncbi.nlm.nih.gov/pubmed/17079053
http://www.ncbi.nlm.nih.gov/pubmed/19918368


18. Dordevich A, Bogdanovich G. Fullerenol-a new nanopharmaceutic? Arch Oncol. 2008; 16 (3–4): 42–
45.

19. Alves GC, Ladeira LO, Righi A, Krambrock K, Calado HD, Gil RPF, et al. Synthesis of C60(OH)18-20 in
Aqueous Alkaline Solution Under O2-Atmosphere. J. Braz. Chem. Soc. 2006; 17 (6): 1186–1190.

20. Husebo LO, Sitharaman B, Furukawa K, Kato T, Wilson LJ. Fullerenols Revisited as Stable Radical
Anion. Journal of the American Chemical Society. 2004; 126 (38): 12055–12064. PMID: 15382940

21. Sardenberg RB, Teixeira CE, Pinheiro M, Figueiredo JMA. Nonlinear Conductivity of Fullerenol Aque-
ous Solutions. ACS Nano. 2011; 25, 5 (4: ): 2681–2686

22. Barcelos LS, Talvani A, Teixeira AS, Cassali GD, Andrade SP, Teixeira MM. Production and in vivo ef-
fects of chemokines CXCL1-3/KC and CCL2/JE in a modelo of inflammatory angiogenesis in mice.
Inflamm. Res. 2004; 53 (10): 576–584. PMID: 15597153

23. Souza DG, Pinho V, Cassali GD, Poole S, Teixeira MM. Effect of a BLT receptor antagonist in a model
of severe ischemia and reperfusion injury in the rat. Eur J Pharmacol. 2002; 440 (1): 61–69. PMID:
11959089

24. Amaral SS, Oliveira AG, Marques PE, Quintão JLD, Pires DA, Resende RR, et al. Altered responsive-
ness to extracellular ATP enhances acetaminophen hepatotoxicity. Cell Commun Signal. 2013; 11 (1):
2–14. doi: 10.1186/1478-811X-11-2 PMID: 23305203

25. Beelen DW, Elmaagacli A, Muller KD, Hirche H, Schaefer UW. Infiuence of intestinal bacterial decon-
tamination using metronidazole and ciprofioxacin or ciprofioxacin alone on the development of acute
graft-versus-host disease after marrow transplantation in patients with hematologic malignancies: Final
results and long-term follow-up of an open-label prospective randomized trial. Blood. 1999; 93 (10):
3267–3275. PMID: 10233878

26. Irani JL, Cutler CS, Whang EE, Clancy TE, Russel S, Swanson RS, et al. Severe acute gastro-intestinal
graft-vs.-host disease: An emerging surgical dilemma in contemporary cancer care. Arch. Surg. 2008;
143 (11): 1041–1045. doi: 10.1001/archsurg.143.11.1041 PMID: 19015460

27. Kim BK, Chung KW, Sun HS, Suh JS, Min WS, Kang CS, et al. Liver disease during the first post-trans-
plant year in bone marrow transplantation recipients: retrospective study. Bone Marrow Transplanta-
tion. 2000; 26 (2): 193–197. PMID: 10918430

28. Fuji N, Takenaka K, Shinagawa K, Ikeda K, Maeda T. Hepatic graft-versus-host disease presenting as
an acute hepatitis afterallogeneic peripheral blood stem cell transplantation. Bone Marrow Transplanta-
tion. 2001; 27 (9): 1007–1010. PMID: 11436113

29. Robb RJ, Hill GR. The interferon-dependent orchestration of innate and adaptive immunity after trans-
plantation. Blood. 2012; 119, 5351–5358. doi: 10.1182/blood-2012-02-368076 PMID: 22517908

30. Tuncer HH, Rana N, Milani C, Darko A, Al-Homsi SA. Gastrointestinal and hepatic complications of he-
matopoietic stem cell transplantation. World J. Gastroenterol. 2012; 18 (16): 1851–1860. doi: 10.3748/
wjg.v18.i16.1851 PMID: 22563164

31. Serody JS, Burkett SE, Panoskaltsis-Mortari A, Cashin JNG, McMahon E, Matsushima GK, et al. T-
lymphocyte production of macrophage inflammatory protein-1α is critical to recruitment of CD8+ T cells
to the liver, lung, and spleen during graft-versus-host disease. Blood. 2000; 96 (9): 2973–2980. PMID:
11049973

32. Bouazzaoui A, Spacenko E, Muller G, Miklos S, Huber E, Holler E, et al. Chemokine and chemokine re-
ceptor expression analysis in target organs of acute graft-versus-host disease. Genes Immun. 2009;
10 (8): 687–701. doi: 10.1038/gene.2009.49 PMID: 19571824

33. Wysocki CA, Panoskalsis-Mortari A, Blazar BR, Serody JS. Leukocyte migration and graft-versus-host
disease. Blood. 2005; 105 (11): 4191–4199. PMID: 15701715

34. El-Hayek JM, Rogers TE, Brown GR. The role of TNF in hepatic histopatological manifestations and he-
patic CD8+ T cell alloresponses in murine MHC class I disparate GVHD. J Leukocyte Biol. 2005; 78
(4): 1001–1007. PMID: 16081594

35. Terwey TH, Kim TD, Kochman AA, Hubbard VM, Lu S, Zakrzewski JL, et al. CCR2 is required for CD8-
induced graft-versus-host disease. Blood. 2005; 106 (9): 3322–3330. PMID: 16037386

36. Strasser SI, Shulma HM, Flowers ME, Reddy R, Margolis DA, PrumbaumM, et al. Chronic graft-ver-
sus-host disease of the liver: presentation as an acute hepatitis. Hepatology. 2000; 32 (6): 1265–1271:
. PMID: 11093733

37. Krusic PJ, Wasserman E, Keizer PN, Morton JR, Preston KF. Radical Reactions of C60. Science.
1991; 254 (22): 1183–1185.

38. Gharbi N, Pressac M, Hadchouel M, Szwarc H, Wilson SR, Moussa F. [60] fullerene is a powerful anti-
oxidant in vivo with no acute or subacute toxicity. Nano Lett. 2005; 5 (12): 2578–2585. PMID:
16351219

Nanocomposite Reduces Disease and Lethality in Murine GVHD

PLOSONE | DOI:10.1371/journal.pone.0123004 April 13, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/15382940
http://www.ncbi.nlm.nih.gov/pubmed/15597153
http://www.ncbi.nlm.nih.gov/pubmed/11959089
http://dx.doi.org/10.1186/1478-811X-11-2
http://www.ncbi.nlm.nih.gov/pubmed/23305203
http://www.ncbi.nlm.nih.gov/pubmed/10233878
http://dx.doi.org/10.1001/archsurg.143.11.1041
http://www.ncbi.nlm.nih.gov/pubmed/19015460
http://www.ncbi.nlm.nih.gov/pubmed/10918430
http://www.ncbi.nlm.nih.gov/pubmed/11436113
http://dx.doi.org/10.1182/blood-2012-02-368076
http://www.ncbi.nlm.nih.gov/pubmed/22517908
http://dx.doi.org/10.3748/wjg.v18.i16.1851
http://dx.doi.org/10.3748/wjg.v18.i16.1851
http://www.ncbi.nlm.nih.gov/pubmed/22563164
http://www.ncbi.nlm.nih.gov/pubmed/11049973
http://dx.doi.org/10.1038/gene.2009.49
http://www.ncbi.nlm.nih.gov/pubmed/19571824
http://www.ncbi.nlm.nih.gov/pubmed/15701715
http://www.ncbi.nlm.nih.gov/pubmed/16081594
http://www.ncbi.nlm.nih.gov/pubmed/16037386
http://www.ncbi.nlm.nih.gov/pubmed/11093733
http://www.ncbi.nlm.nih.gov/pubmed/16351219


39. Da Rocha AM, Ferreira JR, Barros DM, Pereira TCB, Bogo MR, Oliveira S, et al. Gene expression and
biochemical responses in brain of zebrafish Danio rerio exposed to organic nanomaterials: Carbon
nanotubes (SWCNT) and fullerenol (C60(OH)18-22(OK4)). Comp Biochem Physiol A Mol Integr Phy-
siol. 2013; 165 (4): 460–467. doi: 10.1016/j.cbpa.2013.03.025 PMID: 23542748

40. Bao S, Carr EDJ, Xu YH, Hunt NH. Gp91phox contributes to the development of experimental inflam-
matory bowel disease. Immunology and Cell Biology. 2011; 89: 853–860. doi: 10.1038/icb.2011.4
PMID: 21321580

41. Beelen DW, Haralambie E, Brandt H, Linzenmeier G, Muller KD, Quabeck K, et al. Evidence that sus-
tained growth suppression of intestinal anaerobic bacteria reduces the risk of acute graft-versus-host
disease after sibling marrow transplantation. Blood. 1992; 80 (10): 2668–2676. PMID: 1421380

42. Beelen DW, Elmaagacli A, Muller KD, Hirche H, Schaefer UW. Influence of intestinal bacterial decon-
tamination using metronidazole and ciprofloxacin or ciprofloxacin alone on the development of acute
graft-versus-host disease after marrow transplantation in patients with hematologic malignancies: Final
results and long-term follow-up of an open-label prospective randomized trial. Blood. 1999; 93 (10):
3267–3275. PMID: 10233878

43. Irani JL, Cutler CS, Whang EE, Clancy TE, Russell S, Swanson RS, et al. Severe acute gastrointestinal
graft-vs-host disease an emerging surgical dilemma in contemporary cancer care. Arch Surg. 2008;
143 (11): 1041–1045. doi: 10.1001/archsurg.143.11.1041 PMID: 19015460

44. Rezende BM, Bernardes PTT, Resende CB, Arantes RME, Souza DG, Braga FC, et al. (2013)
Lithothamnion muelleri Controls Inflammatory Responses, Target Organ Injury and Lethality Associat-
ed with Graft-versus-Host Disease in Mice. Mar. Drugs. 2013; 11 (7): 2595–2615. doi: 10.3390/
md11072595 PMID: 23873335

45. Vago L, Toffalori C, Ciceri F, Fleischhauer K. Genomic loss of mismatched human leukocyte antigen
and leukemia immune escape from haploidentical graft-versus-leukemia. Semin Oncol. 2012; 39 (6):
707–715. doi: 10.1053/j.seminoncol.2012.09.009 PMID: 23206847

46. Trpkovic A, Markovic BT, Trajkovic V. Toxicity of pristine versus functionalized fullerenes: mechanisms
of cell damage and the role of oxidative stress. Arch Toxicol. 2012; 86 (12): 1809–1827. doi: 10.1007/
s00204-012-0859-6 PMID: 22562437

47. Baati T, Bourasset F, Gharbi N, Njim L, Abderrabba M, Kerkeni A, et al. The prolongation of the lifespan
of rats by repeated oral administration of [60]fullerene. Biomaterials. 2012; 33 (19): 4936–4946. doi:
10.1016/j.biomaterials.2012.03.036 PMID: 22498298

48. Britto RS, Garcia ML, Rocha MA, Flores JA, Pinheiro BMV, Monserrat JM, et al. Effects of carbon nano-
materials fullerene C60 and fullerol C60(OH)18 22 on gills of fish Cyprinus carpio (Cyprinidae) exposed
to ultraviolet radiation. Aquatic Toxicology. 2012; 114–115: 80–87.

Nanocomposite Reduces Disease and Lethality in Murine GVHD

PLOSONE | DOI:10.1371/journal.pone.0123004 April 13, 2015 16 / 16

http://dx.doi.org/10.1016/j.cbpa.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23542748
http://dx.doi.org/10.1038/icb.2011.4
http://www.ncbi.nlm.nih.gov/pubmed/21321580
http://www.ncbi.nlm.nih.gov/pubmed/1421380
http://www.ncbi.nlm.nih.gov/pubmed/10233878
http://dx.doi.org/10.1001/archsurg.143.11.1041
http://www.ncbi.nlm.nih.gov/pubmed/19015460
http://dx.doi.org/10.3390/md11072595
http://dx.doi.org/10.3390/md11072595
http://www.ncbi.nlm.nih.gov/pubmed/23873335
http://dx.doi.org/10.1053/j.seminoncol.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23206847
http://dx.doi.org/10.1007/s00204-012-0859-6
http://dx.doi.org/10.1007/s00204-012-0859-6
http://www.ncbi.nlm.nih.gov/pubmed/22562437
http://dx.doi.org/10.1016/j.biomaterials.2012.03.036
http://www.ncbi.nlm.nih.gov/pubmed/22498298


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


