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In view of the broad potential biomedical applications of carbon nanotubes (CNTs) different studies were
performed to assess their effect on the immune system. However, the work performed to date was able
to give a restricted view looking only at some activation markers and cytokine expression. The immune
system is rarely limited to few molecule interactions being instead always a balance of switching several
genes on and off. Whole genome expression (microarray) is a technology able to give the full picture on
genome expression. Here we describe a microarray genome-wide study on Jurkat cells, a T lymphocyte
cell line, and THP1, a monocytic cell line, representative of both types of immune response, the adaptive
and innate, respectively. Since any structure or molecule modification may lead to very different immune
reactions, we treated the two cell lines with four types of functionalized multi-walled CNTs that differ in
terms of functionalization and diameter. After having assessed the internalization and the lack of toxicity
of CNTs in both cell types, we used the Affymetrix technology to analyze the expression of about 32,000
transcripts. Three of the tested nanotubes (i.e., ox-MWCNT-1, ox-MWCNT-NHþ

3 -1, and ox-MWCNT-
NHþ

3 -2) activated immune-related pathways in monocytes but not in T cells. In view of these char-
ateristics they were named as monocyte activating CNTs (MA-CNTs). Molecular pathways upregulated by
MA-CNTs included IL6, CD40, dendritic cell maturation, tumor necrosis factor-(TNF)-a/TNFR1-2, NFKB
signaling and T helper 1 chemokine pathways (CXCR3 and CCR5 ligand pathways). These pathways are
commonly activated during acute inflammatory processes as those associated with immune-mediated
tumor rejection and pathogen clearance. One of them (i.e., ox-MWCNT-2) downregulated genes asso-
ciated with ribosomal proteins in both monocytes and T cells. We validated our findings at gene
expression level by performing real-time PCR assessing the most highly modulated genes in monocytes.
To confirm the results at protein level, the secretion of IL1b, TNFa, IL6 and IL10 by THP1 and primary
monocytes was assessed by ELISA, corroborating gene-expression data. Our results provide new insights
into the whole gene expression modulation by different CNTs on immune cells. Considering the well
known drug carrier ability of CNTs, our findings demonstrate that MA-CNTs here behave as cell specific
immunostimulatory systems, giving very interesting future perspectives for their application also as
immunotherapeutic agents and/or vaccine adjuvants.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

In medicine, nanotechnology represents a promising strategy to
identify new solutions to unsolved diseases and diagnostic prob-
lems. In the last few years, great expectations were placed into
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functionalized carbon nanotubes (f-CNTs). Although non-
functionalized (pristine) CNTs are highly cytotoxic, their function-
alization allows enhancing solubility in water with consequent
enhancement of their biocompatibility [1]. f-CNTswere successfully
investigated by us and others for several biomedical applications
such as drug carriers [2e9], particularly for antisense oligonucleo-
tide delivery against PTPN22 [10](a key gene for autoimmune dis-
ease [11]), as potential agent for kidney tumors treatment [12], and
as scaffolds able to increase neuronal performance [13]. In addition,
we recently described that functionalized CNTs could be potentially
used as injectable ultrasound contrast agent [14]. Considering that
therapeutic and diagnostic applications of CNTs would need a sys-
temic administration, it is extremely important to be aware of their
effect on peripheral immune cells, which are the first target
encountered soon after their administration. A number of studies in
the last few years have been aimed at understanding the possible
impact of carbon nanotubes on the immune system [15e20]. Very
little information is available about the global biological effect of on
human immune cells [21]. In fact, studies performed so far were
focused on few classic parameters of immune response such as
activation markers and cytokines [15e22]. Even though these ap-
proaches can elucidate the effect of CNTs on specific immune mol-
ecules, they do not provide reliable insight into the global effect and
could miss the full picture of CNT interactions. Similar consider-
ations were also made on other nanomaterials [23]. The immune
system is always a balance of switching genes on and off. Thewhole-
genome gene expression profiling can detect modification of thou-
sands of genes simultaneously. To our knowledge, no studies have
investigated so far the effect of functionalized CNTs by this approach
on human immune cells. Microarray technologywas employed only
by Chou et al. to study the effect of a single type of non-
functionalized single-walled carbon nanotubes (SWCNTs) on
THP1-derived macrophages showing substantial cytotoxicity [24].

In a previous study we screened the effect of a wide variety of f-
CNTs on the major populations of immune cells by classical acti-
vation assays, showing that some of them were able to boost the
immune response in human primary monocytes (i.e. enhancement
of IL6 release and over-expression of CD25) [22]. Importantly, we
did not detect any cytotoxic effect for all the tested f-CNTs. The aim
of the present investigation was to assess whether different CNT
functionalizations and diameters could determine distinct molec-
ular changes on immune cells. Here, we took advantage of micro-
array technology to investigate transcriptomic changes induced by
four different f-CNTs in human immune cells. THP1, a monocytic
cell line, and Jurkat cells, a T lymphocyte cell line, were selected as
innate and adaptive immune-cell models, respectively. Data were
validated by real-time PCR of selected genes. ELISA of critical sol-
uble factors expressed by monocytes following CNT exposure was
also performed on primary isolated human cells.
2. Material and methods

2.1. Carbon nanotubes

The first type of purified MWCNTs was purchased from NanoAmor (Nano-
structured & Amorphous Materials Inc., Houston, USA). MWCNTs used in this study
were 95% pure (stock No. 1240XH). Outer average diameter is between 20 and
30 nm, and length between 0.5 and 2 mm before oxidative treatment. These nano-
tubes were used to synthesize functionalized MWCNTs of type 1 as reported in
Ref. [20] (see Fig. S1 for their structures). The second type of nanotubeswas obtained
from Nanocyl (Sambreville, Belgium) (Thin MWCNT 95% C purity, Nanocyl 3100�,
batch n� 071119). The average diameter and length are 9.5 nm and 1.5 mm respec-
tively. These nanotubes were used to prepare functionalized MWCNTs of type 2 as
reported in Ref. [20] (see Fig. S1 for their structures). Characterization of the
different functionalized MWCNTs was previously reported [22].

CNTs were homogeneously dispersed at 1 mg/ml in sterile ultrapure water.
Initially, CNTs were sonicated 45 minwith a Branson 3200 water bath sonicator and
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vortexed for a few seconds. An additional sonication was performed for 15 min
before each experiment.

2.2. Cell cultures

Jurkat cells (a T cell line), THP1 cells (a monocytic cell line) and isolated human
primary monocytes were cultured in RPMI 1640 medium containing 1% antibiotic-
antimycotic mixture and 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen).

Human primary cells were obtained from informed healthy male donors (25e50
years old). Cell separation and experiments were performed immediately after
blood drawing. Peripheral blood mononuclear cells (PBMCs) were isolated from
fresh heparinized blood by FicollePaque PLUS (GE Healthcare) density gradient
centrifugation. The experiments were performed on cells from at least 3 different
donors. Monocytes were isolated from PBMCs to assess cytokine secretion. Briefly,
PBMCs (5 � 105 cells) were incubated in a 48 well plate in RPMI. After 24 h,
monocytes attached to the bottom of the wells were washed 6 times with RPMI
without FBS. Cells were then incubated in RPMI with the different MWCNTs (100 mg/
ml) or left untreated; supernatants were collected after 24 h. For multiple cytokines
secretion assay THP1 cells were centrifuged at 1200 rpm for 10 min.

2.3. MWCNT uptake assay

Cells were incubated in a 48 well plate (7 � 105 cells/well) with increasing
amounts of fluorescently labeled MWCNTs (MWCNT-FITC 1 and 2) (1, 10, 100 mg/ml)
for 24 h. Cells were then washed in PBS. Flow cytometry measurements were per-
formed using a FACSCalibur� and analyzed with CELLQuest software (BD Bio-
sciences). Cell fluorescence was measured after washing with 0.4% (w/v) trypan blue
to quench fluorescein signal from non internalized CNTs as previously reported [25].

2.4. Apoptosis and necrosis assay

To detect cells undergoing apoptosis and necrosis, Annexin-V FITC and propi-
dium iodide staining were employed. The assay is based on the binding of Annexin V
to phosphatidylserines (PS) found on the extracellular side of membrane in early
apoptotic cells and propidium iodide ability to cross the cell membrane of dead cells.
Cells were incubated for 24 h withMWCNTs (100 mg/ml) or left untreated. Jurkat and
THP1 cells were then collected and washed with PBS pH 7.2. Staining was performed
for 20 min in the dark. After washing, cells were analyzed by flow cytometry.

2.5. RNA analysis and microarrays

Total RNA was extracted using the TriZol reagent (TriZol, Invitrogen, Carlsbad,
CA, USA) and further purified using the RNAeasy mini kit following the RNA cleanup
protocol as indicated by the manufacturer (Qiagen, Valencia, CA, USA). RNA purity
was assessed by spectrophotometric analysis and integrity by microfluidic molec-
ular sizing using the Bioanalyzer 2100 (Agilent). Samples with RIN (RNA Integrity
Number) < 8 were discarded and not used in the gene expression analysis. One
microgram of total RNA was converted in cRNA and labeled as described in the
Affimetrix GeneChip� Whole Transcript (WT) Sense Target Labeling Assay Manual.
We made use of the Affymetrix technology to analyze the expression of 32,020
RefSeq coding transcript with well-established annotations, using the Human Gene
1.0 ST Array (Affymetrix, Santa Clara, CA, USA) following standard protocols.
Hybridised Genechips were processed as previously described [26,27]. Experiments
were performed in triplicate.

2.6. Real-time PCR

Real-time PCR was performed as follows: 1 mg of total RNA was reverse tran-
scribed using the superscript II reverse transcription kit (Invitrogen) following
standard protocols. The cDNA reaction (20 ml) was brought to a 100 ml volume with
H2O and 1 ml used for each PCR reaction. Real-time PCRwas performed on an Applied
Biosystems 7300 thermal cycler, using the Applied Biosystems real-time PCR master
mix without UNG and the following premade Taqman gene expression assays:
GAPDH Hs99999905_m1 and ACTB Hs99999903_m1 as housekeeping genes,
TNFAIP3Hs00234713_m1, TNFAIP6Hs01113602_m1, ICAM1Hs00164932_m1,NFkB1
Hs00765730_m1, CCL4 Hs01031494_m1, CXCL11 Hs00171138_m1, IL1B
Hs01555410_m1. All experiments were performed in triplicate. Gene expression
measurements were computed by the DcT method [28].

2.7. Multiplex cytokine analysis

Cell culture supernatants from THP1 cells and isolated human primary mono-
cytes were used to quantify the production of cytokines using a MILLIPLEX MAP 5-
plex Cytokine Kit (HCYTOMAG-60K -05, Millipore, Billerica, MA), according to
manufacturer’s protocol. The following human cytokines were measured: IL1b,
TNFa, IL6, and IL10. Briefly, supernatants were centrifuged for 10 min to remove
debris and 25 ml were added to 25 ml of assay buffer. Then, 25 ml of magnetic beads
coated with specific antibodies were added to this solution and incubated for 2 h
under shaking. At the end of the incubation, the plate was washed twice in buffer
rbon nanotubes as immunomodulator systems, Biomaterials (2013),
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and incubated for 1 h with 25 ml of a secondary biotinylated antibody at room
temperature. Then, the plate was incubated for 30 min with Streptavidine
Phycoerythrin, washed twice, and incubated with 150 ml of sheath fluid for 5 min.
The platewas observed immediately on a Luminex� 100�/200� platform (Luminex
Corporation) with xPONENT 3.1 software. Standard curves for each cytokine (in
duplicate) were generated by using the supplied reference cytokine concentrations.
Cytokine/chemokine concentrations in the samples were determined with a 5-
parameter logistic curve. Final concentrations were calculated from the mean
fluorescence intensity and expressed in pg/ml. The assaywas performed in a 96-well
plate, using all the assay components provided in the kit. All incubation steps were
performed at room temperature and in the dark.

2.8. Statistical analysis

Statistical analyses for real-time and multiple cytokine assay were performed
using Student’s t-test. Data indicated with a star were considered statistically sig-
nificant (two-side p value < 0.05). Data are presented as mean � SD (N ¼ 3). FACS
results are representative of one experiment out of at least 3 different incubations
for each sample. Multiplex ELISA tests on isolated human primary monocytes were
performed in samples from at least 3 different donors. Gene expression measure-
ments were extracted and normalized from CEL files using the RMA algorithm
implemented in Affymetrix Expression Console. The same software was used for QC
analysis of the genechips. Statistical analysis and visualization of gene expression
data were performed using BRBArrayTools, developed by R. Simon and the BRBAr-
rayTools Development Team [29]. To define the gene expression changes induced by
the different CNTs we computed the probability of genes being differentially
expressed between the classes using the random variance t test as implemented in
BRBArrayTools. Genes were considered statistically significant if p < 0.001. Per gene
false discovery rate was computed using the method of Benjamini and Hochberg
[30]. Significant geneswere clustered and displayed as heatmap using the clustering
tool in BRB ArrayTools. These genes were uploaded to Ingenuity Pathway Analysis
and analyzed for over-representation of functional categories. Gene expression data
was overlaid to significant canonical pathways and visualized as network graph (see
Fig. S2). Moreover data interpretationwas carried out using the key online resources
and tools in biomarkers research [31].

3. Results

In order to investigate the genome modulation on innate and
adaptive immune cells by functionalized CNTs we used a series of
Fig. 1. Numbers of affected transcripts. a) Total numbers of up- or down-regulated transcri
MWCNTs (p-value <0.001, fold change>1.5). b) Venn diagrams for T cells and monocytes repo
Venn diagram is divided in four areas, one for each type of MWCNTs. Overlapping areas in
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MWCNTs differing in terms of both functional groups and diameter
(Fig. S1). MWCNTs of type 1 are thicker with a diameter between 20
and 30 nm and an average length of 403 nm,whileMWCNTs of type
2 have a smaller diameter (9.5 nm) and an average length of 396 nm
[22]. Nanotubes were initially oxidized to obtain ox-MWCNT-1 and
ox-MWCNT-2 and further modified by 1,3-dipolar cycloaddition
reaction to ammonium-functionalized ox-MWCNT-NHþ

3 -1 and ox-
MWCNT-NHþ

3 -2. Fluorescently labeled nanotubes (ox-MWCNT-
FITC-1 and ox-MWCNT-FITC-2) used to assess cell internalization
were prepared by coupling the ammonium functions of ox-
MWCNT-NHþ

3 -1 and ox-MWCNT-NHþ
3 -2 with fluorescein isothio-

cyanate (Fig. S1) [20].
Because we wanted to observe the possible impact on genome

expression of MWCNTs when they are internalized into cells, we
first investigated the uptake of MWCNTs by Jurkat T and monocyte
THP1 cells (Fig. S3). Both types of MWCNTs were internalized in a
dose dependent manner with a plateau at 100 mg/ml. The uptake of
the smaller diameter ox-MWCNT-FITC-2 appears to be facilitated
already at low concentrations. These results led us to choose a
working concentration of 100 mg/ml CNTs for the following exper-
iments. Twenty-four hours of incubation was fixed as the best time
point to see a possible modulation of genes correlated with im-
mune responses.

Because we wanted to perform the genome-wide study in ideal
viability conditions, we first performed a necrosis and apoptosis
assay (Fig. S4). All MWCNTs tested were proved to be non toxic.
Therefore, incubations for the microarray analyses were conducted
at 100 mg/ml concentration. Treating immune cells with carbon
nanotubes did not induce profound gene expression alteration, at
the concentration used. However, a number of transcripts changed
in their expression levels following MWCNT treatment (Fig. 1a). We
reported a significant change in 74 transcripts in T cells and in 328
in THP1monocytes. In both types of cells the major impact was due
to the treatment with ox-MWCNT-2 with 47 and 212 altered
pts after incubation of the T cells and the monocytes with the different functionalized
rting the number of probe-sets modulated in response to MWCNT administration. Each
dicate the number of transcripts commonly changed in their expression level.

bon nanotubes as immunomodulator systems, Biomaterials (2013),



Fig. 2. Gene expression analysis. Heat map of the 74 transcripts modulated in T cells.
Genes differentially expressed under the different conditions were clustered and dis-
played as heat map where individual elements of the plot are colored by their stan-
dardized expression values (red ¼ high expression, green ¼ low expression). Gene-
expression values used for the heat map were obtained as the mean of triplicate ex-
periments. Heat map was obtained by merging the three transcript lists of each
sample.
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transcripts in Jurkat and THP1 cells, respectively. We compared
changes in transcript expression induced by the four types of
MWCNTs focusing on the common changes (Fig. 1b). Our data
indicate that in T cells the effect of ox-MWCNT-2 on gene expres-
sion is distinct from that of the other CNTs, as shown by the Venn
diagram (Fig. 1b). In monocytes we observed instead different
overlapped areas. Table S1 shows the number of transcripts that
were commonly changed upon the treatment with different types
of MWCNTs. No transcripts were affected by all four CNTs. However,
ox-MWCNT-1, ox-MWCNT-NHþ

3 -1 and ox-MWCNT-NHþ
3 -2, are the

most cohesive group with 9 commonly changed transcripts. In
Table S2 we reported the list of genes that were affected after
treatment with the differentMWCNTs in Tcells andmonocytes. The
main effect of ox-MWCNT-2 on both cell types was the modulation
of genes encoding ribosomal proteins. The scant overlap observed
between CNTs at a single gene level was at least in part due to the
stringency of statistical analysis. In order to have a more reliable
overview of the effect of each CNT in respect to the others, we
generated gene heat maps including all the genes significantly
modulated by each CNT in comparison to the controls (cells incu-
bated with medium). Fig. 2 displays the results for T cells. The heat
map shows the green area of transcripts down-expressed by ox-
MWCNT-2, where 15 out of 25 affected transcripts (more than
half of the total) code for ribosomal proteins. Fig. S5A shows the
heat map for total affected transcripts in monocytes and gives an
overview on the broad effect of CNTs in immune cells indicating
that ox-MWCNT-2 acts in a more distinct way than the other three
CNTs but with similar effect on T cells and monocytes. As displayed
in Fig. S5 (B and C, violet and blue rectangles) the modulation of
genes coding for ribosomal proteins exerted by ox-MWCNT-2 in T
cells was mirrored in monocytes. Nine transcripts correlate to the
mitochondrial ribosomal protein family and 26 are linked to ribo-
somal protein family. Part of these transcripts was down-regulated
in monocytes also by ox-MWCNT-1 (Fig. S5, blue rectangles).
Moreover,for monocytes we analyzed the upper part of Fig. S5A, a
cluster of transcripts activated by the three types of MWCNTs
(Fig. 3a) highly enriched in immune-related transcripts, namely ox-
MWCNT-1, ox-MWCNT-NHþ

3 -1 and ox-MWCNT-NHþ
3 -2. We named

these CNTs as monocyte activating CNTs (MA-CNTs) since they
induce the expression of several immune transcripts, including
genes encoding CCR5 (CCL3L1 and CCL4L1) and CXCR3 ligands
(CXCL9, CXCL10 and CXCL11). To investigate the related signaling
pathways, we performed an ingenuity analysis (Fig. 3b). Interest-
ingly, we found that the transcripts over-expressed by treating cells
with MA-CNTs were closely related to inflammation signaling
pathways. Histograms show the most statistically relevant
signaling pathways, including bacterial and virus recognition, IL6,
CD40, dendritic cell maturation, TNFa/TNFR1-2, and NFkB
signaling. Fig. 3c reports the IL1b transduction pathway and shows
the other cytokines, kinases and transporters related to NKFB
network. To better examine the common gene modulation of MA-
CNTs, we analyzed them in concert (Fig. 4a), by averaging gene fold
change induced by each CNT. The top three affected genes were
CCL4L1, IL1 and tumor necrosis factor alpha-induced protein 6
(TNFAIP6), with a fold change of 4.07, 3.64 and 3.44, respectively. To
validate microarray data, we performed real-time PCR with highly
specific Taqman probes for selected genes. We first focused on the
top three genes mentioned above (Fig. 4b). We found again these
genes consistently over-expressed in MA-CNT samples only. To
further confirm the microarray data we assessed real-time PCR for
CXCL10, CXCL11, NFkB1A, ICAM1 and TNFAIP3, confirming the
genome-wide results (data not shown). CXCL11 was found to be
induced in MA-CNT samples with a fold change of 1.74 and 1.54 for
the ammonium-functionalized CNTs. We have reported in Fig. S2
the CXCL11 network pathway. In red are highlighted the over-
Please cite this article in press as: Pescatori M, et al., Functionalized carbon nanotubes as immunomodulator systems, Biomaterials (2013),
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Fig. 3. Immunostimulatory effect of MWCNTs in monocytes. a) Heat map detail showing immune-transcripts differently expressed in monocytes after incubation with the MWCNTs
(medium was used as a control). The complete heat map of genes differentially expressed is shown in Figure S5 and was obtained by merging gene lists of the modulated genes by
each MWCNT as compared to controls. Up-regulated transcripts are represented in red and down-regulated ones in green. Gene-expression values used for the heat map were the
mean of triplicate experiments. b) Top 15 first canonical pathways ranking according to significance level [Fisher exact test eslog (p-value)] modulated by the ox-MWCNT-1, ox-
MWCNT-NH3

þ-1 and ox- MWCNT-NH3
þ-2, monocytes activator CNTs (MA-CNTs) identified using gene enrichment analysis. Blue bars represent the p value of the comparison and

yellow line represents the change ratio of the pathway. c) IL1 activated signal transduction pathway after treatment with MA-CNTs; over-expressed genes are highlighted in red.
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expressed genes and gene groups including CXCL10 and NFkB1A
(for symbol legend see Fig. 3c).

We finally decided to more thoroughly investigate, by ELISA
multiplex technology, the secretion, of distinctive cytokines asso-
ciated to monocyte activation (i.e. IL6, IL1b, TNFa and IL10) (Fig. 5)
in THP1 cells and also in primary monocytes. In accordance to
microarray data and to ELISA assay previously shown on primary
monocytes [22], IL6 secretion in THP1 cells treated with the MA-
CNTs ox-MWCNT-NHþ

3 -1 and ox-MWCNT-NHþ
3 -2 was statistically
Please cite this article in press as: Pescatori M, et al., Functionalized ca
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increased when compared to controls (p < 0.05). Analogous results
were found for IL1b secretion and they were confirmed in primary
monocytes. TNFa secretion increased in both THP1 cells and pri-
mary monocytes after MA-CNT treatment. We further analyzed
IL10 secretion. On THP1 cells, no induction of IL10 was observed by
any of the CNTs investigated. Interestingly, MA-CNTs enhanced IL10
release in primary monocytes.

4. Discussion

In the present work we have performed a genome-wide study
on the effect of four types of functionalized MWCNTs on cells
representative of the adaptive (Jurkat T cell) and innate (THP1
monocytes) immune response, after having assessed their uptake
rbon nanotubes as immunomodulator systems, Biomaterials (2013),
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and excluded the possible cytotoxic effects. We observed that the
most striking changes occurred in THP1 cells and involved the
expression of functionally relevant immune genes. Our thorough
investigation on the molecular effects of MWCNTs establishes that
they do not induce any toxicogenomic effect. Surprisingly, we
found that the immune interaction of ox-MWCNT-NHþ

3 -1, ox-
MWCNT-NHþ

3 -2 and ox-MWCNT-1 (MA-CNTs) is cell and pathway
specific, with a direct effect on monocyte activation, while a
negligible effect was observed in T cell activation. The gene
expression profiles in monocytes treated with MA-CNTs was
related to a boost of the early innate response resulting in a
fingerprint characterized by the enhancement of pathways that
are classically activated during response to infection and vacci-
nation, allograft rejection and anti-tumor immune response (i.e.
dendritic cell maturation, IL1b, IL6, CD40, NFkB, TNFa, and CXCR3/
CCR5-ligand signaling pathways) (Fig. 3) [32].Conversely, ox-
MWCNT-2, which have a small diameter (9.5 nm) and lack tri-
ethylene glycol chain modulates ribosomal genes both in mono-
cytes and T cells.

We validated the microarray data by Taqman real-time PCR for
selected transcripts. For this purpose, we carried out multiplex
ELISA in THP1 cells and human primary monocytes. We confirmed
IL6 results previously reported for primary monocytes [22]. Overall,
MA-CNTs induced secretion of IL1b and TNFa in both THP1 and
primary monocytes. Although IL6 and TNFa downstream effects
were shown by the gene-expression pathway analysis, their indi-
vidual mRNA expression levels (assessed 24 h after incubation)
were not significantly overexpressed. This is clearly due to the ki-
netic of expression of IL6 and TNFa mRNA, whose peak under
stimulus is reached at 4e6 h [33]. Interestingly, we also found an
increased IL10 release in primary cells treated with ox-MWCNT-
NHþ

3 -1 and ox-MWCNT-NHþ
3 -2, not observed in THP1 cells. This

discrepancy could be probably due to the high polymorphism of
IL10 promoter, with consequent differential IL10 modulation [34].

Several studies were performed to date to understand the
possible effect on the immune system of pristine or functionalized
CNTs. However, most of them focused on the CNT impact on the
traditional immunity markers such as cytokine expression [15e17].
Therefore, following this approach, if we keep in mind that the
current number of protein-codifying human genes is about 20,000
[35], it can be hard to have a comprehensive overview of the
molecules modulated by CNT treatment. To our knowledge only
few studies, related to CNTs, used whole-genome gene expression
profiling. All of them assessed the impact of non-functionalized
nanotubes, and reported strong cytotoxic effects. Alazzam et al.
compared the profile of human normal bronchial epithelial cells
with that of cells treated with SWCNTs [36]. The large amount of
genesmodulated by single-walled CNTs (about 14.000) is likely due
to the absence of correction for multiplicity and to selection of a
relaxed p value (the cut-off for significance was not specified in that
study). With this limitation, most of the genes that the authors
found over-expressed in single-walled CNT-treated cells were
related to cell apoptosis, while genes involved in cell proliferation
and survival were down-regulated, implying a strong association
with cytotoxicity. Ding et al. focused on human skin fibroblasts [37].
Their objective was a comparison between the effects of carbon
nano-onions and non-functionalized MWCNTs. Microarray analysis
after stringent correction for multiplicity showed perturbation of
multiple cellular pathways involving 46 modulated genes.
Considering that the concentration utilized by Ding et al. was more
than 100 times lower than that used in the present study, the total
number of genes changed in their expression is considerably
elevated compared to that detected in our analysis. In fact, the
major impact of the treatment in terms of number of genes was
reached by the ox-MWCNT-2 and resulted in the modulation of 212
Please cite this article in press as: Pescatori M, et al., Functionalized car
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transcripts in monocytes and 47 in T cells, followed by the ox-
MWCNT-NHþ

3 -1, which modulated 53 genes in monocytes and only
one gene in T cells. It should be emphasized that we interrogated
more than 30.000 transcripts covering the whole genome, and that
only few of them resulted altered by MWCNTs. Similarly to our
results, the same authors detected the expression of several IFN
stimulating genes. Conversely to our findings, this immune acti-
vation was accompanied by the induction of cycle arrest and
apoptotic processes. To our knowledge, only Chou et al. performed
a genome-wide analysis on immune cells [24]. The treatment of
THP1-derived macrophages with non-functionalized single-walled
CNTs showed activation of various transcription factors such as
NFkB and activator protein 1 (AP-1) and the release of proin-
flammatory and chemoattractant cytokines. Several other path-
ways induced by the non-functionalized SWCNTs used by Chou
et al. overlapped with those induced, in the present study, by the
MA-CNTs, including TNFa, IL1b, CD40 and CXCR3/CCR5 ligand
pathways. However, that activation was accompanied by consid-
erable toxicity underlined by the activation of pathways associated
with the oxidative stress and the caspase cascade. It is not sur-
prising that such CNTs, in view of the lack of water solubility and
because of their structure, induce substantial cytotoxicity. The au-
thors ascribed the observed in vitro activation of NFkB as a counter-
mechanism to neutralize the oxidative stress and the pro-apoptotic
stimulus found by the pathway analysis. Conversely, when func-
tionalized CNTs were employed, we observed the activation of
NFkB in the absence of oxidative stress and pro-apoptotic induced
pathways, providing evidence that the immune activation of MA-
CNTs is an intrinsic characteristic of these materials and not sec-
ondary to the induction of pro-apoptotic/cytotoxic events. There-
fore, functionalized MA-CNTs exquisitely act as immune activators
of monocytes.

Interestingly, MA-CNTs mimic several effects induced by IFN-g,
the main monocyte-macrophage activator molecule. In fact several
genes expressed by monocytes following MA-CNT treatment (i.e.
IL1B, IL-6, MMP9, ICAM1, CXCL9, CXCL10 and CXCL11) can be
induced, directly or indirectly, by IFN-g stimulus [38e40]. The
interaction between TNFa, NFkB, IL1, IL6, and CXCR3/CCR5 pathway
is complicated, in view of the existence of several autocrine loops
shared by these pathways. NFkB activity is stimulated by proin-
flammatory cytokines, such as TNFa and IL1, as well as by
pathogen-associated molecular patterns (PAMPs, present in viral
and microbial strains). NFkB can, in turn, induce the expression of
IL6, and of CXCR3 andCCR5 ligands. IL1 can also induce TNFa, which
can in turn induce IL6 [41e43]. Although it is not clear which is the
first target engaged by MA-CNTs, their downstream effect mimic
that triggered by pathogen strains through Toll-like receptors.

The study of the ability of MA-CNTs to powerfully activate
CXCR3/CCR5 ligand pathways (i.e. CXCL9, CXCL10, CXCL11, CCL3L1
and CCL4L1, which encode CCL3 and CCL4 isoforms, respectively)
deserves particular attention, in view of the functional relevance of
these pathways. Indeed, the recruitment of immune cells repre-
sents a necessary condition for the development of an effective
anti-tumor response. Several genomic and proteomic studies
showed that the main mechanism of action of immunotherapeutic
agents (i.e. anti-CTLA4 mAbs or IL2) used for cancer therapy is
represented by the induction of an acute inflammation at the tumor
site, with consequent activation of monocyte function and release
of high quantities of specific Th1 chemokines (CXCR3 and CCR5
ligands). These chemokines, by binding the corresponding receptor,
recruit activated CD8 T cells, T helper 1 cells and NK cells which can
mediate tumor rejection [32,44e46].

As future perspective, the ability of MA-CNTs to elicit these
pathways could be investigated in preclinical studies. Experimen-
tally, MA-CNTs might be administered systematically and their
bon nanotubes as immunomodulator systems, Biomaterials (2013),



M. Pescatori et al. / Biomaterials xxx (2013) 1e98
localization at the tumor level could be confirmed by ultrasonog-
raphy in view of their echogenic characteristic, as recently
described by our group [14].

We used four types of multi-walled CNTs to take into consid-
eration and explore the effects of some important parameters of
CNTs and nanomaterials in general, namely size and surface prop-
erties. The impact of length on biocompatibility of the nanotubes is
being well studied [1,47,48]. The effect of diameter on biocompat-
ibility, especially regarding the possible role in the impact on the
immune system, has not been adequately determined yet, likely
because length was a more attractive issue due to the analogy be-
tween long carbon nanotubes and asbestos fibers [49]. Sohae-
buddin et al. noticed that MWCNTs >50 nm are more toxic to RAW
macrophages than small diameter MWCNTs (<8 and 20e30 nm)
[50]. In contrast to that work, in a more recent study thin
MWCNTs (9.4 nm) resulted significantlymore toxic than the thicker
tubes (70 nm) both in vitro in macrophages and in vivo in a mouse
model [51]. However, in contrast to our study, where lengths were
clearly defined (about 400 nm for both type 1 and type 2MWCNTs),
the authors reported a large length range (0.1e3 mm), which clearly
represents a bias in the interpretation of the results. Oppositely, it
has been previously reported that MWNTs of small diameter
showed less cytotoxicity than large nanotubes in guinea pig alve-
olar macrophages [52]. With the present study we confirmed,
expanded, and explained our previous findings [22]. When
MWCNTs are oxidized and further functionalized with ammonium
groups, independently of the difference in diameter, they boost the
innate immune response.We observed that the combination of two
characteristics: 1) the low diameter (9.5 nm), and 2) the absence of
ammonium groups, determines the lack of immunostimulatory
properties as observed for ox-MWCNT-2. The combination of these
two factors seems to dramatically change the biological activity.
Dispersibility could be an additional factor as ox-MWCNT-2
disperse better in water compared to ox-MWCNT-NHþ

3 2. We
believe that the action of CNTs on the immune system is not a black
or white picture but it is instead a variegated image where several
factors, including functionalities and diameter, act in concert to
determine their biological activity.

Generally, nanoparticles and/or microparticles are promising
vaccine delivery systems with potential adjuvant activity. A vaccine
adjuvant is a component that potentiates the immune responses to
an antigen and/or modulates it towards the desired immune re-
sponses. The potential role of nano/microparticles as adjuvant
components has been thoroughly reviewed by Oyewumi et al. [53].
The authors pointed out how much difficult it is to achieve an ac-
curate prediction of particle size ranges that will dictate a Th1 or a
mixed Th1/Th2 immune response outcome. However, likely
because of the absence of studies in this direction, they did not take
into consideration CNTs. Aluminum compounds, especially
aluminum phosphate and aluminum hydroxide, are commonly
used as vaccine adjuvants [54]. Several of the pathways induced by
aluminum hydroxide, overlap with those activated by MA-CNTs
and include IL6, IL1b, and TNFa pathways. Although aluminum
has a long track record of safety, it only improves the induction of a
humoral immune response (through a Th2 pathway), and does not
help cell-mediated immune responses (Th1 pathway). In contrast,
MA-CNTs could enhance a Th1 cellular response through the acti-
vation of the specific Th1 chemokine pathways (i.e. CXCR3/CCR5
ligand-induced pathways).

5. Conclusions

We investigated the interaction of functionalized CNTs with the
immune system, considering a wide variety of parameters,
including thewhole-genome expression, the two different adaptive
Please cite this article in press as: Pescatori M, et al., Functionalized ca
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and innate responses, and four types of CNTs, analyzed by
comparing the same diameters and the different functionalization
and/or the different diameters and the same functionalities. None
of them induced cytotoxicity and the overall effect on cell meta-
bolismwas negligible. We found a cell specific action onmonocytes
for three types of CNTs, which specifically enhanced innate im-
munity activation mechanisms. The pathways activated by these
nanotubes are functionally relevant and critical for the develop-
ment of an effective inflammatory response, as that necessary for
pathogen clearance and tumor rejection. Despite the common rule
that a nanocarrier is good only if inert, we believe that we should
not miss the opportunity to test carbon nanotubes as immuno-
modulator system in different conditions. In this context, our study
builds the rationale to test them in preclinical models as immu-
notherapeutic agents or as adjuvant in vaccine therapy for cancer
and infectious diseases.
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