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Carbon Nanotubes Enhance Metastatic Growth of 
Lung Carcinoma via Up-Regulation of Myeloid-Derived 
Suppressor Cells 
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Dmitriy W. Gutkin, Alexander Star, Yanan Chen, Galina V. Shurin, Valerian E. Kagan, 
and Michael R. Shurin 

Expanding applications of nanomaterials, particularly carbon­
aceous nanoparticles (CNP), in new technologies, consumer 
products and biomedicine, imply their increasing levels of 
manufacturing. In occupational and environmental settings, 
the lung is the major portal of unintended CNP entry into 
the human body potentially leading to pulmonary damage, 
inflammation, oxidative stress, fibrosis, and granuloma for­
mationp·2] In addition, there are numerous attempts to uti­
lize nanoparticles for better delivery of drugs and nucleic 
acid-based therapeutics to disease sites in the lung, particu­
larly to the lung epithelium. The inhalation of drug nano­
formulations propelled the development of new strategies in 
therapy of several human lung diseases such as asthma, cystic 
fibrosis, chronic obstructive pulmonary disease, lung cancer, 
tuberculosis, etc.l3--()] Safety and lack of adverse health effects 
remain the major pre-requisites for broader applications of 
these novel technologies. Toxicological assessments of nano­
particles typically are performed on normal animalsP] Thus 
possible effects of CNP on tumor growth have not yet been 
considered. The immune system safeguards the host from 
infections and malignancies. Recognition and undesirable 
interactions of CNP with cells of the immune system may 
lead to immunomodulation, hence increasing the host's sus­
ceptibility to infections and cancer.l8] For instance, carbon 
nanotubes (CNT) can generate oxidative stress and inflam­
mation that can interfere with the immune responses and, in 

Dr. A. A. Shvedova, Dr. A. V. Tkach, E. R. Kisin, 
Dr. T. Khaliullin, S. Stanley 
Health Effects laboratory Division 
NIOSH, 1095 Willowdale Road 
Morgantown, WV 26505, USA 
E·mail: atsl@cdc.gov 

Dr. A. A. Shvedova, S. Stanley 
Department Pharmacology & Physiology 
West Virginia University 
Morgantown, WV, USA 

Dr. D. W. Gutkin, Dr. A. Star, Y. Chen, Dr. G. V. Shurin, 
Dr. V. E. Kagan, Dr. M. R. Shurin 
University of Pittsburgh 
100 Technology Drive, Pittsburgh, PA 15219, USA 

001: 10.1002/smll.2o1201470 

turn, lead to enhanced susceptibility to and adverse outcomes 
from pulmonary infection.l9] Whether CNT-induced immuno­
suppression can augment tumor growth or alter tumor-host 
interactions is currently unknown. Here we report that pul­
monary CNT aspiration renders the host susceptible to lung 
carcinoma formation in the murine metastasis/dissemina­
tion model. This effect was mediated by increased local and 
systemic accumulation of myeloid-derived suppressor cells 
(MDSC), as their depletion abrogated tumor-supporting 
activity of CNT in vivo. 

To determine whether Single Walled CNT (SWCNT) may 
affect tumor progression in vivo, we utilized syngeneic met­
astatic Lewis lung carcinoma (LLC) as an approved model 
of pulmonary metastatic disease in mice. Animals were 
pre-treated - via pharyngeal aspiration - with short pristine 
(short-cut) CNT (average size: 230 nm; 80 Ilglmouse) to avoid 
possible pro-carcinogenic effects of CNT with high aspect 
ratiosPO] Of note, chemical cutting of CNT is associated with 
the appearance of carboxy- and hydroxy-functionalities on 
their surface. Ill] Growth of transplanted tumor cells followed 
typical exponential kinetics with the appearance of numerous 
tumor nodules in the lung by day 21 after i.v. tumor cell 
inoculation. Morphologically, the lung tumors showed char­
acteristic features of poorly-differentiated non-small cell car­
cinoma, such as nuclear pleomorphism and hyperchromasia, 
high nuclear/cytoplasmic ratio, brisk mitotic activity, extensive 
apoptosis and small areas of necrosis (Figure 1). Exposure 
of mice to SWCNT prior to tumor cell injection resulted in 
significant acceleration of tumor growth revealed by several 
parameters. First, the weight of the lungs in tumor-bearing 
animals, reflecting the overall tumor burden, increased up 
to 5-fold in SWCNT-treated mice compared to the control 
group of mice (without CNT exposure) (Figure lc). Second, 
SWCNT pre-treatment caused significant, up to 2.5-fold, ele­
vation of the number of visible pulmonary macro-metastasis 
(Figure la,c), as well as increasing the total area of metastatic 
nodules upon histopathology evaluation of the lung tissues 
(Figure 1 b). In control tumor-bearing mice, the tumor nodules 
were of different size, but collectively comprised about 25% 
of tissue on the slides. Pre-treatment with SWCNT caused 
the appearance of significantly larger tumor nodules than in 
control group, resulting in up to a 3-fold increase in their 
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up-regulated the generation and systemic 
homing of granulocytic M DSC. Elevated 
numbers of CDllb~ly6G~Ly6C""" MDSC 
were detected in the lung, splcen and bone 
marrow of SWCNT-treated tumor-free 
animals 48 h after CNT administration 
(Figure 2a.b). 

Based on the detected CNT induced 
marked acute accumulation of MDSC 
in lymphoid and non-lymphoid tissues, 
we hypothesized that the presence of 
MDSC in the lungs might support the 
local ingrowth of tumor cells.. To test this, 
we first characterized MDSC in tumor­
bearing mice. As anticipated. three weeks 
after tumor inoculation, control tumor­
bearing mice showed a significant increase. 
up to 3-4-fold, in the amount of granu­
locytic MDSC in the lung, spleen and 
bone marrow as compared to non-tumor­
bearing animals (Figure 2c). However, the 
levels of MDSC accumulation in lungs, but 
not in the lymphoid tissues, were addition­
ally significantly increased up to 2-fold in 
SWCNT-pre-treated animals as compared 
10 vehicle-treated controls (Figure 2c). 
111is robust enhancement of MDSC accu­
mulation by CNT pre-exposure was evi­
dent when ei ther the total numbers of 
MDSC subsets were quantified or when 

Rgure 1. Acute exposure to SWCtH accelerated formation and growth of lung carcinoma. 
Pathogen·free female C5 76l6/1 mice received SWCNT (80 Ilg/moLlse) by pharyngeal aspiration 
48 h prior to lewis lung carcinoma cells (LlC, 3)( 1 0~ cells) via the tail V(lin and sacrificed 
3 weeks later. The lungs were collected for visualilation and counting of macroscopic tumor 
nodules (a,c), weight (c) and immunohistochemical OHO analysis of micro metastases after 
H&E staining (b,d). lungs with tumor nodLiles (circled) and tHC of lung specimens with 
mlcrometastases (arrows) (x1oo) (b) are shown from a representative experiments. The 
average weight of the lungs and number oftLimor nodules were calculated from 4 independent 
experiments with 7-8 mice/group in each experIment (c). The average collective areas of lung 
carcinoma on tissue slides are shown for LtC and SWCNT+llC groups (d) .• , p < 0.05 (Student 
t·test, n = 4). 

their amounts were normaliz.ed by the 
total population of CD4Y leukocytes in 
the tissues with difrerent levels of tumor 
burden (Figure 2c). The elevated levels of 
MDSC may be due to the overall increase 
of tumor burden in CNT-treated mice and! 
or initial up-regulation of MDSC accu­
mulation after CNT inhalation, as shown 
above. However, significantly higher levels 
of MDSC in the lungs of CNT-pretreated 

collective area on tissue slides (Figure Id). SWCNT did not 
change the typical morphological features of tumor, but 
accelerated tumor growth and the appearance of intratu­
moral necrosis wnes, associated with rapid tumor growth 
(Figure I). These data indicate that exposure or SWCNT pro­
moted establishment and growth of pulmonary metastasis in 
mice in vivo. 

Next, we explored whether the tumor-supporting activity 
of CNT may be associated with the modulation of the tumor 
immunocnvironment. Myeloid-derived suppressor cells are 
one of the main cell populations responsible for regulat ing 
the host immune responses to tumors.]l2l MDSC, among other 
myeloid regulatory cells, are accumulated in tumor-bearing 
hosts and support tumor growth and progression by inhibiting 
anti tumor immunity, st imulating intratumoral neoangiogen­
esis, and sustaining tumor cell spreading and metastases.llll 
Thus, we examined whether SWCNT exposure affected 
MDSC in the lungs. We found that SWCNT significantly 

mice support the latter mechanism. Alter­
natively, expansion of regulatory T cells (lregs) in the tumor 
environment has been suggested to confer tumor growth and 
metastatic advantages by inhibiting antitumor immunity.! I.1 
However, neither SWCNT exposure nor administra tion of 
LLC cells up-regulated accumulation of CD4+CD25+FoxP3+ 
regulatory T cells in mice, as shown, fo r example for splenic 
'lreg cells (Figure S2). This is in line with the data in the lit­
erature where no altera tions ofTreg cells have been revealed 
for a number of different tumor modelsJI5.16l 

Growth of LLC cell-derived tumors may be associated 
with the accumulation of immunosuppressive regulatory den­
drit ic cells (regDC)II1.18l and exposure to CNT may alter DC 
in vivo resulting in systemic immune suppression.1I91 There­
fore, we next assessed different subsets of DC in control 
and treated mice. Based on the co-expression of CD li b and 
COlic molecules,l20l we confinned that progression of lung 
metastases was accompanied by decreased levels of conven­
tional CO l IchiShCD I IblowlneS DC and increased accumulation 
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Agure 2. Single aspiration ofSWCHT up· regulated accumulation of MOSC in tumor·free and tumor·bearing mice but did not up·regulate immature and 
regulatolY dendritic cell subsets in tumor·bearing mice. The levels of monocvtic COlI b' Ly6G-Ly6ChW> (area 1) and granulocvtlc COll b'ly6G'Ly6C'-'MI 
(area 2) MOSC in the lymphoid tissues and lungs in tumor·free CS781611 mice 48 h after SWCNT (80 IIg/mouse) or PBS (control group) pharyngeal 
aspiration were assessed by Row cytometlY (a) and statistical analysis of data from 4 independent e~perlments each with 7-8 mite/group is shown 
as the mean ± SEM of accumulated polymorphonuclear MOSC', P < 0.05 (Student Nest, n = 4) (b). Accumulation of MDSC in the lungs and lymphoid 
tissues in tumor·fr~ and LCC·bearing mice pre-treated with SWOH (80 ).Ig/mouse) were assessed 21 days after administration of LLC ceUs (J)( lOS 
ceUs) or PBS (control groupS). The results are shown as the ~rcentage of MOSC among total cells (black bars) and C045+ leukocytes (green bars). " 
p < 0.05 versus Control group; #, p < 0.05 versus LLC group (One·way A1KNA. n = 4) (e). Similarly, the levels of conventional (COl l c"1t"CDllb .... 'MI) 
(area 1), Immature (COllc"1t"COllbh",,) (area 2) and regulatolY (COllc .... C011 b'""'l (area J) DC subsets In tumor·free and tumor·bearing mice were 
assessed in the lungs and spleens three weeks after LLC cell (J)( 101 celts) inoculation by Row cytometlY (d) and distribution of these DC subsets are 
represented from e~periment of 7- 8 mice/group. The results are Shown as the percentage of DC among total cells. '. p < 0.05 versus Control group 
(One·way ANOVA, n = J) (e). 
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DC in the lung cancer microenvi ro n­
me nt (Figure 2d,e). Exposure o f mice to 
SWCNT prior to tumor cell administra tio n 
did not cause significant alterations in D C 
subsets, suggesting that down-regulation 
of conventional DC and up-regulation of 
immature DC and regD C cannot explain 
the strong tumor growth stimula tion effect 
of CNT administ ration. 
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Assuming that acceleration o f tumor 
fonnation and growth in the lung ind uced 
by CNT pre-exposure is due to up­
regulation o f MDSC, we reasoned that 
depletion of MDSC may lead to suppres-
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I· 

sion of metastatic growth of tumors. We 
used anti-Gr-l Abl211 to deplete MDSC. 

'. ! . •• I. 

---'. ." 

We found that anti-Gr-I A b effectively 
prevented CNT-induced up-regulation of 
MDSC in t he lungs and spleen (Figure 3a). 
Therefore, we tested whether a nti-Gr-I 
A b pretreatment of animals would affect 
CNT -enhanced metastatic growth of lung 
tumors by suppressing the MDSC expan­
sio n. Remarkably, selective elimination of 
MDSC induced by the pre-t reatme nt with 
ant i-Gr-I Ab, comple tely blocked CNT­
med iated acceleration o f the fo nnation 
and growth of lung metastases (Figure 3b). 
Specifically, neither the numbcr of macro­
metastases (193.8% versus 108.1 % increase 
in mice wi thout and with MDSCdepletion, 
respec tively; p < 0.05) no r the weight of 
the lungs (432.2% versus 93.8% increase 
in mice without and with MDSC depIc­
tion, respectively; p < 0.05) were alte red 
as a result of exposure 10 CNT. These 

figure J. Depletion of SWCNT·induced MDSC suppressed metastatic growth of lung tumors. 
Depletion of MDSC was carried out using Ly·6GjLy-6C (Gr-l) antibody. (a) Analysis of 
COl tb'Gr-l' MDSC In tumodree C57BL6/J mice 48 h after SWCNT (SO pgjmouse) pharyngeal 
aspiration. Control animals received PBS aspiration and rat IgG Ab (J.p_, 50 pgjday). The results 
are the mean of MDSC percentage among total cells± SEM from two independent experiments 
with 6-7 mice per group in each experiment. ., p < 0.05 versus Control group (One-way 
ANOW'i); It, P < 0.05 versus SWCNT group (One-way ANOVA). (b) Formation of visual macro· 
metastases in mice 3 weeks after LLC cell (3 x lOS) administration and pre· treatment with 
SWCNT (BO Ilg/mOUSe). Although depletion of MDSCdecreased formallon of lung metastases, 
it completely blocked the stimulating effect of SWCNT aspiration on tumor formation. The 
results are the mean ± SEM from 3 independent experiments with 6-7 mice/group in each 
experiment. ., p < 0.05 versus other groups (One-way ANOVA). (c) Histopathological analysis 
of micrometastases in the lungs of C57BL6/J mice treated with SWCNT (low panels) or PBS 
(control, upper panels) following by MDSC depletion and sacrificed 3 weeks after LLC cell 
(3 x lOS) inoculation (xtOO and x400)_ H&E stained slides demonstrated the presence of 
similar small nodules of poorly-differentiated non-small cell carcinoma in both groups with 
the similar levels of micrometastasis formation. 

results were confinned by pathohistological examination of 
the lung tissues (Figure 3c) demonstrating the similar levels 
o f micrometastasis formation in control and CNT-pretreated 
tumor-bearing mice after initial depletion of MDSC induced 
by pre-exposure to CNT. Sections in both groups show small 
nodules of poorly-differentiated non-small cell carcinoma 
with the largest measuring 1- 2 mm in greatest dimension. 
At high power, tumor cells show nuclear pleomorphism a nd 
hyperchromasia, high nuclear/cytoplasmic ratio, brisk mitotic 
activity, extensive apoptosis, and mild intratumoral and peri­
tumoral leukocytic infiltration.lbese d ata provide st rong evi­
dence in favo r of up- regulation of MDSC accumulation as a n 
important mechanism contrib uting to CNT induced enha nced 
metasta tic growth of lung carcinoma. 

Several reports have alerted to the potential carcino­
genicity of high aspect ratio CNT.IIO.221 In vit ro studies indi­
rectly suggest the pote ntial carcinogenicity of CNT based 
on their ability to ind uce DNA d amage, and the activa­
tion of signal tra nsduction pathways related to asbes tos­
induced lung cancer and mesothelioma.I21.2-411t has been also 
reported that p rolonged exposure of human lung epithelial 

cell line to SWCNT in cultures induced malignant transfor­
mation of treated cells, which obtained the ability to fonn 
subcutaneous tumors in a xenograft model with immuno­
de ficient mice.1 251 However, the possibility of CNT's action 
o n host-tumor interactions and growth of tumors has not 
been considered_ In this study, we e mployed non-pristine 
(chemically-cut) CNT containing carboxy- and hydroxy­
functionalities on thei r surface. Our data indicate that non­
pristine CNT promote metastatic tumor es tabl ishme nt and 
growth by altering the tissue microenvironment, specifically 
by facilitating MDSC accumulation. Notably, it has been 
shown that effects of CNT on cells, including (geno)toxicity 
in vitro and in vivo, may diffe r significantly for pristine and 
functionalized nanotubes being strongly dependent on the 
type of functional groups on their surfaceJ261 Overall, car­
boxylated and hyd roxylated CNT may exert stronger modi­
fying effects than pristine nanotubes. I27- 29) It is likely that 
inflammatory MDSC induced by pulmonary exposure to 
CNT support the initial tumor cel1 homing in the lung and 
then are polarized into tumor-associated MDSC. The laller 
a re known to block the development of anti-tumor immunity 
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hence facilitate tumor growth by producing specific growth 
factors and cytokines that also stimulate intra tumoral neoan­
giogenesis. However, possible effects of nanoparticles on 
systemic immune reaction invoked by tumor progression 
have not been addressed so far. Further studies of the spe­
cific pathways through which CNT and other nanoparticles 
may affect the immune cells in the tumor microenviron­
ment and cause immunosuppression and unresponsiveness 
are warranted. This will lead to the design of tumor-specific 
theranostics platforms with modules capable of depleting or 
functionally suppressing MDSC (and other myeloid regula­
tory cells) to ensure effective immunosurveillance in the 
tumor microenvironment. 

Experimental Section 
Experimental procedures are provided in the Supporting Informa­

tion section of the paper. 

Supporting Information 

Supporting Information is available from the Wiley Online Library 

or from the author. 
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