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Abstract

Vanadium is a major air pollutant with toxic and carcinogenic effects; it also exercises
immunosuppressive effects on the adaptive immune response. Its effect on the innate immune
response is poorly explored. The aim of this study was to identify if vanadium pentoxide (V2O5)
impairs the function of immunoregulatory NK cells and to determine possible mechanisms
associated with this effect. Interleukin-2-independent NK-92MI cells were exposed to different
V2O5 concentrations for 6, 12, or 24 h periods. Cell proliferation was then evaluated using CFSE
staining, apoptosis by Annexin V binding, and necrosis by 7-AAD staining. The release of IL-2,
-4, -6, -10, -17A, IFN�, and TNF� by the cells were assessed using a human CBA kit. Expression of
CD45, SOCS1, JAK3, pJAK3, STAT5, pSTAT5, IL-2R, IL-15R, Fas, and FasL in/on the cells was
determined by flow cytometry; JAK3 and pJAK3 expression were also evaluated via confocal
microscopy. The results indicated that V2O5 could inhibit NK-92MI cell proliferation and induce
cell apoptosis in a dose- and time-related manner. V2O5 also inhibited IL-2, IL-10, and IFN�
secretion but mostly only after 24 h of exposure and with primarily the higher doses tested.
V2O5 had no effect on expression of JAK3 and STAT5, but did cause an increase in pJAK3 and
appeared to lead (trend) to reductions in levels of phosphorylated STAT5. V2O5 increased the
expression of IL-2R, IL-15R, Fas, and FasL at concentrations above the 50–100 mM range. V2O5

had no effect on expression of the CD45 membrane phosphatase, but it did cause an increase
in the expression of SOCS1. These results indicate that a key toxic effect of V2O5 on NK cells is a
dysregulation of signaling pathways mediated by IL-2. These effects could help to explain the
previously-reported deleterious effects on innate immune responses of hosts exposed to
inhaled V2O5.
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Introduction

Vanadium (V) is recognized as an important air pollutant in the
atmosphere of major cities (Fortoul et al., 2002). A predominant
source of this element in the atmosphere is the increased
combustion of fuel products such as those derived from
Venezuelan or Mexican oil, which have high V content
(Ivancsits et al., 2002; Shafer et al., 2012). Inhaled V can enter
the systemic circulation of an organism, subsequently exerting
toxicities in other organs and tissues (Fortoul et al., 2002;
Nemmar et al., 2004). The toxic effects of V are not only
obviously related to dose, but to the chemical nature of the V
agent itself (i.e. oxidation state, free, or complexed forms, etc.)
(Korbecki et al., 2012).

Inhalation of vanadium pentoxide (V2O5) has been shown to
decrease the phagocytic index and inducible production of

interleukin (IL)-6 (Fortoul et al., 2002) and interferon (IFN)-�
by rat pulmonary macrophages (Cohen et al., 1997). Exposure of
peripheral blood mononuclear cells to other V compounds
reduces the release of IFN� by, and the proliferation of,
mitogen-stimulated cells, although IL-5 release was affected in
a concentration-dependent bi-modal manner (Di Gioacchino
et al., 2002). Mice chronically exposed to airborne V2O5 display
histologic and functional damage to their spleen (Pinon-Zarate
et al., 2008). Overall, the general outcome from exposure to V
agents is a suppression of the host immune response.

The induced immune response is a result of interactions of
various components of the adaptive and innate immune system;
the main cell type in the latter is the natural killer cell (Dimitriadis
et al., 2010) involved in host immunity against viruses and other
intracellular microbes (Bonavida, 2014). Mice and humans
exposed to pollutants derived from burning coal or cigarette
smoke show a diminished NK cell activity (Dutta et al., 2012;
Jones, 2008; Wortham et al., 2012). Diesel exhaust particles also
modify NK cell function (Hurd & Whalen, 2011; Muller et al.,
2013). Normally, a balance between signals that are generated
from activating receptors and inhibitory receptors regulates NK
cell activation (Bi et al., 2014; Leon et al., 2014; Vivier et al.,
2008). IL-2 is an essential cytokine required for the proliferation
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and activation of NK cells (Suzuki et al., 1983); its effect is
mediated through the IL-2 receptor via the JAK/STAT signaling
pathway (Lu et al., 1998). Impairment of the IL-2/IL-2 receptor-
signaling pathway suppresses immune cell proliferation and other
functions (Wu et al., 2009).

Because V (often as inorganic oxides) is abundantly present in
fumes from burning coal/oil, as well as in smaller amounts in
cigarette smoke and exhaust particles, the aim of the work
presented here was to determine if V2O5 (as a model inorganic V
oxide) could impair NK cell function. Using an IL-2-independent
human NK-92MI cell line that is phenotypically considered an
NKbright cell line, the studies showed that V2O5 inhibited the
secretion of select pro-inflammatory cytokines and cell prolifer-
ation, induced apoptosis, modified the IL-2 receptor-signaling
pathway, and enhanced the expression of SOCS1 in this cell type.

Materials and methods

Cell line and culture

The IL-2-independent human NK cell line NK-92MI was
obtained from American Type Culture Collection (#CLR-2408,
ATCC, Manassas, VA). This stable line, transfected with human
IL-2 cDNA, was cultured in �-minimum essential medium
without ribonucleosides and deoxyribonucleosides, but supple-
mented with 12.5% heat-inactivated fetal bovine serum (FBS),
12.5% horse serum, 100 IU penicillin/ml and 100 IU strepto-
mycin/ml, 2 mM L-glutamine, 0.2 mM inositol, 20 mM folic acid,
and 100mM 2-mercaptoethanol. Culture media and all reagents
were from Gibco (Life Technologies, Grand Island, NY) and
Sigma-Aldrich (St. Louis, MO). The cells were grown until
confluence in 25 cm2 polystyrene tissue culture flasks (Corning
Costar, Cambridge, MA) at 37 �C in a humidified atmosphere
containing 5% CO2. Cell aliquots were frozen in 10% dimethyl
sulfoxide and kept in liquid nitrogen until use. Freshly thawed
cells were used for all the experiments.

A 10 mM stock solution of vanadium pentoxide (Sigma;
99.99%) in phosphate-buffered saline (PBS, pH 7.4) was
prepared. This stock solution was then used to generate all final
concentrations (mM) of the metal agent used in the experiments.

Cell proliferation assay

Proliferation analyses were conducted using carboxyfluorescein
diacetate succinimidyl ester (CFSE) staining. The cells were
suspended in PBS + 5% FBS and labeled for 10 min at 4 �C using
5mM CFSE (Sigma 21888). Staining was quenched by addition of
4 vol ice-cold PBS/5% FBS solution for 1 min before washing the
cells twice with PBS/5% FBS at 4 �C. The tagged cells were then
plated in 6-well tissue culture plates (5� 105 cells/ml; Corning
Costar) and exposed to different concentrations of V2O5 (25, 50,
100, 200, or 400 mM). After 48 h, the cells were harvested and
intensity of CFSE staining quantified by flow cytometry using a
4-color FACS Calibur instruments (BD Biosciences, Franklin
Lakes, NJ).

Quantification of apoptosis

Apoptosis was measured by flow cytometry, using an allophyco-
cyanin (APC) conjugate of Annexin V and 7-Amino-Actinomycin
(7-AAD) (BD Pharmingen, San Jose, CA). Annexin V binds to
early apoptotic as well as late apoptotic/necrotic cells while 7-
AAD binds to late apoptotic/necrotic cells. Briefly, NK-92MI
cells (5� 105 cells/well) were exposed to different levels of V2O5

(25, 50, 100, 200, or 400mM) for 6, 12, and 24 h. Treated cells
were then washed twice with cold PBS and re-suspended at 106

cells/ml in 1X Binding Buffer [0.1 M HEPES (pH 7.4), 1.4 M
NaCl, 25 mM CaCl2 (BD Pharmingen)]. Aliquots (100 ml) of the

suspension (105 cells) were then placed into 5-ml culture tubes to
which 5 ml APC Annexin V and 5ml 7-AAD were then added.
After vortexing, the cells were incubated 15 min at room
temperature in the dark. Thereafter, 400ml 1X Binding Buffer
was added to each tube and the cells then underwent flow
cytometric analysis within 1 h using an Attune� Acoustic
Focusing Cytometer-Blue/Red (Life Technologies).

Cytokine determination

NK-92MI cells were seeded in 6-well culture plates at 5� 105

cells/well. After exposure to different concentrations of V2O5 for
varying lengths of time, supernatants were collected and frozen at
�20 �C until analyzed. Concentrations of tumor necrosis factor
(TNF)-�, IFN�, and of IL-2, -4, -6, and -17A were measured
using a cytometric bead array human TH1/TH2/TH17 CBA kit (BD
Biosciences), according to manufacturer protocols. All samples
were then analyzed using the 4-color FACS Calibur system. Data
analyses were performed using FCAP Array 3.0.1 software (Soft
Flow, St. Louis Park, MN). The limits of detection for the array
were: IL-2, 2.6 pg/ml; IL-4, 4.9 pg/ml; IL-6, 2.4 pg/ml; IL-10,
4.5 pg/ml; TNF�, 3.8 pg/ml; IFN�, 3.7 pg/ml; and IL-17A,
18.9 pg/ml.

Flow cytometry

At the end of the V2O5 treatment, the cells were washed (5 min,
250� g) twice in FACS buffer (PBS containing 0.09% [w/v]
sodium azide, supplemented with 1% FBS), fixed and then
permeabilized with, respectively, Fix Buffer I and Perm Buffer III
(BD Phosflow), according to manufacturer instructions. The cells
were suspended in FACS buffer and incubated at 4 �C overnight
with primary antibodies at dilutions previously determined
optimal by titration. Cells were then washed twice and incubated
with secondary fluorochrome-conjugated antibodies (diluted
1:500) for 1 h. Flow cytometry analysis was then performed
using the Attune� Acoustic Focusing Cytometer-Blue/Red.

For CD25, CD95, CD95L, and IL-15Ra determination, cells
were first combined with the manufacturer recommended dose of
specific primary antibody (FITC-conjugated mouse anti-human
CD25; Biolegend Inc., San Diego, CA) and APC-conjugated
mouse anti-human CD95 (BD Pharmingen�, San Jose, CA),
incubated for 30 min at 4 �C in the dark, washed twice in FACS
buffer, and then analyzed. CD95L and IL-15Ra determination was
performed using a non-conjugated mouse anti-human CD95L
(Chemikon Biotek, Millipore Corp., Billerica, MA) and non-
conjugated goat anti-human IL-15Ra (R&D Systems,
Minneapolis, MN); secondary antibodies used for the final
detection were, respectively, APC-conjugated rat anti-mouse
IgG1 (Biolegend) and Alexa 488-labeled donkey anti-goat IgG
H&L (Abcam, Cambridge, MA).

For CD45 and SOCS1 determination, cells were first labeled
with the anti-human CD45 (at dilutions previously determined by
titration), then fixed and permeabilized using Cyto-fix/Cytoperm,
and finally stained with the appropriate antibodies. Rabbit-anti-
human JAK3, monoclonal anti-Phospho-Jak3 (Tyr980/981)
(D44E3), rabbit monoclonal anti-Stat5 (3H7), anti-Phospho-
Stat5 (Tyr694) (C11C5) and anti-human SOCS1 were purchased
from Cell Signaling Technology (Beverly, MA). Cy5-conjugated
goat anti-rabbit IgG (H + L) was obtained from Life
Technologies. After staining, gating of the cells was performed
on the basis of forward and side scatter properties followed by
gating on FSC-A� FSC-H (single cell). All flow analyses
included runs with the proper antibody isotype control. Stained
cells were collected on the FACSCalibur instrument using the
CellQuest Pro Version 6.0 software (BD Biosciences). For each
sample, a minimum of 20,000 cells was acquired. Data was
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analyzed in terms of mean fluorescence intensity (MFI) values or
in terms of percentage of positive cells.

Confocal microscopy

Sorted cells in 100 ml PBS were stained with 100 nM SYTOX�

green dye (Life Technologies) by co-incubation for 15 min at
room temperature. Thereafter, the cells were centrifuged (5 min,
700 rpm) onto a microscope slide using a Hettich-Cyto-System
(Andreas Hettich GmbH & Co., Tuttlingen, Germany). The cells
were then immunostained as previously described and analyzed
under a 100� Plan Apochromatic oil-immersion objective (N.A.
1.4) in a Zeiss LSM 5 Pascal confocal system (Zeiss, Oberkochen,
Germany) using excitation wavelength of 488 and 633 nm and
pinhole apertures5 1 Airy unit.

Statistical analysis

Values are expressed as mean ± SE. Statistical analyses were
performed using a one-way analysis of variance (Roberts et al.,
2004) and a Tukey test for multiple comparisons. GraphPad Prism
for Windows v 6.1 (La Jolla, CA) was used for all statistical
procedures. All data obtained by flow cytometry were analyzed
using FlowJo (v X.0.7, Tree Star, Inc. Ashland, OR). A p value5
0.05 was considered significant.

Results

Vanadium pentoxide (V2O5) influence on NK-92MI cell
proliferation

Increasing concentrations of V2O5 inhibited NK-92MI cell
proliferation in a dose-related manner. Compared to control
(non-V2O5-treated) cells, the rate of proliferation of NK-92MI
cells decreased as the level of V2O5 increased. The inhibitory
effect of V2O5 reached 78% at the 400 mM level (Figure 1). This
inhibition was accompanied by a decrease in size and increase in
granularity of the cells, changes characteristic of apoptotic
processes.

V2O5 influence on annexin and 7-ADD expression

A presence of V2O5 triggered apoptosis in the NK-92MI cells in a
dose- and time-related manner (Figure 2). The percentage of cells
undergoing apoptosis increased dramatically after 12 h of expos-
ure (51.2 and 64.7% at 12 and 24 h, respectively). Apoptotic cells
were clearly distinguishable from control cells due to the reduced
cell size (low FSC) and enhanced density (high SSC).
Interestingly, the baseline percentage of 7-AAD+ cells was
negligible and remained so after the cells were exposed to
V2O5 for 6, 12, or 24 h. The left lower quadrant of all the density
plots shown in Figure 2 clearly demonstrates that cell viability
decreased as the level of V2O5 increased.

V2O5 effects on cytokine production

As NK-92MI cells secrete high concentrations of IL-2 (Tam et al.,
1999), basal levels of IL-2 in cultures of non-treated cells
ultimately reached 2800 pg/ml after 24 h (Figure 3). Cultures
treated with increasing concentrations (25–400mM) of V2O5 for
24 h showed a continuous significant (p50.01) decrease in IL-2
production, down to nearly 500 pg/ml at the highest dose tested.
The same decrease was observed after 12 h, even though basal IL-
2 levels were also lower than at 24 h; interestingly, production
again neared 500 pg/ml at the highest dose tested. No V-related
effects were noted after just 6 h of incubation.

With regard to IL-10, although the basal concentrations were
not as high as those for IL-2, the effects of V2O5 were
immediately apparent even at the lowest dose (i.e. 25 mM)

Figure 1. Effect of V2O5 on NK-92MI cell proliferation. Cells were
treated with increasing concentrations (25–400mM) of V2O5 for 48 h.
Cells were then stained with CFSE and proliferation of cells determined
by flow cytometry. Data are expressed in percentages and each V2O5

concentration is represented with a cytofluorometer histogram (along
with respective cell size and granularity dot-plot). Results shown are
representative of three different experiments performed with each V2O5

concentration.
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tested for 24 h. Production was moreover nearly totally abrogated
at V2O5 concentrations450 mM. Effects at the shorter (i.e. 6 and
12 h) incubation periods were not evident as basal production was
already quite low. The effects on IFN� release were similar to
those for the IL-10. Basal IL-4, IL-6, IL-17A and TNF� levels
were below ELISA kit detection limits in all samples.

V2O5 effect on cell surface molecule expression

Expression of CD25 (IL-2R� subunit) began to significantly
increase above background starting at 50 mM V2O5 and reached a
maximal MIF value at the highest V2O5 concentration tested (i.e.
400mM) (Figure 4a). A similar pattern for induced changes in IL-
15R� expression/MIF values was observed (Figure 4b). Fas and
FasL expression behaved somewhat similarly, but the concentra-
tion of V2O5 where an increased expression was clearly observed
was 100mM for the CD95 (Fas), but just 50 mM for CD95L (FasL)
(Figures 4c and d). Interestingly, the effect on FasL expression
appeared to peak at 100mM V2O5, while that of CD95 tended to
keep increasing as the dose of V2O5 doubled. Furthermore, the
expression patterns observed for Fas and FasL at 400 mM V2O5

showed an unexpected high expression peak in terms of size and
granularity.

V2O5 effect on JAK3/STAT5 pathway

NK-92MI cells treated with increasing concentrations (25–
400mM) V2O5 for different periods of time showed a significant
time-related increase in JAK3 phosphorylation with the 200 and
400mM doses (p50.001 and p50.01 vs non-treated control
value, respectively) (Figure 5). Phosphorylation of JAK3 in the 6-
h cultures was nominal. Incubation of the cells with V2O5 resulted
in a downward trend in STAT5 phosphorylation, but the effects
were not significant. The status of both STAT5 and JAK3 were
unaffected by any of the V treatments. As seen in Figure 6
(representative image of NK-92MI cells’ intracellular staining for
JAK3 and pJAK3), it is worth noticing a strong presence of
pJAK3 in the internal portion of the cell membranes of cells
treated with increasing amounts of V2O5.

V2O5 effect on SOCS1 and CD45 expression

CD45 expression of on NK-92MI cells exposed to different doses
of V2O5 for 24 h remained unaltered (Figure 7). In contrast,
expression of SOCS-1 showed a gradual increase dependent on

the dose of V2O5; the increase with 200 and 400mM V2O5 was
significant relative to expression in the controls or with the lower
doses of V2O5 tested.

Discussion

The results of the current study showed that vanadium pentoxide
(V2O5) inhibits the proliferation of NK-92MI cells by inducing
apoptosis. The use of this specific cell line was determined by the
fact that it is a human cell line that preserved its CD56bright

phenotype after the IL-2 cDNA transfection process, rendering it
as a valid prototypical example of an activated natural killer cell
(Maki et al., 2001; Sharma & Das, 2014). NK cells are considered
a major innate immune response effector and play a major role in
the resolving of V2O5-induced lung inflammation (Turpin et al.,
2010).

The V2O5 concentrations used in these experiments were
within the range reported by the World Health Organization
(WHO) in workplace air (0.01–60 mg/m3) and in soils near petro-
chemical plants in México (Hernandez & Rodriguez, 2012; WHO,
2000). Unlike inhaled water-soluble V compounds that enter the
lung cells using transport systems utilized by other anions (like
phosphate or sulfate ions), insoluble particles like V2O5 are
ingested by resident [alveolar] macrophages. Once in the macro-
phage phagosomes, the V2O5 particles undergo slow dissolution
to free ions that can potentially exit the cells, and then enter/cross
through epithelial cells or enter into erythrocytes when they are in
the alveoli, and so become a part of the generic circulation (Cohen
et al., 2010). It is the latter now-solubilized forms of V that NK
cells in the body are, thus, most-likely exposed (Roberts et al.,
2004).

Other V compounds are known to induce apoptosis and have
been evaluated for cancer therapy (Leon et al., 2014). The fact 7-
ADD cell uptake was not modified by V2O5 exposure implied,
there was a negligible occurrence of necrosis as this compound
only stained compromised membranes (Darzynkiewicz et al.,
1992; Schmid et al., 1992). Therefore, the results in the present
study with 7-ADD uptake confirm that NK cells were not
damaged but that, instead, the NK cells were induced to enter into
apoptotic processes. The high affinity of annexin V for
phosphatidylserine renders it a sensitive probe for apoptotic cell
analysis; however, sole use of annexin V cannot distinguish
between early, late apoptotic, and necrotic cells. Therefore, the
results here suggest to us that a main toxic effect from V2O5
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exposure on NK cells is induction of apoptosis. This would
corroborate previous observations of apoptotic effects of V2O5 on
endothelial cells (Montiel-Davalos et al., 2012).

Production of IL-2 results in activation of a number of genes,
including those associated with cell proliferation. Recently, the
range of recognized actions of IL-2 has expanded, with roles
being defined in promotion of the differentiation of T-helper
(TH)-1 and TH2 cells (Dilworth-Anderson & Cohen, 2010); IL-2
also causes inhibition of TH17 and T-follicular helper (Tfh) cell
development, but promotion of TH17 cell expansion once the cells
develop (Liao et al., 2013). With this as a basis, the present study

evaluated TH1, TH2, and TH17 cytokine profiles of NK-92MI cells
and how their release was affected by exposure to V2O5.

Several major cytokines regulate NK cells development,
survival, and function, including IL-2, -4, -7, -10, -12, -15, -18,
and -21, transforming growth factor (TGF)-�, and both Type I
interferons (Marcais et al., 2013; Nandagopal et al., 2014). While
NK cells secrete the above-mentioned cytokines, they also
produce IFN�. The current study showed that V2O5 cause
reduced secretion of IL-2, IL-10, and IFN� by the treated cells
due to the decrease in cell viability subordinate to the apoptotic
process that was induced by the V2O5. Nevertheless, the

Figure 4. Modifications of cell surface membrane ligands expression in V2O5-treated NK-92MI cells. Expression levels of (a) CD25; (b) IL-15R�
chain; (c) Fas; and (dD) FasL. Results shown are percentage positive cells in relation to expression levels on cells that received respective isotype
control. (e) Analysis strategy of cytometry data; image represents data obtained when CD25 expression was evaluated in non-V2O5-treated NK-92MI
cells. All data was analyzed using this dot plot strategy.
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decreased levels of IL-2 were still high enough to secure
compensatory cell proliferation.

Compensatory mechanisms have been reported in immune
systems (Di Caro et al., 2011). The possibility of such a
mechanism is highly possible here, since our results showed
that, as cell viability was decreasing, expression of IL-2R and

IL-15R [probably of intermediate affinity (Pillet et al., 2009)] was
increasing-possibly as part of some mechanism to support uptake
of IL-2 in order to maintain cell viability/activation. Nevertheless,
it was clear that the cells here were undergoing some extreme risk
to survival, as expression patterns observed for Fas and FasL at
the highest V2O5 concentration tested led to an unexpected high
expression peak in terms of size and granularity. Such a pattern
may reflect activation of extracellular apoptosis pathways by
V2O5.

The � subunit in the IL-2 receptor itself has a long intra-
cytoplasmic tail that dimerizes with the common cytokine
receptor � chain and activates the JAK/STAT pathway. In
contrast, in NK cells the IL-15R� chain on the surface of
dendritic cells present IL-15 in trans to NK cells that express the
IL-2/IL-15R � and � chain, allowing signaling through these
complexes (Liao et al., 2013; Waldmann, 2006). JAK1, JAK3, and
STAT5 are signal transduction elements linked to the IL-2R and
its JAK-STAT pathway (Frank et al., 1995; Johnston et al., 1994;
Ross et al., 2010), but the NK-92MI cell line is known to severely
under-express CD25 in comparison to the parental NK-92 cell line
(Maki et al., 2001; Tam et al., 1999). Thus, a most likely
explanation for the results here was that V2O5 altered the
signaling pathway mediated by the � subunit of the IL-2/IL-15
receptor that responds to IL-2 (Long et al., 2013).

The IL-2/IL-15 mediated signaling pathway requires auto-
phosphorylation and activation of Janus kinases (especially JAK1
and JAK3), is essential for IFN� production, and induces three
parallel signaling cascades (e.g. Ras-Raf-MEK, PI3-AKT-mTOR,
and STAT5) (Kovanen & Leonard, 2004; Ma et al., 2006).
Vanadate interferes with the PI3K/Akt/mTOR signaling cascade
(Goncalves et al., 2011) and some preliminary results (data not

Figure 5. V2O5 effect on JAK3/STAT-5 activation. NK-92MI cells were treated with medium alone or 25, 50, 100, 200, and 400 mM of V2O5 at 37 �C
and then intracellular staining for flow cytometry was performed. Protein levels of JAK3, pJAK3, STAT5, and pSTAT5 were determined after 6, 12, and
24 h of exposure. MFI¼mean fluorescence intensity. Results shown are average of three different experiments performed with each V2O5

concentration. *p50.01, **p50.001 vs the same V2O5 dose at the different exposure times.

Figure 6. Images of phosphorylation of JAK3 in cells treated with V2O5

for 24 h. The figure shows confocal microscopy images of cells sorted
from cytometer. Images on the left of the figure show JAK3, while images
on the right show pJAK3. JAK3 and pJAK3 are shown in red; nucleic acid
staining marked with SYTOX� green. The first and fifth column show
JAK3 and pJAK3, respectively. The second and sixth column show
counterstained cell nuclei. The third and seventh column show light
microscopy images. The fourth and eighth columns show merged red and
green channels. The white bar in the lower right hand section of image
represents 20-mm distances.
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shown) from our own laboratories suggest that V2O5 also
interferes with Akt and pAkt expression. Because inhibition of
the PI3-AKT-mTOR pathway severely reduces IFN� production
(Nandagopal et al., 2014), the observed decreased production of
IFN� that was detected in the present study could be secondary to
an inhibitory effect of V2O5 on the IL-2/IL-15 mediated signaling
pathway.

The suppressor of cytokine signaling (SOCS) can also down-
regulate JAK/STAT pathways, but by different mechanisms
(Haque & Sharma, 2006). Normally, SOCS binds phospho-
tyrosine residues on the receptors and blocks STATs from binding
to receptors; it also binds directly to specific JAKs, thereby
inhibiting corresponding JAK kinase activity (Furqan et al.,
2013). The present results indicated that V2O5 induced increases
in JAK3 phosphorylation and non-significant decreases in STAT5
phosphorylation in tandem with increases in SOCS expression.
This suggested to us that V2O5, in a manner similar to vanadate
(Rehder, 2013), inhibited protein tyrosine phosphatases, thereby
preventing de-phosphorylation of JAK and, thus, maintaining
JAK3 phosphorylation status. The observed increase in SOCS
would be one attempt by the cells to turn-off the JAK/STAT
pathway; a consequence of this would be inhibition of STAT
phosphorylation and suppression of cytokine signaling. It is also
well known that over-activity of receptor tyrosine kinases (RTK)
under certain conditions can lead to induction of apoptosis
(Kazi et al., 2014). The increased expression of IL-2R/IL-15R and

Fas/FasL seen in the cells treated here could be interpreted as an
attempt by the cells to override/compensate for the negative
feedback signaling from the increases in SOCS and the decrease
in IL-2 production. Sustained kinase phosphorylation has
been observed with other types of V agents, including vanadates
(Huyer et al., 1997) and oxovanadium (Vardatsikos et al., 2009).

Conclusions

The results of these studies showed that V2O5 could inhibit, via
increases in SOCS, the proliferation of NK-92MI cells as well as
their secretion of anti-inflammatory IL-10 cytokine and pro-
inflammatory IFN�. It is possible that exposure of human NK
cells to V2O5 could result in inhibited secretion of these and other
key immunoregulatory cytokines through a similar mechanism
(Figure 8). Such effects could help to explain the effects of V2O5

on innate immune system cells and increased incidence of
infections, allergies, and other malignancies in workers exposed to
V2O5/V agents and residents living in highly polluted areas known
to have high levels of V in the air and/or water.
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