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Synthetic glycine coated 50 nm polystyrene nanoparticles (NP) (PS50G), unlike ambient 
NP, do not promote pulmonary inflammation, but instead, render lungs resistant to the 
development of allergic airway inflammation. In this study, we show that PS50G mod-
ulate the frequency and phenotype of regulatory T cells (Treg) in the lung, specifically 
increasing the proportion of tumor necrosis factor 2 (TNFR2) expressing Treg. Mice 
pre-exposed to PS50G, which were sensitized and then challenged with an allergen 
a month later, preferentially expanded TNFR2+Foxp3+ Treg, which further expressed 
enhanced levels of latency associated peptide and cytotoxic T-lymphocyte associated 
molecule-4. Moreover, PS50G-induced CD103+ dendritic cell activation in the lung 
was associated with the proliferative expansion of TNFR2+Foxp3+ Treg. These findings 
provide the first evidence that engineered NP can promote the selective expansion of 
maximally suppressing TNFR2+Foxp3+ Treg and further suggest a novel mechanism by 
which NP may promote healthy lung homeostasis.

Keywords: nanoparticles, tumor necrosis factor 2, asthma, Ps50g, lung, lymph nodes, animal model

inTrODUcTiOn

Nanoparticles (NP), defined as particles with a diameter less than 100 nm, comprise the dominant 
type of particles in ambient airborne particulate matter (1). NP can be divided into three categories: 
naturally occurring, anthropogenic, and engineered nanoparticles (ENP) that are manufactured 
for industrial or consumer applications (2). The increasing use of NP for pulmonary drug delivery 
(3, 4) continues to drive the debate on their potential to negatively or positively modulate lung 
immune homeostasis (5).

The lung is confronted by a diverse range of natural and man-made NP, on a daily basis, and must 
maintain a state of immune ignorance or “tolerance” to retain pulmonary homeostasis and prevent 
undesirable immunopathology. As nanotechnology develops, it is clear that it will also be important 
to understand the impact of ENP on the lung. ENP by themselves have the capability to induce 
beneficial or detrimental effects on lung immune homeostasis, depending on their characteristics 
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(2). For example, nickel NP (6) and titanium dioxide NP (7) 
can exacerbate existing allergic airway inflammation (AAI). 
However, inert glycine-coated polystyrene 50-nm NP (PS50G) 
behave differently from most of the ubiquitous particles in the 
environment, in vivo and in vitro (8–12). Of note, PS50G also 
induce the secretion of chemokines involved in recruitment and/
or maturation of monocytes and dendritic cells (DCs), and pre-
exposure to PS50G prevents the subsequent elicitation of AAI 
(8). Furthermore, immune imprinting by PS50G in the lung 
leads to subsequently modified pulmonary immune responses 
to allergens (9).

Immune imprinting or “innate training” is a phenomenon 
wherefore non antigenic stimuli (e.g., toll-like receptor ligands or 
NP) alter the capacity of the immune system to react to subsequent 
unrelated stimuli (13, 14). Some innate training mechanisms 
include impairment of pulmonary antigen-presenting cell (APC) 
function (9, 15), altered antigen delivery (16), and induction of 
regulatory myeloid-derived suppressor cells (12). Previously, we 
demonstrated that PS50G not only negatively imprint inflamma-
tory CD11bhi dendritic cell (DC) but also increase the frequency 
of CD103+ DC in the lung (9), a population that contributes to 
airway homeostasis by inducing Foxp3+ regulatory T cells (Treg) 
(17), through a Treg-independent production of IL-10 (18) or 
IL-12 (19). By using AAI murine models, Treg were demon-
strated to play a major role in controlling lung homeostasis and 
its responsiveness to environmental allergens (20, 21). Therefore, 
we hypothesized that PS50G innate training would also substan-
tially change the homeostasis of Treg in the lung, particularly 
inflammation related Treg expressing tumor necrosis factor 
(TNF) receptor 2 (TNFR2+Foxp3+ Treg), reported as maximally 
suppressive in other disease settings (22–24).

MaTerials anD MeThODs

Mice
Female BALB/c mice aged 6–8  weeks were obtained from the 
Walter and Eliza Hall Institute of Medical Research, Melbourne, 
VIC, Australia and housed in the Alfred Medical Research and 
Education Precinct (AMREP) animal house. All studies with 
mice were approved by the AMREP Animal Ethics Committee.

Particle Preparation, instillation, and 
immunization
Polybead carboxylate microspheres (unlabeled, nominally 
0.05 mm; no. 15913; Polysciences, Warrington, PA, USA) were 
glycine coated, as described (25) and referred to as PS50G. To 
investigate the long-term effects of PS50G on the innate immune 
response, mice received saline or PS50G (200 µg/50 µl) intratra-
cheally on day 0 and lymph nodes (LN) and lungs were collected 
on days 1, 3, 7, and 30 post instillation. In some experiments, 
10 µg lipopolysaccharide derived from Escherichia coli (Sigma-
Aldrich, St. Louis, MO, USA) were used as a positive “inflamma-
tory” control. The effects of PS50G on acute allergic asthma were 
investigated by intratracheally instilled PS50G (200 µg/50 µl) into 
mice on days 0 and 2 prior to intraperitoneal sensitization with 
ovalbumin (OVA) (50 µg; Sigma-Aldrich, St. Louis, MO, USA) in 

aluminum hydroxide (General Chemical, Parsippany, NJ, USA) 
on days 12 and 22 and intranasal OVA challenge (25 µg) on days 
32, 34, 37, and 39. Tissue sampling was performed 24 h after the 
final lung allergen challenge (day 40) as described (8, 9).

antibodies, surface, and intracellular 
staining
Cells (1 × 106) were stained on ice for 20 min with combinations 
of the following antibodies: CD3 (APC-Cy7 and Qdot 605) (Life 
technologies, Grand Island, NY, USA); CD4 (V450 and V500) (BD 
Biosciences, San Jose, CA, USA); CD25 (PE-Cy7 and APC-Cy7), 
CD120b/tumor necrosis factor 2 (TNFR2) (PE), latency associ-
ated peptide (LAP) (Per-CP), cytotoxic T-lymphocyte associated 
molecule-4 (CTLA-4) biotin or their respective immunoglobulin 
isotypes (all eBioscience, San Diego, CA, USA). For intracellular 
staining of Foxp3 (APC) and Ki67 (FITC) (eBioscience, San 
Diego, CA, USA), cells were first permeabilized according to the 
manufacturer’s instructions. The following antibodies were used 
to identify CD103+ DC: CD103 (PE) (BD Biosciences), CD11c 
(APC) and MHCII (APC-eFluor 780) (eBioscience), CD11b 
(AF700) and CD86 (Brilliant Violet Blue) (BioLegend), and 
Live/Dead cell stain kit-Aqua (Invitrogen). Acquisition was on 
an LSR II flow cytometer (BD Biosciences, San Jose, CA, USA) 
and analysis was performed using FlowJo (Tree Star, Ashland, 
OR, USA).

statistical analysis
Data were analyzed for normality and log-transformed as 
necessary prior to analysis by Student’s t-test or ANOVA with 
Bonferroni posttests, depending on the number of experimental 
groups. Spearman’s correlations were used for the comparison of 
continuous variables. The Spearman’s r value for the correlation 
between the two variables was stated in each result. Statistical 
analysis was performed using Graph Pad Prism v5.02 software. 
Group sizes are indicated in the figure legends. Data are expressed 
as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.

resUlTs

Ps50g instillation increased 
TnFr2+Foxp3+ Treg in the lung
Intratracheal instillation of PS50G into the lungs of mice 
increased frequencies of Treg, peaking at day 7, which decreased 
but remained significantly higher than the saline control group by 
day 30 (Figures 1A,B). TNFR2+ Treg are maximally suppressive 
(26), and TNFR2+ T effector cells (Teff) are maximal cytokine 
producers (27). PS50G instillation significantly increased the 
proportion of TNFR2+Foxp3+ Treg within the total Treg popula-
tion (CD3+CD4+CD25+) from ~9% at day 1 to ~20% at day 3, 
peaking at day 7 (>30%), and this increase remained signifi-
cantly elevated above the saline control group even up to day 30 
(Figure  1C). Conversely, TNFR2−Foxp3+ Treg decreased from 
day 3 to 7, remaining low to day 30 (Figure  1D). By contrast, 
PS50G did not change the proportion of TNFR2+Foxp3− cells 
within Teff (CD3+CD4+CD25− cells) (Figure 1E). The total num-
bers of TNFR2+Foxp3+ Treg in the lung also increased following 
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Table 1 | PS50G alter the numbers of CD3+CD4+ T cells, total regulatory T cells 
(Treg), and tumor necrosis factor 2 cells in the lung and lung-draining lymph 
nodes (LN).

cells groups cell numbers 
(104) lung

cell numbers (104)
ln

Total cell numbers Saline 1,054 ± 252 593 ± 207
PS50G 2,030 ± 162 2,085 ± 109***

CD3+CD4+ cells Saline 72.1 ± 5.0 476 ± 29.8
PS50G 70.2 ± 8.2 867 ± 73.2***

CD3+CD4+CD25+ Treg Saline 8.84 ± 0.36 59.6 ± 6.1
PS50G 8.32 ± 2.1 105.8 ± 14.3***

TNFR2+Foxp3+ within 
CD3+CD4+CD25+ Treg

Saline 0.87 ± 0.23 9.2 ± 2.3
PS50G 2.43 ± 0.91*** 16.2 ± 2.9***

TNFR2− Foxp3+ within 
CD3+CD4+CD25+ Treg

Saline 5.1 ± 0.9 28.0 ± 6.4
PS50G 5.01 ± 1.09 54.4 ± 7.21***

CD3+CD4+CD25− Teff Saline 60.7 ± 2.87 501.4 ± 20.5
PS50G 62.3 ± 11.2 902 ± 13.6***

TNFR2+Foxp3− within 
CD3+CD4+CD25− Teff

Saline 0.89 ± 0.32 11.02 ± 3.3
PS50G 1.12 ± 0.82 20.09 ± 3.6***

Naïve mice (n = 5–7 per group per time point) received PS50G intratracheally on day 0 
or saline as control. Samples were collected on day 3. Lung and lung-draining LN were 
analyzed for cell numbers and percentages. Data represent the mean ± SEM of at least 
three experiments.
***p < 0.001.

FigUre 1 | PS50G instillation selectively increases lung CD3+CD4+CD25+ cells that are TNFR2+Foxp3+. Naïve mice (n = 5–7 per group per time point) received 
PS50G intratracheally on day 0 or saline as control. Samples were collected on days 1, 3, 7, and 30. (a) Stained lung cells were gated on viable CD3+CD4+CD25+ 
and CD3+CD4+CD25− cells, followed by gating on TNFR2 co-expressed with Foxp3. Representative FACS contour plots showing TNFR2+ cells in the lung on day 3 
from PS50G treated mice. Percentages of (b) CD3+CD4+CD25+ cells; (c) TNFR2+Foxp3+ regulatory T cells (Treg); (D) TNFR2–Foxp3+ Treg; and (e) TNFR2+Foxp3− 
Teff. Data represent the mean ± SEM of at least three experiments. ***p < 0.001.
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PS50G instillation (Table 1), while the absolute numbers of the 
other subsets remained unaltered. Overall, PS50G was shown to 
preferentially promote the induction of TNFR2+Foxp3+ Treg in 
the lung.

Ps50g instillation increased the 
Percentages of TnFr2+Foxp3+ Treg in the 
lung-Draining ln
While Treg in the lung play a substantial role in controlling lung 
inflammation, the priming, activation, and expansion of T cells 
associated with airway inflammation also involves the LN that 
drain the lungs. To investigate the effects of PS50G on Treg in 
the lung-draining LN, we applied a similar gating strategy to that 
used for lung Treg (Figure 2A). Instillation of PS50G did not sig-
nificantly affect the percentages of CD3+CD4+CD25+ Treg at day 
1 and 3, but increased the frequency from ~9 to ~15% at day 7, 
returning to saline control levels at day 30 (Figure 2B). A similar 
pattern was observed in the percentages of TNFR2+Foxp3+ Treg 
(increasing from ~ 20 to ~ 30% at day 7) (Figure 2C). In con-
trast, the percentages of TNFR2–Foxp3+ Treg were significantly 
increased as early as day 1 and returned to saline control levels from 
day 3 to day 30 (Figure 2D). PS50G instillation did not affect the 
frequency of TNFR2+Foxp3− Teff, being <2% for all time points 
in both saline and PS50G groups (Figure 2E). Absolute numbers 
of CD3+CD4+ T  cells, CD4+CD25+ Treg, TNFR2+Foxp3+ Treg, 
TNFR2−Foxp3+ Treg, and TNFR2+Foxp3− Teff increased on day 
3 (Table  1), as reflected by approximately fivefold increase in 
total lung-draining LN numbers (data not shown). Overall, we 
saw an increase in the percentages of CD3+CD4+CD25+ Treg, and 
TNFR2+Foxp3+ Treg, but not TNFR2−Foxp3+Treg on day 7 in the 
lung-draining LN after instillation of PS50G.

Psg50-induced inhibition of aai is 
associated with increased local efficiency 
in the induction of TnFr2+Foxp3+ Treg 
Upon allergen challenge
We previously showed that PS50G instillation inhibits the 
elicitation of subsequent AAI in atopic mice (8, 9). Herein, we 
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FigUre 2 | PS50G instillation selectively increases lung-draining lymph nodes (LN) CD3+CD4+CD25+ cells that are TNFR2+Foxp3+ on day 7. Naïve mice (n = 5–7 
per group per time point) received PS50G intratracheally on day 0 or saline as control. Samples were collected on days 1, 3, 7, and 30. (a) Stained lung-draining LN 
cells were gated on viable CD3+CD4+CD25+ and CD3+CD4+CD25− cells, followed by gating on TNFR2 co-expressed with Foxp3. Representative FACS contour 
plots showing TNFR2+ cells in the lung-draining LN at day 3 from PS50G-treated mice. Percentages of (b) CD3+CD4+CD25+ cells; (c) TNFR2+Foxp3+ regulatory 
T cells (Treg); (D) TNFR2–Foxp3+ Treg; and (e) TNFR2+Foxp3− Teff. Data represent the mean ± SEM of at least three experiments. ***p < 0.001.
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hypothesized that the re-elicitation of Treg, and particularly 
TNFR2+ Treg, by a subsequent allergen challenge, would differ 
between PS50G vs saline pretreated animals. We also wanted 
to address whether the proportion of TNFR2+ Teff elicited 
by the allergen would be impacted by prior PS50G exposure. 
The results showed that PS50G pre-instillation resulted in an 
increased ability of the lungs to respond by TNFR2+Foxp3+ 
Treg upregulation to a subsequent allergen challenge (Figure 3). 
Specifically, the proportion of TNFR2+Foxp3+ Treg within 
total T  cells and within Treg was significantly increased in the 
PS50G/OVA/OVA group compared to the control groups (Sal/
Sal/Sal and Sal/OVA/OVA) (Figure 3B). The percentages of lung 
TNFR2−Foxp3+ Treg in PS50G/OVA/OVA and Sal/OVA/OVA 
groups decreased markedly from ~60 to ~30%, an approximately 
twofold decrease as compared to the saline negative control group 
(Sal/Sal/Sal) (Figure 3C). On the other hand, the percentages of 
TNFR2+Foxp3− Teff significantly increased after allergen challenge 
(approximately fourfold), regardless of whether the animals had 
been pretreated with PS50G or saline (Figure 3D). Thus, PS50G 
selectively increased TNFR2+Foxp3+ Treg proportions, without 
affecting TNFR2−Foxp3+ Treg or TNFR2+Foxp3− Teff, resulting 
in an increased ratio of TNFR2+Foxp3+ Treg to Foxp3− Teff com-
pared to the Sal/OVA/OVA group (Figures 3E,G). Furthermore, 
the ratio of TNFR2−Foxp3+ Treg to Foxp3− Teff was unchanged 
compared to the Sal/OVA/OVA group (Figures 3F,H). Given that 
a portion of the Foxp3− effector cells is CD25+, we also analyzed 
this subset to assure that the ratio of TNFR2+Foxp3+ Treg to 
Foxp3− Teff would not be affected. Interestingly, similar patterns 
were observed for Treg/Teff ratio (Figures 3E–H) indicating that 

in the lung the total Treg/Teff ratio remains consistent regardless 
of CD25 expression.

Psg50-induced inhibition of elicitation of 
aai is associated with increased 
TnFr2+Foxp3+ Treg in lung-Draining ln
In the lung draining LN, allergen challenge (Sal/OVA/OVA) was 
followed by a decrease in frequency of TNFR2+Foxp3+ Treg rela-
tive to the saline control group (Sal/Sal/Sal) (Figure 4B). PS50G 
pretreatment (PS50G/OVA/OVA) prevented this decrease. 
Although the observed differences were small, the levels of 
TNFR2+Foxp3+ Treg were significantly higher in the PS50G/
OVA/OVA group (Figure 4B) and showed an increased ratio of 
CD25+TNFR2+Foxp3+ Treg to CD25+Foxp3− Teff (Figure 4G), 
even though the ratio of CD25+TNFR2+Foxp3+ Treg to CD25-

TNFR2+Foxp3− Teff did not significantly change in any of the 
groups (Figure 4E). By contrast, no significant differences were 
observed in the frequencies and ratios of TNFR2–Foxp3+ Treg to 
Foxp3− Teff (Figures 4C,F,H). No differences were observed in 
TNFR2+Foxp3− Teff (Figure 4D).

Mechanisms Underlying the Ps50g 
induced increase in TnFr2+Foxp3+ Treg in 
the lung during aai
To gain insight into whether the increase in TNFR2+Foxp3+ Treg 
proportions and numbers in the lung and lung-draining LN 
after allergen challenge was driven by increased proliferation, 
we analyzed expression of the proliferative marker Ki67. PS50G 
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FigUre 3 | PS50G instillation selectively increases lung CD3+CD4+CD25+ T cells that are TNFR2+Foxp3+ in allergic airway inflammation mouse model. (a) Stained 
lung cells were gated on viable CD3+CD4+CD25+ and CD3+CD4+CD25− cells, followed by gating on tumor necrosis factor 2 co-expressed with Foxp3. Percentages 
of (b) TNFR2+Foxp3+ regulatory T cells (Treg); (c) TNFR2–Foxp3+ Treg and (D) TNFR2+Foxp3− Teff. Ratios of (e,g) TNFR2+Foxp3+ Treg and (F,h) TNFR2–Foxp3+ 
Treg to Foxp3− Teff. Data represent the mean ± SEM of at least three experiments with four to six mice per group. *p < 0.05 and ***p < 0.001 compared with saline 
negative control group (Sal/Sal/Sal); #p < 0.01, compared with OVA positive control group (Sal/OVA/OVA).
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FigUre 4 | PS50G instillation selectively increases lung-draining lymph nodes CD3+CD4+CD25+ that are TNFR2+Foxp3+ in allergic airway inflammation mouse 
model. (a) Stained lung cells were gated on viable CD3+CD4+CD25+ and CD3+CD4+CD25− cells, followed by gating on tumor necrosis factor 2 co-expressed with 
Foxp3. Percentages of (b) TNFR2+Foxp3+ regulatory T cells (Treg); (c) TNFR2−Foxp3+ Treg; and (D) TNFR2+Foxp3− Teff. Ratios of (e,g) TNFR2+Foxp3+ Treg and 
(F,h) TNFR2−Foxp3+ Treg to Foxp3− Teff. Data represent the mean ± SEM of at least three experiments with four to six mice per group. *p < 0.05, **p < 0.01, 
***p < 0.001 compared with saline negative control group (Sal/Sal/Sal); #p < 0.05, compared with OVA positive control group (Sal/OVA/OVA).
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FigUre 5 | PS50G instillation increases the percentages of Ki67+ cells within lung TNFR2+Foxp3+ regulatory T cells (Treg) during allergic airway inflammation. 
Stained lung and lung-draining lymph nodes (LN) cells were gated as in Figures 3a and 4a, respectively followed by gating on Ki67. Percentages of (a) lung Ki67+ 
and (b) lung-draining LN Ki67+ within TNFR2+Foxp3+ Treg; TNFR2−Foxp3+ Treg and TNFR2+Foxp3− Teff. Data represent the mean ± SEM of at least three 
experiments with four to six mice per group. #p < 0.05, compared with OVA positive control group (Sal/OVA/OVA). The dashed lines denote the percentages of cells 
expressing the respective markers derived from the saline negative control group (Sal/Sal/Sal).
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pretreatment (PS50G/OVA/OVA) significantly increased the 
percentages of Ki67+ cells preferentially within TNFR2+Foxp3+ 
Treg in the lung post allergen challenge in the AAI model, when 
compared to Sal/OVA/OVA group (Figure  5A). By contrast, 
the frequency of proliferated cells within TNFR2+Foxp3− Teff 
in the lung after allergen challenge in mice with a PS50G pre-
treatment (PS50G/OVA/OVA) were similar to that of the saline 
negative control group indicated by the dashed line (Sal/Sal/Sal) 
(Figure 5A). No significant differences in the proportion of Ki67+ 
cells within TNFR2–Foxp3+ Treg or TNFR2+Foxp3− Teff were 
found between PS50G/OVA/OVA and Sal/OVA/OVA groups, 
showing that PS50G preferentially induced proliferative expan-
sion of TNFR2+Foxp3+ Treg. PS50G did not affect the frequency 
of Ki67+ cells for any of the populations examined in the lung-
draining LN. However, we observed that the frequency of Ki67+ 
cells within the TNFR2−Foxp3+ Treg was threefold to fourfold 
lower than within the TNFR2+Foxp3+ Treg and TNFR2+Foxp3− 
Teff subsets (Figure  5B). These results suggest that changes in 
Treg subset frequencies upon PS50G instillation and subsequent 
allergen challenge increase the TNFR2+Foxp3+ Treg proliferative 
state in the lung.

Ps50g Pretreatment increased laP+ and 
cTla-4+ cells within TnFr2+Foxp3+ Treg 
in lung and lung-Draining ln of aai 
Mouse Model
Previous studies in other disease models have shown that Treg 
have maximal suppressive capacity, which is associated with 
higher expression of immunosuppressive molecules such as 
CTLA-4 (28, 29). To confirm that the TNFR2+Foxp3+ Treg 
elicited during AAI could also exhibit a suppressive potential, we 
analyzed their expression of the TGF-β binding molecule LAP 
and of CTLA-4. Moreover, we tested whether PS50G pre-exposure 

could further alter the expression of these functional molecules 
on the TNFR2+Foxp3+ Treg. We found that PS50G treatment 
significantly increased the proportion of LAP+ cells within the 
TNFR2+Foxp3+ Treg subset, but not within the TNFR2−Foxp3+ 
Treg and TNFR2+Foxp3− Teff subsets in the lung (Figure 6A). 
PG50G did not alter the proportion of LAP+ cells in any cell 
population in the lung-draining LN (Figure  6B). Consistent 
with the finding that LAP expression is not associated with 
Teff, we identified the lowest frequency of LAP+ cells within 
TNFR2+Foxp3− Teff both in the lung and in the lung-draining 
LN (<0.3%) (Figures 6A,B). Although PS50G did not alter the 
proportion of CTLA-4 positive Treg (TNFR2+Foxp3+ Treg and 
TNFR2−Foxp3+ Treg) in the lung (Figure  6C), they induced a 
twofold increase in the frequency of CTLA-4+ cells exclusively 
within TNFR2+Foxp3+ Treg in the lung-draining LN (Figure 6D). 
Therefore, PS50G increased expression of molecules associated 
with the suppressive function of TNFR2+Foxp3+ Treg in the lung 
and lung-draining LN.

activation of cD103+ Dc Positively 
correlates with TnFr2+Foxp3+ Treg 
expansion
Our previous data showed that the expression of CD86 on 
CD103+ DC is positively correlated with PS50G uptake (9). To 
investigate the possible relationship between PS50G uptake by 
tolerogenic CD103+ DC and Treg in the lung, we analyzed the 
correlation between activated CD103+ DC (based on CD86 
expression) with TNFR2+Foxp3+ Treg. As predicted, PS50G 
increased the frequency of activated CD103+ DC (Figure  7A), 
which positively correlated with overall increases of TNFR2+ Treg 
(Figures 7B,C, left panel) and the proportion of TNFR2+Foxp3+ 
Treg that proliferated after PS50G administration (based on 
Ki67 expression) (Figure 7B, right panel). By contrast, activated 
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FigUre 6 | PS50G instillation increases the percentages of lung LAP+ and lung-draining lymph nodes (LN) CTLA-4+ cells within TNFR2+Foxp3+ regulatory T cells 
(Treg) during allergic airway inflammation. Stained lung cells and lung-draining LN cells were gated as in Figures 3a and 4a, respectively, followed by gating on 
latency associated peptide and CTLA-4. Percentages of (a) lung LAP+; (b) lung-draining LN LAP+; (c) lung CTLA-4+; and (D) lung-draining LN CTLA-4+ within 
TNFR2+Foxp3+ Treg; TNFR2−Foxp3+ Treg; and TNFR2+Foxp3− Teff. Data represent the mean ± SEM of at least three experiments with four to six mice per group. 
###p < 0.001, compared with OVA positive control group (Sal/OVA/OVA). The dashed lines denote the percentages of cells expressing the respective markers 
derived from the saline negative control group (Sal/Sal/Sal).
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CD103+ DC negatively correlated with TNFR2−Foxp3+ Treg 
(Figure 7C, right panel). Together this data suggest that CD103+ 
DC activation promotes the expansion of highly proliferative 
TNFR2 expressing Treg.

DiscUssiOn

A number of ambient, anthropogenic, and ENP have been 
described that exert detrimental effects on lung immune 
homeostasis and exacerbate the symptoms of asthma and lung 
inflammation upon allergen challenge in susceptible individuals 
(30, 31). However, our studies suggest a radically different role 
for non-toxic particles such as PS50G: promoting homeostasis 
and preventing the elicitation of inflammation upon allergen 
challenge in atopic individuals (8, 9). Our initial studies suggested 
that PS50G can modulate pulmonary DC function (8, 9). Here, 
we reveal a novel role for PS50G, leading to augmented elicitation 
of lung TNFR2+Foxp3+ Treg upon allergen challenge in sensitized 

animals, associated with increased control of allergic lung airway 
inflammation. Furthermore, for the first time, we show that NP 
can be engineered to induce the upregulation of TNFR2+Foxp3+ 
Treg in the lung.

Increased frequencies of Treg in the periphery or lymphoid 
organs indicate that Treg have either proliferated (32, 33) or 
migrated into the tissue (34, 35). Previously, it was shown that 
the size of the Treg pool is critical for maintaining immu-
nological balance, and even relatively minor modulation of 
Treg numbers alters immunity, with preferential effects on T 
helper 2 (Th2) immunity (36). Our present data are in agree-
ment with Tian et al., showing efficient prevention of Th2 cell 
elicitation by allergens in the lung after allergen challenge. 
Chen et  al. have demonstrated that, in peripheral lymphoid 
organs, Treg and Teff expressing TNFR2 exhibit greater prolif-
erative capacity than the non-TNFR2 expressing subsets (27). 
Here, we show for the first time that, in the lung, even in a 
largely non-inflammatory environment (during homeostasis), 
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FigUre 7 | CD86 expression on lung CD103+ dendritic cell (DC) positively correlates with the proportions of TNFR2+ regulatory T cells (Treg) and TNFR2+Foxp3+ 
that are expanded (Ki67+). Naïve mice (n = 5–7 per group per time point) received PS50G i.t on day 0 or saline as control. Samples were collected on days 1, 3, 7, 
and 30. (a) Stained lung cells were gated on viable MHCIIhighCD11c+, followed by gating on CD11b−CD103+ cells on day 3 post instillations. Expression of CD86 
population in saline (gray line, filled histogram) and PS50G (black line, open histogram). MFI of MHCIIhighCD11c+CD11b−CD103+ DC on day 3 post instillations. Data 
represent the mean ± SEM. ***p < 0.001 of at least three experiments. The percentages of (b) TNFR2+Foxp3+ Treg (left panel), TNFR2+Foxp3+Ki67+ Treg (right 
panel), and (c) TNFR2+FoxP3− Treg (left panel) positively correlated with MFI of CD86 on CD103+ DC (MHCII+CD11c+CD11b−). The percentages of (c) 
TNFR2−FoxP3+ Treg (right panel) negatively correlated with CD103+ DC. Open circles correspond to saline group (n = 5–8) and closed circles correspond to PS50G 
(n = 11) data partially from days 1, 3, 7, and 30.
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TNFR2+Foxp3+ Treg and TNFR2+Foxp3− Teff both exhibit a 
greater proliferative capacity. Therefore, TNFR2+Foxp3+ Treg 
with strong proliferative capacity in the lung may be critical to 
respond rapidly to inflammatory stimuli in this environment, 
in addition to effectively controlling the activation of Th2 effec-
tors. Previous studies have shown that only TNFR2+Foxp3+ 
Treg are able to suppress highly bioactive TNFR2+Foxp3− Teff 
(26), which we observed are also highly elicited upon allergen 
challenge. Therefore, TNFR2+Foxp3+ Treg are a pivotal deter-
minant of the level and type of immunity elicited in response 
to inflammatory environmental stimuli in the lung. Overall, 
our findings suggest that TNFR2+Foxp3+ Treg proliferate 

in the lung to maintain homeostasis and limit inflammatory 
responses, while maintaining “appropriate” responses to harm-
less airborne stimuli.

After allergen challenge in atopic animals, the proliferation of 
TNFR2+Foxp3+ Treg in the lung was increased in animals that 
had been previously pretreated with PS50G. CTLA-4 expression 
in LN, but not the periphery, is critical to prevent elicitation of 
adaptive immunity (37). In turn, LAP expression is associated 
with potent peripherally activated Treg immunosuppressive phe-
notypes (38). Pretreatment with PS50G resulted in higher levels 
of expression of LAP (in the lung) and CTLA-4 (in the lung-
draining LN) specifically on TNFR2+Foxp3+ Treg, suggesting they 
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can promote increases in the relevant, organ-specific, maximally 
suppressive phenotypes. Thus, the increases in TNFR2+Foxp3+ 
Treg during AAI, promoted by PS50G pretreatment, were 
associated with their increased proliferative expansion capacity. 
Together, these results show how PS50G can increase the long-
term capacity of the lungs to maintain a normal response fol-
lowing an allergen challenge. In addition, the response occurred 
without allergic Th2 driven exacerbations even in atopic animals, 
by preferentially expanding TNFR2+Foxp3+ Treg. A recent 
study further demonstrated the critical nature of TNFR2 driven 
regulation in the lung, by showing that aberrant TNFR2 signal-
ing exacerbates airway inflammation in an AAI mouse model, 
specifically by promoting Th2 and Th17 cell polarization while 
inhibiting Th1 and CD4+CD25+ T cells differentiation (39). In 
this context, PS50G may improve the capacity of the lungs to 
control inflammation through TNFR2 signaling. In addition, as 
shown by our results, PS50G can also increase the TNFR2+Foxp3+ 
Treg pool and its proliferative potential. The latter may support 
the maintenance of an effective immunoregulatory pool size for 
homeostatic control in inflammatory environments.

Previously, we demonstrated that PS50G are preferentially 
taken up by DC in the lung and may affect their long-term function. 
The present study extends these findings by showing that PS50G 
increase the frequency and enhance the suppressor phenotype of 
TNFR2+Foxp3+ Treg. Such a broad immunological imprint has 
important consequences on adaptive immune responses in the 
lung, especially in controlling allergen-induced Th2 cells in AAI. 
How different subsets of effector T cells, relevant to diverse lung 
diseases, ranging from Th2 cells in inflammatory allergic diseases, 
to Th1 and Th17 cells in cancers, are affected by TNFR2+Foxp3+ 
Treg expansion in the lung induced by particles such as PS50G 
or other stimuli, will be a useful question to address in future 
studies in diverse lung disease models. From a practical point 
of view, such properties need to be understood if NP is to be 
rationally deployed as carriers to deliver drugs and vaccines into 
the lungs (2). Indeed, like PS50G particles, gold NP have more 
recently been observed to promote homeostatic imprints in the 
lung (40) and silver NP for the overall homeostasis of the intesti-
nal tract (41). Conversely, toxic and pro-inflammatory NP such 
as those derived from diesel exhaust fumes promote increased 
susceptibility to allergic airways inflammation (42). Although the 
immunological basis of such imprints was not explored in many 
of these studies, we speculate that DC functional impairment and 
altered TNFR2+Foxp3+ Treg function are likely to be critically 
involved.

Tolerogenic and migratory CD103+ DC travel toward lung-
draining LN to prime the differentiation of naïve CD4+ T cells 
into Treg (17), whereas lung macrophages are involved in main-
taining Foxp3 expression by Treg, once these cells populate the 
lung tissue (21). Our data support previous findings on CD103+ 
DC in establishing airway tolerance (17–19) and further suggest 
that CD103+ DC might promote TNFR2+Foxp3+ Treg expan-
sion. As this is the first study investigating the effects of non-
toxic ENP on TNFR2+Foxp3+ Treg in the lung, further studies 
should follow to evaluate the role of CD103+ DC in priming 
and/or inducing TNFR2+Foxp3+ Treg both in the lung and 
lymphoid organs.

While PS50G were used as a new model to show that 
TNFR2+Foxp3+ Treg can be preferentially expanded in the 
lung, these NP are not biodegradable, which may complicate 
their direct clinical translatability. Nevertheless, our previous 
studies have shown that PS50G are biocompatible, non-toxic 
and non-inflammatory even at high doses in the lung. While 
conventional materials such as nickel or titanium oxide can-
not be used at high doses in the lung given toxicity concerns 
(43, 44), the development of new types of biodegradable NP 
may open to door to new classes of immunoregulators to help 
control inflammatory lung disease. In this context, some poly-
mers such as poly(lactide-co-glycolide) (3) and fullerenes (45) 
hold significant promise and biodegradable NP of a larger (46) 
or smaller size (47, 48) have already been shown to suppress 
inflammation and to induce Treg. Furthermore, distinct nano-
particle sizes may induce different anti-inflammatory responses 
according to the type of disease. For example, Miller and col-
leagues showed that intravenous infusion of poly(lactide-co-
glycolide) microparticles (500 nm) promote anti-inflammatory 
effects in the periphery in mice with relapsing experimental 
autoimmune encephalomyelitis (46). However, our previous 
studies in the lung showed that PS50G (50 nm) particles are 
capable of providing a broader anti-inflammatory imprint 
than PS500G (500  nm) particles, potentially associated by 
their preferential uptake by DC (rather than macrophages), 
including CD103+ DC. In future studies, it will be important to 
map the extent to which particle size preferences will influence 
anti-inflammatory activity in diverse peripheral inflammation 
models.

Collectively, the present study proposes a novel mechanism 
by which NP such as PS50G, modulate the adaptive immune 
response by altering TNFR2+Foxp3+ Treg homeostasis, thereby 
decreasing susceptibility to allergic disease. In summary, together 
with our previous findings, these results implicate an important 
role of non-toxic ENP in establishing and preserving Treg num-
bers and functions through mechanisms such as (a) increasing 
the proliferative rate of Treg, thus altering the ratio between Treg 
and Teff, (b) maintenance of a self amplification loop by TNF/
TNFR2 interaction, and (c) indirectly targeting CD103+ DC to 
modify Treg.
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