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Article history: Exposure to Particulate Matter (PM) could function as an adjuvant depending on the city of origin in mice

Received 22 October 2016 allergic asthma models. Therefore, our aim was to determine whether inhalation of fine particles (PM2.5)

‘;gcﬁ"e(;('ﬁ;e‘”sed form from Mexico City could act as an adjuvant inducing allergic sensitization and/or worsening the asthmatic
ay

response in guinea pig, as a suitable model of human asthma. Experimental groups were Non-Sensitized
(NS group), sensitized with Ovalbumin (OVA) plus Aluminum hydroxide (Al(OH)3) as adjuvant (S + Adj
group), and sensitized (OVA) without adjuvant (S group). All the animals were exposed to Filtered Air
(FA) or concentrated PM2.5 (5 h/daily/3 days), employing an aerosol concentrator system, PM2.5
composition was characterized. Lung function was evaluated by barometric plethysmography (Penh
index). Inflammatory cells present in bronchoalveolar lavage were counted as well as OVA-specific IgG1
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Sensitization and IgE were determined by ELISA assay. Our results showed in sensitized animals without AI(OH)3, that
Ovalbumin the PM2.5 exposure (609 + 12.73 pg/m3) acted as an adjuvant, triggering OVA-specific IgG1 and IgE
Adjuvant concentration. Penh index increased ~9-fold after OVA challenge in adjuvant-sensitized animals as well

as in S + PM2.5 group (~6-fold), meanwhile NS + FA and S + FA lacked response. S + Adj + PM2.5 group
showed an increase significantly of eosinophils and neutrophils in bronchoalveolar lavage. PM2.5
composition was made up of inorganic elements and Polycyclic Aromatic Hydrocarbons, as well as en-
dotoxins and B-glucan, all these components could act as adjuvant. Our study demonstrated that acute
inhalation of PM2.5 acted as an adjuvant, similar to the aluminum hydroxide effect, triggering allergic
asthma in a guinea pig model. Furthermore, in sensitized animals with aluminum hydroxide an
enhancing influence of PM2.5 exposure was observed as specific-hyperresponsiveness to OVA challenge
(quickly response) and eosinophilic and neutrophilic airway inflammation. Fine particles from Mexico
City is a complex mix, which play a significant role as adjuvant in allergic asthma.

© 2017 Elsevier Ltd. All rights reserved.

1. Background

Asthma is a heterogeneous disorder characterized by airway
inflammation (Flenley, 1986) and hyperresponsiveness, resulting in
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antibodies and Th2 cytokine production from activated lympho-
cytes (Lemanske and Busse, 2010). Some of the morphological
changes that worsen asthma include airway remodeling, epithe-
lium shedding, loss of ciliated cells, and goblet cell hyperplasia (Al-
Muhsen et al., 2011). Epidemiological studies identify that >300
million persons suffer from this condition worldwide (Pawankar,
2014), with an estimated increase of 100 million more cases by
2025 (Bahadori et al., 2009). Human and animal studies suggest
that air pollution could explain some of the increased asthma
prevalence, but this process continues to remain unclear (Takizawa,
2011). In urban cities, we can find some gases (SO,, NO;, CO, CO»,
and Volatile Organic Compounds [VOC]) and a mixture of solids or
liquid Particulate Matter (PM) (Brauer et al., 2002), which are
ubiquitous pollutants suspended in the atmosphere (Curtius,
2006). PM originates from natural or anthropogenic sources. Nat-
ural sources include sea spray, volcanic eruptions, forest fires,
geologic erosion, and aerobiological sources, such as animal
dandruff, mites, pollen, bacteria, viruses, proteins, and carbohy-
drates (Curtius, 2006). Furthermore, urban anthropogenic sources
emissions are mainly emissions from industrial activities and urban
transportation (Calvo et al., 2013). In cities, the number of motor
vehicles represents the main source of air pollution, including PM
generated from the combustion of gasoline and diesel (Ulrich et al.,
2012). PM can be inhaled, penetrating the respiratory tract, where
they target different anatomical sites. Depending on its aero-
dynamic size, PM is categorized as PMjg or coarse fraction, or as
Fine Particles (FP) or PMy5 (Nemmar et al,, 2013). In the lung,
particles are more easily deposited than gases (Shusterman, 2011)
and can be adsorbed by the epithelium, inducing tissue damage
(Zhang et al., 2001) by means of the production of Reactive Oxygen
Species (ROS). Reported tissue damage includes lung endothelial-
cell dysfunction, inflammation (Sancini et al., 2014), and lung
cancer (Valavanidis et al., 2013), as well as decreased lung function
(Molter et al, 2013). PM exposure also aggravates Chronic
Obstruction Pulmonary Disease (COPD) (Valavanidis et al., 2013),
pulmonary fibrosis, and allergic asthma (Jones and Richeldi, 2014).
Some reports mention that Diesel Exhaust Particles (DEP) produce
airway hyperresponsiveness in a dose-response manner (Li et al.,
2007). Studies in mouse asthma models have supported the hy-
pothesis that instilled PM, 5 fractions can induce or aggravate al-
lergies, especially allergic asthma. Furthermore, Steerenberg et al.
(2004) demonstrated that the instillation of PM collected in
different European cities evoked adjuvant activity in a mouse
model of allergic sensitization, which differed in severity according
to city-of-origin (Steerenberg et al., 2004).

Thus, the aim of our study was to determine whether exposure
to FP from Mexico City can induce an adjuvant effect on the airway
hyperresponsiveness of allergic model in guinea pig, including
changes such as bronchoconstriction, airway inflammation, and
mucous metaplasia. The guinea pig model reproduces features of
human asthma, such as airway hyperresponsiveness, inflammatory
response, and bronchoconstriction better than any other rodent
model.

2. Materials and methods
2.1. Locality

Mexico City is located in Valley of Mexico at 2240 m above sea
level in a subtropical region (Velasco et al., 2005) surrounded by
mountain ridges in its eastern, western, and southern sides with a
broad opening to the north. As a result, mountain breezes occur and
are frequently essential to local circulation. During daytime, the
mountains heated up, producing up-slope winds from the city to
the mountains. During nighttime, the mountains cool down,

resulting in strong down-slope winds from the mountains to the
city (Tie et al., 2007). The city experiences mild weather, temper-
atures of >20 °C, and intense solar radiation all year (Velasco et al.,
2005).

2.2. Animals

Thirty Hartley guinea pigs (weighing 450—500 g each) were
maintained under conventional conditions [12 h/12 h light/dark
cycles, filtered conditioned air (21 + 1 °C; 50—70% humidity), and
sterilized bedding] at our Institution's animal facilities. Animals
were fed ad libitum with food pellets (Teklad Guinea Pig Diet 7006;
Harlan Teklad, Madison, WI, USA) and drank sterilized water. The
protocol was approved by the Scientific and Bioethics Committees
of the Instituto Nacional de Enfermedades Respiratorias (INER)
(approval #B17-12). Experiments were conducted according to the
criteria of the Guiding Principles in the Care and Use of Animals
published and approved by the American Physiological Society
(APS). Guinea pigs were sensitized on day 1 by a single injection (1-
mL) intraperitoneally (i.p.) (0.5-mL) and subcutaneously (s.c.) (0.5-
mL) of 60 mg OVAlIbumin (OVA) (Sigma-Aldrich Co., St. Louis, MO,
USA) as antigen and 1 mg of Aluminium hydroxide (Al(OH)3) as
adjuvant in 10 mL saline (0.9% NaCl). On days 8 and 15, the animals
were nebulized with 3 mg/mL and 0.5 mg/m: OVA in saline during
5 min and 1 min, respectively. Aerosolized OVA was delivered uti-
lizing an ultrasonic nebulizer (Model WH-802; Yuehua Medical
Instrument Factory Co., Guangdong, China).

2.3. Particle exposure

The concentrator system is localized in the North of Mexico City,
at CINVESTAV-IPN Zacatenco. Experiments were conducted during
the rainy season in October 2013 (from 8 a.m. to 1 p.m.) during 3
days (13 October). The aerosol concentrator system is allocated
within an enclosed laboratory that has a secondary barrier enclo-
sure (Bio-Bubble Systems, Inc., Fort Collins, CO, USA). The bio-
bubble barrier is a double air-lock entry system that is operated
under negative pressure to reduce airborne particulates to Class 100
clean-room conditions; therefore, all conditions within the labo-
ratory were controlled. Particle exposures were performed in
whole-body chambers associated with this particle concentrator,
where temperature and humidity were constant in each exposure
chamber. The particulate concentrator had a particle cut-off size of
2.5 um. To estimate particulate chamber concentration, we per-
formed PM, 5 ambient air monitoring using 37-mm Teflon filters
that were weighed and equilibrated (PTFE 2-mm pore; Gelman
Science, Ann Arbor, MI, USA) in a Mini-Vol sampler (Air Metrics,
Eugene, OR, USA) with a 5.0 L/min air flow: the air ambient
monitoring period followed the same schedule as that of the animal
exposures. Particulate concentration in the chambers was esti-
mated using a 37-mm teflon filter (PTFE 2-mm pore; Gelman Sci-
ence) allocated in a holder inlet that received a 2.5-L/min constant
airflow, the same air flow supplied in each chamber. Body mass was
considered between control and the PM,5 group as air volume
displacement; it was adjusted to 1.1 + 0.2 kg per chamber at the
beginning of each weekly experiment. Each chamber had a volume
of 18 L/min.

2.4. Mass concentrator and inorganic analysis

Teflon filters inside the aerosol concentrator system and the
Mini-Vol were weighed and equilibrated. During 3 days, the filters
were stored at 4 °C and, at the end of the exposure, the filters were
removed from cassettes or Mini-Vol, then weighed again to deter-
mine mass. Both the aerosol concentration system and the Mini-Vol
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filters were used to determine PM; 5 inorganic composition was
done by means of x-ray fluorescence following the procedure
previously reported by Espinosa et al. (2012).

2.5. Polycyclic aromatic hydrocarbon analysis

Polycyclic Aromatic Hydrocarbons (PAH) were analyzed by Gas
Chromatography-quadruple Mass Spectrometry (GC-gMS) (model
6890 plus/5973N; Agilent Technologies, CA, USA) following a pro-
cedure developed by Amador-Munoz et al. (2014) (Amador-Munoz
et al,, 2014) and Villalobos-Pietrini et al. (2006) (Villalobos-Pietrini
et al., 2006).

2.6. Endotoxin and glucan analysis

Endotoxins and (1-3)-B-D-Glucan were evaluated by a Pyro-
chrome, Kinetic Chromogenic Method (Associates of Cape Cod, Inc.,
East Falmouth, MA, USA). All PM samples were resuspended in
pyrogen-free 50 mM Tris buffer (Lonza, Walkersville, MD, USA),

1 mg/mL, employing an UltraSound (US) water bath for 1 h at 22 °C,
with 1-min intervals of agitation in the vortex during 15 min. Two
serial 1:10 dilutions from each suspension were prepared. Control
Standard Endotoxin (CSE) derived from Escherichia coli 0113:H10
(Lot 139; Associates of Cape Cod, Inc.) with a potency of 18 EU/ng
and (1-3)-B-D-Glucan standard 200 pg/mL (Lot 1189027, Associates
of Cape Cod, Inc.) was used as reference. The samples were
analyzed in duplicate utilizing a pyrogen-free tube reader and
incubated at 37 °C in the Pyros Kinetix Flex Instrument (Associates
of Cape Cod, Inc.). Optical Density (OD) was recorded at a wave-
length of 405 nm. The digitized data were transmitted from the
instrument to a computer and analyzed with Pyros EQS ver. 1.2
software.

2.7. Experimental design

To evaluate the adjuvant effect of PM5 5 in the guinea pig asthma
model, we followed the next experimental design: All animals
inhaled FA or PM; 5 for 5 h daily during 3 days. Non-Sensitized (NS)
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Fig. 1. Experimental design. Day 1, animals were sensitized with a mix of OVA + Al(OH); or with Ovalbumin (OVA) alone. Also, they inhaled Filtered Air (FA) or Particulate Matter
(PM), 5 during 3 days: days 1, 2, and 3. On days 8 and 15, we applied OVA inhalation alone during 5 min and 1 min, respectively. On day 21, we performed the plethysmography test

on all animals, and on day 22, we euthanized the animals. Two columns.
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groups only inhaled FA or PM; 5. Two groups were sensitized with
OVA plus Adjuvant (the S + Adj groups) and were subsequently
exposed to FA or PM; 5. Another two groups were sensitized with
OVA alone (the S groups) and exposed to FA or PM, 5 (Fig. 1).

2.8. Plethysmography analysis

On day 21 of the sensitization procedure, a lung function test
was performed after OVA inhalation (0.5 mg/mL/60 s) employing
whole-body, single-chamber barometric plethysmography for
freely moving animals (Buxco Electronics, Inc., Troy, NY, USA). We
utilized an index known as Pause enhanced (Penh), which has
shown to be an acceptable surrogate of airway resistance (Vargas
et al., 2010). We measured a baseline index (Penh) immediately
before the OVA challenge during 5 min. After the OVA challenge, we
recorded during 15 min. We identified as positive response (i.e.,
respiratory distress) those that had a 2—6-fold Penh index increase

477

from the baseline value obtained prior to sensitization (100%). The
result was reported as a percentage representing degree of
hyperresponsiveness.

2.9. Bronchoalveolar lavage fluid

On day 22 after the OVA challenge, the animals were euthanized
with a single injection (i.p.) of pentobarbital (35 mg/kg). The tra-
chea was cannulated to administer 5 mL of saline solution (37 °C)
by instillation twice. The recovered Bronchoalveolar Lavage Fluid
(BALF) was centrifuged at 1500 rpm for 10 min at 4 °C. The su-
pernatant was stored at —20 °C for the Enzyme-Linked Immuno-
Sorbent Assay (ELISA) assay. Cells were resuspended in 1 mL saline
and stained with Trypan blue for total cell count using a Neubauer
chamber (Hauser Scientific, Horsham, PA, USA). After, were added
1 mL of saline solution per each 1 000, 000 counted cells and we
performed a bronchoalveolar lavage smear on a slide using a
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Fig. 2. PM; 5 mass, composition of outdoor air, and concentrated air samples during the study period. (A) During this time, the animals inhaled Filtered Air (FA), whereas animals
exposed to fine Particulate Matter (PM) inhaled a total average 600 pug/m> when outdoor PM, s was around 40 pg/m>. (B) Several elements present in the PM, 5 sample were
concentrated at >1 pg/m3 (Al Si, P, S, Cl, K, Ca, Fe, and Zn), whereas others were found at <0.5 ug/m? (Ti, V, Cr, Mn, Ni, and Cu). (C) Only 14 Polycyclic Aromatic Hydrocarbons (PAH)
of the 18 considered were identified as concentrated in the PM, 5 sample. Eleven PAH were concentrated at <2 pg/m>. Endotoxin (D) and glucan (E) were concentrated during this
experiment. However, the only endotoxin exhibited differences. Values are reported as mean + Standard Deviation (SD). Statistical analysis was performed using Student t-test

(***p < 0.001), Two columns.
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cytocentrifuge (Cyto-cent, Wescor, Inc., UT, USA). After this the
slides were stained with Giemsa. Total cell count was expressed as
cell/mL, and differential cell counts were expressed as a percentage
of total cells.

2.10. Histological evaluation and morphometric analysis

After BALF, the lungs were fixed by instilling, intratracheally (i.t.)
10% buffered formalin and were immersed in the same fixative. The
fixed tissue was paraffin-embedded and cut into 3.5-pm sections.
After this, the tissue was stained with Periodic Acid Schiff (PAS) for
evaluation. We assessed goblet cell metaplasia by examining the
bronchioles and counting the number of PAS-positive cells present
in 20 bronchioles. Results are presented as percentage of PAS-
positive cells of the total count of epithelial cells in each bronchiole.

2.11. ELISA assay

The stored supernatants were used to determine the presence of
unspecific Immunoglobin G (564155), specific-OVA IgG1 (746691),
specific-OVA Immunoglobin E (IgE) (701476), and CC16 protein
(724602) (MyBioSource, San Diego, CA, USA) by ELISA utilizing
duplicates and following the manufacturer's instructions.

2.12. Statistical analysis

Multiple group comparisons were analyzed using ANalysis Of
VAriance (ANOVA) (Tukey) and pair of groups using the Student t-
test from GraphPad Prism ver. 5 software (USA). We considered
p < 0.05 as statistically significant.
3. Results

Animals inhaled concentrated PM, 5 or FA for 5 h during 3 days.

The average concentrated air particle in the chambers was
609 + 12.73 pg/m>, and outdoor-air PMj 5 collected 40 + 7.07 pg/m?>,
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representing ~15-fold enrichments (Fig. 2A). Elemental and Poly-
cyclic Aromatic Hydrocarbons (PAH) PM content also increased in
the concentrated outdoor air (Fig. 2B and C), as well as endotoxins
(Fig. 2D), and B-glucan (Fig. 2E). No PM2.5 was present in FA
chambers.

3.1. Plethysmography measurements

The Penh index measured before and after the OVA challenge on
day 21 showed that PM,s5 inhalations in sensitized animals
(S + Adj) induced a significant ~9-fold increase above the Penh
baseline. In the S + PMj 5 group, there was a nearly ~6-fold increase
in the Penh index (Fig. 3A). Penh index response in time exhibited
hyperresponsiveness in S + Adj + PM; 5 observed at 3 min after the
OVA challenge. In contrast, the Penh index in animals from the
S + PMy 5 group increased 9 min after the OVA challenge, demon-
strating a slower response (Fig. 3B). In the S + Adj + PMy 5 group,
the OVA challenge demonstrated a typical response, presenting
higher Penh after 9 min in the OVA challenge. Non-Sensitized an-
imals (NS + FA, NS + PM 5, or S + FA) lacked response.

3.2. Cellular count

Giemsa stain analysis revealed (Fig. 4A—F) that exposure to
PM2.5 significantly elevated the percentage of macrophages in the
NS + PM, 5 group. However, in the S + Adj + FA and S + PMy5
groups, only eosinophils demonstrated an increase. In the case of
animals from the S + Adj + PM;5 group, both eosinophils and
neutrophils showed an increase. Total cell count only exhibited
statistically significant differences in the S + PM; 5 vs. the S + FA
group (Fig. 4G).

3.3. ELISA assay

The non-specific IgG antibody levels lacked significant differ-
ences among groups (Fig. 5A). Sensitized animals receiving Al(OH)3

*k% * %k

Time (min)

Fig. 3. Barometric plethysmography before and after the OVA challenge. (A) S + Adj + PM 5 or S + Adj + FA raised the brachioobstruction index by around 1000%, ANOVA (Tukey)
test vs. NS + FA (***p < 0.001). Also, S + PM 5 also increased the Penh index up to 600%, ANOVA (Tukey) test vs. NS + FA (*p < 0.05). (B) Over time, exposure to Fine Particles (FP) in
S + Adj + PM_ 5 produced great bronchoobstruction at 3 min after the OVA challenge, ANOVA (Tukey) test vs. NS + FA (***p < 0.001). The same occurred in S + Adj + PM_ 5 but, at
9 min, a typical sensitization response was demonstrated. S + PM, 5 also responded at 9 min, similar to the previous group, ANOVA (Tukey) test vs. NS + FA (*p < 0.05). Each value is

reported as mean + Standard Deviation (SD) n = 5. Two columns.
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Fig. 4. Cell count in bronchoalveolar lavage fluid. (A) NS + FA; (B) NS + PMy5; (C) S + Adj + FA; (D) S + Adj + PM,5; (E) S + FA, and (F) S + PM3 5. Arrows indicate inflammatory
cells; Macrophages (black); Lymphocytes (yellow); Eosinophils (red); Neutrophils (green). (G) Only PM, s exposure raised macrophages, Student t-test (**p < 0.01 vs. NS + FA).
Percentage of cell count. Neutrophils, Student t-test (*p < 0.05 vs. NS + FA), and eosinophils, Student t-test (**p < 0.01 vs. NS + FA) increased in S + Adj + PM; 5. S + PM, 5 increased
eosinophils, Student t-test (**p < 0.01 vs. NS + FA). However, S + Adj + PM, 5 raised neutrophils more than its counterpart, Student t-test (ip < 0.05 vs. S + Adj + FA). Total cell count
only increased in S + PM; s, Student t-test (#p < 0.05 vs. S + FA). Each value is reported as mean + Standard Deviation (SD), n = 5. Two columns.

adjuvant (S + Adj + FA and S + Adj + PM;5 groups) exhibited
significantly raised OVA-specific IgG1 levels. In sensitized animals
with no additional adjuvant (S + PM, 5), these antibodies were also
increased, indicating an adjuvant role of PM,s (Fig. 5B).

Furthermore, OVA-specific IgE levels were positive in the same
three groups (Fig. 5C). CC16 protein had constitutive concentrations
in the NS + FA group, while in the NS + PM;5 group, animals
showed a non-statistically significant increase in CC16 protein. In



480 C.I. Falcon-Rodriguez et al. / Environmental Pollution 228 (2017) 474—483

A unspecific IgG B OVA-specific IgG1
Bl NS+FA
Bl NS+PM2.5
154 Em S+Adj+FA 604 * #
= W S+Adj+PM2.5 3 i *
£ Bl S+FA [
> m S+PM25 5
£ 10- £ 40
c =
2 S
o o
‘g 54 ‘g‘ 20-
(3] (%]
5 :
o (3]
0- 0-
C OVA-specific IgE D
CC16
51 60- T
— *kk
z - 2 #
@ 4- & * E - *kk
> £ 40-
z . {
2 . ¢ I { S
3 - Positive i d 2.1 (SIN) \E
8 Negatlvi § 20
o 15 - S
e o
0 T T T T T T 0-

Fig. 5. Damage and sensitization biomarkers. (A) IgG exhibited null differences among groups. (B) OVA-specific IgG1 levels rose in S + Adj + FAor S + Adj + PM,5, and in S + PM, 5,
Student t-test (*p < 0.05 vs. NS + FA). This latter group was also diferrent from their counterparts, Student t-test (#p < 0.05 vs. S + FA). (C) OVA-specific IgE levels also increased in
the same groups, Student t-test (*p < 0.05). (D) CC16 protein as damage biomarker demonstrated significant differences in S + Adj + FA, S + Adj + PMys, and S + PM, 5, Student t-
test (**p < 0.01, ***p < 0.001 vs. NS + FA). However, PM; 5 inhalations increased damage in S + Adj group animals (ip < 0.05 vs. S + Adj + FA). S + PM, 5 also rose significantly,
Student t-test (#p < 0.05 vs. NS + FA). Each value is reported as mean + Standard Deviation (SD), n = 5. Two columns.

the S + Adj + FA group, CC16 protein levels increased and were
even higher in animals that inhaled PM; 5 (Fig. 5D).

3.4. Histology analysis

The S + Adj + FA group had an increment in the number of
bronchiolar mucous cells (40% of cells in the epithelium) vs. the
3—5% observed in the NS + FA group (Fig. 6A—F). Exposure to PM; 5
raised the number of mucous cells to >70% and 60% in the S + Adj
and S groups, respectively (Fig. 6G).

4. Discussion

In the present study, we evaluated the adjuvant potential of
Mexico City PM 5 and its pulmonary toxicological manifestations
in a guinea-pig allergic asthma model. Our results revealed that a 3-
day exposure to PM; 5 alone was not capable of producing changes
in allergic asthma biomarkers. Instead, both sensitized groups
receiving adjuvant and PMy 5 (S + Adj + PM_ 5) or without adjuvant
(S + PMy5), responded with severe airway hyperresponsiveness,
showing a faster response. PM; 5 exposure induced severe airway
hyperresponsiveness in animals sensitized with adjuvant
(S + Adj + PM35), and the sensitized group (S + PM;5) evidenced a
slow hyperresponsiveness response. In both groups, OVA-specific
IgG1 and IgE levels were increased. Previous studies have sug-
gested that in animals sensitized with antigen alone, the IgG1
antibody can be detected in the serum, but when it is administered

with an adjuvant, both IgG1 and IgE are present in the serum
(Andersson, 1980), as occurred in S + PM; 5 groups. Similar findings
were observed in an allergic-asthma mouse model with exposure
to DEP, where the latter acted as an adjuvant, elevating OVA-
specific IgG and IgE (Hao et al.,, 2003). Also, in a mouse model,
intranasal (i.n.) instillation of fine particles gave rise to a stronger
effect on OVA-specific IgE, 1gG1, or IgG2a antibodies than coarse
particles (Steerenberg et al., 2006). Additionally, Li et al. (2009)
reported a greater increase in both antibodies when animals were
OVA-sensitized and exposed to UltraFine Particles (UFP) in com-
parison to those that only received OVA sensitization (Li et al.,
2009). However, this difference was not found in the present
study, suggesting a differential effect related with the particle size
tested.

Furthermore, it is known that exposure to endotoxins increased
this antibody, although neither glucan nor the endotoxin + glucan
mixture changed these antibody levels (Thorn and Rylander, 1998),
as occurred in our analysis, which presented high levels of endo-
toxin and glucan, the result of which showed the same levels of
non-specific IgG in our groups. It is clear that our results were
obtained in animals exposed to very high PM,5 concentrations
(609 + 12.73 pg/m?> for 3 days). Nevertheless, similar levels exist in
some cities of Asia and the Middle East (Zhang and Cao, 2015; UNEP,
2016).

A characteristic of asthma or the sensitization process comprises
the presence of pulmonary eosinophilia (Foster et al., 1996). How-
ever, in our study, S + Adj + PM;s-group animals increased not
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Fig. 6. Mucous metaplasia. (A) NS + FA; (B) NS + PMy5; (C) S + Adj + FA; (D) S + Adj + PM3s; (E) S + FA, and (F) S + PM; 5. Arrows indicate mucous cells in terminal bronchioles of
the epithelium. Differential cell count (G). S + Adj + FA increased mucous cells, Student t-test (*p < 0.05 vs. NS + FA). In addition, exposure to PM; s in S + Adj or S animals raised
mucous metaplasia, Student t-test compared vs. NS + FA (*p < 0.05) or vs. S + FA (#p < 0.05), respectively. Each value is reported as mean =+ Standard Deviation (SD), n = 5. Two

columns.

only in eosinophils but also in neutrophils. Similar results were
found by Steerenberg et al. (2005) when comparing PM from five
European cities (Rome, Oslo, Amsterdam, Zilk, and Lodz) in the
mouse model. Only particles from Lodz increased eosinophils,
neutrophils, and monocytes in BALF (Steerenberg et al., 2005).
Another study, UFP + DEP + OVA in a mouse model, raised
mononuclear cells and eosinophils (Farraj et al., 2006; Li et al,,
2009). It has been observed that eosinophilic inflammation is
related with frequent asthma exacerbations, while a neutrophilic
increase is responsible for severe airflow limitation (Lee et al.,
2014). This effect was observed in our physiologic analysis by
plethysmography in S + Adj + PM;5 animals, in which a high
percentage of eosinophils and neutrophils was reported. Further-
more, in these animals, inhalation of PM, 5 altered the bronchiolar
epithelium, as demonstrated in a higher concentration of CC16 in
the BALF than that observed in the S + Adj + FA group. Some
chemicals, such as smoke, ozone, and PM, induced lung damage
represented by an increase in CC16 protein due to disturbance of
the integrity or permeability of the bronchiolar epithelium
(Broeckaert, 2000). This protein appears to protect the respiratory
tract against oxidative stress and inflammation, as demonstrated in
experiments using CC16-deficient mice (Broeckaert, 2000). Studies
in human revealed a positive correlation between PMjg exposure
and CC16 protein increments: for each 5-pg/m> PMy increase, a
0.52-pg/Lrise in CC16 protein was observed in serum (Provost et al.,

2014). Also, in rats and in a mouse model, acute exposure to ozone
produces a transient dose-dependent elevation of CC16 in serum
(Broeckaert, 2000).

Damage to the integrity or permeability of the bronchiolar
epithelium produces an increase in the sensitization process
(Broeckaert, 2000) and in hyperresponsiveness. Moreover, during
this exposure, the bronchiolar epithelium underwent mucous cell
metaplasia, similar to our finding in the present study. Although
mucous cells typically develop in the bronchiolar epithelium as
part of the sensitization process (Reader et al., 2003), this effect
increases when sensitized animals are exposed to particles. In
bronchioles, the high levels of CC16 protein levels within some Club
cells are transformed into a mucoid phenotype (Evans et al., 2004),
whose degranulation is regulated by neutrophil elastase (Agusti
et al., 1998). In this investigation, both mucous metaplasia and its
neutrophils worsened bronchial obstruction, as was reported in our
plethysmography studies.

Aluminum hydroxide worked as an excellent adjuvant in our
experimental model, in that, if not administered, the animals would
never have become “asthmatics” (results of our S + FA group).
Aluminum hydroxide in allergen immunotherapy is associated
with the induction of the Th2 response and the production of
InterLeukin (IL)-4 and IL-5, and the specific IgG1 antibody (Brewer
et al., 1999). Furthermore, exposure to Aluminum (Al) causes a pro-
inflammatory effect mediated by the formation of ROS, which is
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potentiated when Al is combined with another metal such as iron,
producing the reduction of Fe Il into Fe Il and auto-oxidation of the
latter (Exley et al., 2010). PMy5 is a big mixture of chemicals that
recruits inflammatory and ROS formation in the airways (Dworski,
2000). Also, it is known that some PM;5 constituents affect the
initial priming process and the subsequent allergen challenge,
which enhances the production of specific IgE (Mahony et al., 2013)
by the switching of B cells (Parnia et al., 2002), but only in co-
stimulated B cells (Pandya et al., 2002). Some studies have recog-
nized elements or compounds that play a major role as adjuvant,
such as nickel (Gilmour et al., 2000), Silicon as SiO, (mesoporous
silica nanoparticles) (Mahony et al., 2013), anthracene, fluo-
ranthene, benzo(a)pyrene (Pandya et al., 2002), and phenanthrene
(Tsien et al., 1997). In our study, S + Adj + PMy5 and S + PMy5
groups inhaled high levels of a mix: Al; Si; Fe; Zn; benzo(a)
anthracene; benzo(b,k)fluoranthene; benzo(a,e)pyrene; benzo(ghi)
perylene; fluoranthene, and phenanthrene, which functioned as
adjuvants, associating the activation of the type-2 inflammatory
response and IgE and IgG production within the lungs in acute
inhalation in the allergic guinea pig.

5. Conclusions

Our study demonstrated that acute inhalation during 3 days of
fine particles from Mexico City acts as an adjuvant, similar to
aluminum hydroxide, producing allergic asthma in a guinea pig
model in animals sensitized with ovalbumin in the absence of an
adjuvant. Furthermore, in sensitized animals that received
aluminum hydroxide as an adjuvant, exposure to fine particles
worsens bronchoconstriction, airway inflammation, and pulmo-
nary damage. Fine particulate matter from Mexico City comprises a
compound mixture. Knowing more about its composition is crucial
to determine which of the chemical components play a significant
role as adjuvants in allergic asthma.
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