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Abstract: Background. Diesel exhaust particles (DEPs) have a great impact on general increase of
atopic diseases worldwide. However, it is still unknown whether DEPs induce systemic B-cell IgE
class switching in secondary lymphoid organs or locally in lungs, in inducible bronchial-associated
lymphoid tissue (iBALT). The aim of this work was to identify the exact site of DEPs mediated Bcell IgE class switching and pro-allergic antibodies production. Methods. We immunized BALB/c
mice with different OVA doses (0.3 and 30 µg) intranasally in the presence and absence of two types
of DEPs, SRM1650B and SRM2786. We used low (30 µg) and high (150 µg) DEPs doses in our study.
Results. Only high DEP dose induced IgE production regardless of particle type. Local IgE class
switching was stimulated upon treatment with both types of particles with both low and high antigen doses. Despite the similar ability of two standard DEP samples to stimulate IgE production,
their ability to induce iBALT formation and growing, was markedly different upon co-administration together with low antigen doses. Conclusion. DEPs induced local IgE class switching takes
place in pre-existing iBALTs, independently of de novo iBALT formation, at least in the case of
SRM1650B co-administrated with low antigen doses.
Keywords: diesel particulate matter; antibody production; tertiary lymphoid structures; local Ig
class switch; antigen doses; lungs

1. Introduction
One of the main hypotheses explaining the increasing of prevalence of different IgEmediated pathologies such as asthma, allergic rhinitis and atopic dermatitis considers air
pollution as a major cause for this phenomenon [1-3]. The main type of pollutants which
is linked to allergy and asthma development is particulate matter, especially, diesel exhaust particles (DEPs) [2,3]. These particles are by-products of diesel fuel combustion and
consist of carbonaceous core with adsorbed polycyclic aromatic hydrocarbons (PAH) [4].
These organic compounds possess pro-inflammatory properties [3,5,6]. As shown by several research groups, the DEPs concentration in ambient air is strongly associated with
increasing prevalence of asthma cases [2,3,7,8]. Administration of these particles in mouse
allergy model leads to exacerbation of allergic inflammation and pro-allergic antibody
production [5,9-14].
Recently it was clearly shown that intratracheal instillation of monodisperse Alum
or Silica particles caused iBALT formation and local IgE production in C57BL/6 mice [15].
Though DEPs induced allergic inflammation has been studied in detail [5,9-14] the exact
location of DEPs induced B-cell class switching and IgE production was not identified yet.
Although the research data confirmed that DEPs induced local lymphoid tissue formation
in mouse lungs upon instillation [16], it remains unclear whether IgE production could be
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functionally associated with these structures. In contrast to monodisperse Alum or Silica,
DEPs are multi-component polydisperse in nature.4The toxic effects of DEPs on living
cells are mostly linked to oxidative and genotoxic stress induced by PAHs, especially,
by adsorbed benzo(a)pyrene (BaP) although the induction of cell death cannot be excluded [3,13,17-20]. It is noteworthy that despite the inability of the bulk DEPs to penetrate
lung epithelium and to enter systematic circulation, fine type of DEPs with less than 0,1
µm in diameter can do this [2,3]. Upon DEPs accumulation in lung tissue, PAHs are able
to desorb from carbon core and enter the blood or lymphatic system. Therefore, DEPs
accumulated in lung tissue may have not only local but also systemic effects on effect on
the immunity.
The properties of DEPs vary significantly depending on their specific source as well
as atmospheric conditions and the time they spent in the air [2,13]. For example, DEPs
SRM1650B collected directly from heat exchangers of diesel engine have 0,18 µm mean
diameter when disaggregated by ultrasound but when aggregated their resulting size exceeded 1-10 µm [21]. DEPs SRM2786 collected from the air of urban areas in Central Europe have average particle diameter 2,8 µm without preliminary disaggregation (and due
to this fact they are considered as fine particulate matter), with 10% of particles having
size less that 0,91 µm and 90% having size less than 6,9 µm [22]. In the other hand the
ability to enter the lungs after inhalation is inversely proportional to its size. It is widely
accepted that particles with size less than 2,5 µm have high ability to penetrate lung tissue
after intranasal inhalation. Particles with size less than 0,1 µm can penetrate epithelial
barriers [2,3]. SRM2786 DEP sample despite the fact that these particles were coined as
“fine” almost does not contain such particles. In contrast in DEP1650B sample 10% of particles have size less than 0,12 µm according to its analysis by NIST [21,22].
In our previous work we found that low but not high antigen doses induce rapid
local B-cell IgE class switching accompanied by minimal IgG1 production in fat-associated
lymphoid clusters rather than regional lymph nodes [23]. However the properties of
iBALT may be significant differ from fat-associated lymphoid structures. So, it is not
clearly whether low or high antigen doses co-administrated with DEPs would stimulate
IgE class switching.
The aim of this work was to clarify (a) whether DEPs induce local (in lung tissue) or
systemic (in lymph nodes) IgE class switching and IgE production when introduced with
either low or high antigen doses, and (b) whether local IgE class switching is accompanied
by iBALT induction. We also compared the effect of two type of DEPs SRM1650B and
SRM2786 on local and systemic immune response.
2. Materials and Methods
2.1. Animals
Female BALB/c mice 5-6 weeks were purchased from the Scientific Center of Biomedical Technologies (Andreevka, Russia). Mice were fed ad libitum and were kept in 12 hours
light dark cycle. All the animal experiments were performed according to the IACUUC
protocol number 350 approved by the local committee of IBCh RAS on 21.06.2020.
2.2. Immunization and sample collection
Mice were immunized for 8 consecutive weeks. Mice received saline as a control or
OVA (Sigma Aldrich, Darmstadt, Germany) in low (0.3 µg) or high (30 µg) doses alone or
with DEPs SRM1650B (DEP1) or SRM2786 (DEP2) (NIST, USA 3 times a week for the first
2 weeks and 2 times a week in the remained 6 weeks. Low (30 µg/mice) or high (150
µg/mice) doses of DEPs were used. Before usage in protocol DEPs samples were sonicated
for 15 minutes in saline with 2% of normal mouse serum. Immunization was performed
by i.n. route under isoflurane (Baxter) anesthesia in 50 µl saline contained 2% of normal
mouse serum taken from the same mice before the experiment. Normal mouse serum was
added to immunization solutions to prevent DEPs aggregation [13].
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After 8 weeks of immunization blood were taken from suborbital sinusto estimate
specific antibody titers. Blood samples were incubated for 20 minutes at +37ºC followed
by centrifugationat 600g to obtain serum samples which were stored at -20ºC prior to use.
The next day mice were anesthetized with isoflurane and sacrificed by cervical dislocation after the manipulations; lung tissue and regional lymph nodes were collected and
homogenized in ExtractRNA to obtain samples for gene expression measurement. For
CXCL13 quantification by ELISA lungs were homogenized in PBS containing 1% TritonX100. For H&E histology lungs were filled with 4% PFA via trachea dissected from the
thorax and placed into 4% PFA.
After immunization with different antigen and DEPs doses, some mice were challenged with 250 µg of OVA 3 times a week for 2 weeks to evaluate lung allergic inflammation intensity in different groups. Mice were euthanized,lavage fluid was taken as described previously by L.V. Hoecke et al. [24]. Briefly, Bronchoalveolar lavage (BAL) was
collected by applying 0,8 mL of ice-cold PBS using an 18G cannula (Abbocath, ICU Medical, USA) through the trachea to the airways twice. The total BAL volume was approximately 1,3mL. BALs were centrifuged at 600g and cell pellets were resuspended in 0,2 ml
PBS.
2.3. ELISA
To estimate specific IgE, IgG1, IgG2a and IgA production we performed ELISA as
described previously [23]. We used HRP labeled anti-mouse IgE (clone 23G3, Abcam) in
1:1000 dilution, biotin anti-mouse IgG1 (clone RMG1-1, BioLegend), anti-mouse IgG2a
(clone RMG2a-62, BioLegend) or anti-mouse IgA (clone RMA-1, BioLegend) in 1:5000 dilution. In the case of biotinylated primary antibodiesStreptavidin-HRP was used as a secondary conjugate in 1:7000 dilution. CXCL13 (BCA1) concentration in lung homogenates
was measured with mouse BCA1 matched antibody pair kit (Abcam, ab218172) according
to manufacturer instructions.
2.4. Gene expression measurements
qPCR was performed as described previously using standard phenol-chloroform extraction, DNAse I (EN0521, ThermoScientific) treatment and standard first strand cDNA
synthesis and amplification protocols with OT M-MuLV-RH kit (R01-250, BioLabMix, Novosibirsk, Russia) and BioMaster HS-qPCR kit (MH020-2040, BioLabMix, Novosibirsk,
Russia) [23]. The following primers and probe sets were used. GAPDH F: GGAGAGTGTTTCCTCGTCCC; GAPDH R: ACTGTGCCGTTGAATTTGCC; GAPDH probe: /6FAM/-CGCCTGGTCACCAGGGCTGCCATTTGCAGT-/BHQ-1/;
HPRT
F:
CAGTCCCAGCGTCGTGATTA; HPRT R: TCCAGCAGGTCAGCAAAGAA; HPRT probe: /6FAM/-TGGGAGGCCATCACATTGTGGCCCTCTGTGTG-/BHQ-1/; germline ε F:
CCCACTTTTAGCTGAGGGCA; germline ε R: CTGGTTAAGGGCAGCTGTGA;
germline ε probe: /6-FAM/-CGCCTGGGAGCCTGCACAGGGGGC-/BHQ-1/; circular µ-ε
F: CCCACTTTTAGCTGAGGGCA; circular µ-ε R: CGAGGGGGAAGACATTTGGG; circular µ-ε probe: /6-FAM/-CGCCTGGGAGCCTGCACAGGGGGC-/BHQ-1/; circular γ1-ε
F: AGATTCACAACGCCTGGGAG; circular γ1-ε R: GTCACTGTCACTGGCTCAGG; circular γ1-ε probe: /6-FAM/-CCACTGGCCCCTGGATCTGCTGCCCA-/BHQ-1/; germline
γ1 F: AGAACCAAGGAAGCTGAGCC; germline γ1 R: AGTTTGGGCAGCAGATCCAG;
germline γ1 probe: /6-FAM/-AGGGGAGTGGGCGGGGAGGCCA-/BHQ-1/; postswitch ε
F: CCAGTCCACATGCTCTGTGT; postswitch ε R: AGCGTGGGGAACTGGTTAAG;
postswitch ε probe: /6-FAM/-TGGGGTCCCCAGAGCCCTGCTCCTGT-/BHQ-1/;
postswitch γ1 F: CCTCTGGCCCTGCTTATTGT; postswitch γ1 R: GTCACTGTCACTGGCTCAGG; postswitch γ1 probe: /6-FAM/-CCACTGGCCCCTGGATCTGCTGCCCA/BHQ-1/;
Cd19
F:
GAGGCACGTGAAGGTCATTG;
Cd19
R:
TTGAAGAATCTCCTGGCGGG; Cd19 probe: /6-FAM/-AGCAGTGTGGCTCTGGCTGTTGAGAACTGGTG-/BHQ-1/; Bcl6 F: CACTATAGGGCGGCGAGC; Bcl6 R: TGCCTT-
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GCTTCACAGTCCAA; Bcl6 probe: /6-FAM/-CCCCTGCTGCGGAGCAATGGTAAAGCCCGC-/BHQ-1/; Ebi2 F: CAAACACGGACTGCCACAAC; Ebi2 R: CAATGACAACCAAGGCCAGC; Ebi2 probe: /6-FAM/-TCTCTATGCCCACCACAGCACAGCCAGGGT/BHQ-1/;
Tnfa
F:
TCTTCTCAAAATTCGAGTGACAAGC;
Tnfa
R:
GATAGCAAATCGGCTGACGGT; Tnfa probe: /6-FAM/-AGGCTGCCCCGACTACGTGCTCCTCACCCA-/BHQ-1/; Ifna1 F: TGCCCAGCAGATCAAGAAGG; Ifna1 R:
TCAGGGGAAATTCCTGCACC;
Ifna1
probe:
/6-FAM/-CCTGCAAGGCTGTCTGATGCAGCAGGTGGG-/BHQ-1/;
IL4
F:
CCATATCCACGGATGCGACA; IL4 R: AAGCACCTTGGAAGCCCTAC; IL4 probe: /6-FAM/-AGGGACGCCATGCACGGAGATGGATGTGCC-/BHQ-1/; IL13 F: GTGTCTCTCCCTCTGACCCT;
IL13
R:
TCTGGGTCCTGTAGATGGCA;
IL13
probe:
/6-FAM/CCGCTGGCGGGTTCTGTGTAGCCCTGGATT-/BHQ-1/; Ifng F: TCAGGCCATCAGCAACAACA; Ifng R: CTTCCTGAGGCTGGATTCCG; Ifng probe: /6-FAM/-AGGTCAACAACCCACAGGTCCAGCGCCAAG-/BHQ-1/. All primers and probes were designed by NIH Primer BLAST. Expression of genes and transcripts of interest as well as
excision circles were normalized to geometric mean expression of GAPDH and HPRT in
respective samples.
2.5. Flow cytometry
Allergic airway inflammation manifestation was estimated by the presence of myeloid cells in lavage. Before cell staining cell concentration in lavages was quantified under
the light microscope. Cells in 0,2 ml PBS were stained by following anti-mouse antibodies
from BioLegend: SiglecF-BV421 (clone 17007L), CD11c-FITC (clone N418), F4/80-PE (clone
BM8), Gr-1-PerCP (clone RB6-8C5), CD11b-PECy7 (clone M1/70), MHCII (I-A/I-E)-APC
(clone M5.114.15.2). The incubation was performed for 1 hour at +4ºC. Live/dead cell discrimination was performed by Zombie Aqua (BioLegend) according to manufacturer instructions. The analysis was performed on the MACS Quant Tyto Cytometer (MiltenyiBiotech, Germany). Cell concentration in lavages was quantified by multiplication of the
percent of cell population of interest in live cells on the total cell concentration in samples.
Eosinophils were estimated as SiglecF+CD11c- cells; alveolar macrophages as SiglecF+CD11c+F4/80+ cells; Neutrophils as SiglecF-CD11c-CD11b+Gr-1+ cells according to
slightly modified protocols used by other research groups [24, 25]. The overall gating
strategy is shown on Figure S1. Although according to this strategy interstitial macrophages, monocytes and dendritic cells were also present in lavage samples their quantities
were much lower.
2.6. Histology analysis of lung tissue
Lung tissue samples were subjected to H&E histology. After filling with 4% PFA and
dissecting from the thorax lung samples were cut under -20ºC on 20 µm thick sections and
were stained by H&E staining kit (ab245880, Abcam) according to manufacturer instructions. Microscopic images with different magnifications were obtained. In order to to estimate the impact of i.n. administrated antigen and DEPs on iBALT induction and growing, we quantified the relative area as ratio Total area of all histological features/ Total
area of iBALT structuresoccupied by iBALTs in these sections.
2.7. Statistics
Group mean and standard deviations were quantified in each case. The ANOVA test
with correction by multiple comparisons was used to evaluate the significance of the difference between groups. Each experiment was performed 2-3 times. Differences with p<0.05
was considered as significant.
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3. Results
This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.
3.1. DEPs induce pro-allergic antibodies formation
It is generally accepted that DEPs induce pro-allergic antibodies formation and subsequent development of asthma in human clinics and in laboratory animal asthma models
[5-14]. In this work, we utilized two types of DEPs. SRM1650B (DEP1) originated directly
from the heat exchangers of diesel engine possess 0.18 µm mean diameter when ultrasonically disintegrated and 1-10 µm upon aggregation [21]. SRM2786 (DEP2) collected from
the air of urban areas had mean particle diameter 2,8 µm in disaggregated state [22]. These
particles are more stable than DEP1 which are more prone to aggregation. It is widely
accepted that particles with size less than 2,5 µm have high ability to penetrate lung tissue
after intranasal inhalation. Particles with size less than 0,1 µm can penetrate epithelial
barriers [2,3]. Our results show that both DEPs induced IgE antibody formation in comparable levels when administered in high but not in low doses. This effect was independent of co-administered antigen doses. High doses of DEPs in combined with low (Figure
1a, b) or high antigen doses (Figure S1a, b) in comparison to OVA alone induced formation
of specific and total IgE in mice after prolonged administration. Low doses of DEPs did
not induce IgE antibody formation in comparison with either saline treated mice or mice
treated with OVA alone.

Figure 1. Antibody production in response to low OVA doses, DEPs, or their combination. BALB/c
mice were immunized 2-3 times a week for 8 weeks (total 18 immunizations) via i.n. route by 0.3 µg
OVA alone or with different DEPs types at 30 or 150 µg. The titers of OVA specific IgE (a), IgG1 (c),
IgG2a (d) or total IgE (b) were measured. Statistical differences of groups immunized by antigen
with particles vs OVA control are shown with blue bars, and statistical differences of groups immunized by particles alone vs saline control are shown by black bars (p<0.05). The graphs show the
data from one representative experiment out of three independent experiments. Six mice were included in each experimental group.

DEPs also induce specific IgG1 formation in mice when co-administered with the low
(0.3 µg) OVA dose and the titer of the specific IgG1 was higher upon co-administration
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with the high (30 µg) OVA dose (Figure 1c, Figure S1c). In all cases both, high and low
doses of DEP1 and DEP2 stimulated IgG1 formation with the exception of low DEP2 doses
when combined with low antigen doses (Figure 1c). We also measured levels of specific
IgG2a associated with type 1 immune response [26] and IgA in immunized mice. The elevation of IgA accompanies the suppression of the IgE response apparently due to immunoglobulin A and serum inhibitory activity for immunoglobulin E-facilitated allergen
binding to B cells [27]. Both DEP1 and DEP2 doses promoted IgG2a formation upon administration with high antigen dose (Figure S1d). Only high doses of DEPs were able to
promote IgG2a production upon immunization with low OVA dose (Figure 1d). On the
contrary, the effects of particles on IgA production were remarkably different. The induction of specific IgA production was observed only upon administration of DEP2 but not
DEP1, together with high antigen dose. Both low and high doses of DEP2 had a statistically significant effect on IgA titers (Figure S2).
3.2. DEPs stimulate allergic inflammation
We next evaluated whether DEP mediated antigen specific humoral immune response resulted in antigen-specific sensitization and subsequent asthma development at
antigen challenging dose. We focused on the effects of DEPs dose 150 µg/mice since only
this particular amount stimulated the formation of pro-allergic antibodies. Despite the
comparable levels of specific IgE induced by both high and low OVA doses co-administrated together with DEPs, the significantly higher titers of IgG1 and IgG2a which accompanied IgE production were observed at OVA high doses (Figure 1). In the steady state,
the allergen-specific IgE antibodies are bound to FcεRI receptors on the surface mast cell,
and allergen-induced FceRI ligation initiates pro-inflammatory signaling cascades and release of anaphylactic mediators. Meanwhile, IgG1 and IgG2a mediate PAF-dependent
processes in macrophages [28]. Apparently, the administration of challenging OVA dose
can promote a multiple cellular immune response (flow cytometry gating strategy is
shown in Figure S3 and representative contour plots in Figure S4). The effects of DEP1 on
antigen-dependent neutrophils accumulation in BAL were comparable for mice pre-immunized with low and high doses of OVA (Figure 2b, e). Accumulation of eosinophils
(gating strategy is shown in Figure S3) were higher in mice immunized by low OVA dose
(0.3 µg) (Figure 2a). However it should be mentioned that eosinophils accumulation is
induced in the presence of DEP1 and high antigen doses in comparison with mice immunized with high antigen doses alone (Figure 2d). Alveolar macrophages content in BALs
wascomparable in high and low dose groups after short high dose challenge and was also
enhanced by DEPs (Figure 2c, f). It is also interesting that long term DEPs administration
alone per se potentiated macrophages accumulation upon short high-dose challenge. In
the absence of the particles low dose of antigen per sepotentiated macrophages accumulation and a high dose per se potentiates neutrophils accumulation (Figure 2 e, f). Data for
DEP2 were similar. In summary, for the same DEPs the allergic inflammation in low and
high OVA dose groups were different. Compared to high doses, low antigen doses induced allergic immune response which is more dependent on eosinophils, though these
differences were not very crucial.
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Figure 2. Cell response to DEPs. BALB/c mice were immunized by OVA low, 0.3 µg (a-c) or high,
30 µg (d-f) doses alone or with 150 µg of DEP1. After this mice were challenged 3 times a week for
2 weeks by 250 µg OVA and sacrificed. Lavages were taken and Eosinophils (Eo), Neutrophils (Neu)
and Alveolar Macrophages (Mϕ) cell numbers were quantified by flow cytometry. Representative
data from one out of three independent experiments. Significant differences vs PBS are shown with
black bars; vs OVA control – with blue ones (p<0.05). Representative data from 3 independent experiments.

3.3. DEPs induced local and system Ig class switching
To answer the question whether and where the B-cell class switch exactly occurs,we
have measured expression of germline ε and germline γ1 transcripts, as well as circular
transcripts corresponding to direct and sequential class switch to IgE [29]. Because of its
rapid degradation in living proliferating cells, DNA excision circles may serve as indicators of sites where the B-cell class switch occurs. Despite the fact that both type of particles
induced IgE production in comparable levels, their properties in relation to stimulation of
local or system isotype switch were slightly different. DEP1 induced both local (in lung
tissue) and systemic (in regional lymph nodes) isotype switching to IgE (germline ε) when
administrated with low antigen doses (Figure 3 a, e). DEP1 administrated with high antigen doses stimulated only local IgE class switching (Figure 3 a). Only local IgE class
switching was induced by DEPs independent of their types with both low and high antigen doses (Figure 3 a). In the DEP1 treated low antigen group, both direct (µ-ε) and sequential (γ1-ε) mechanisms mediated the local IgE class switch (Figure A5 a, b). However,
only direct was observed in the high antigen dose group (Figure A5 a). In lymph nodes,
DEP1 and low OVA doses stimulated B-cell IgE class switching only by the direct mechanism (Figure A5 c). DEP2 induced both local and systemic IgE class switching both in
low and high antigens groups (Figure 3 a, e). Similarly to DEP1, DEP2 significantly induced local direct and sequential IgE class switching in the low dose group (Figure A5 a,
b). Both types of IgE switching mechanisms were induced in regional lymph nodes after
DEP2 administration with low antigen doses (Figure A5 c, d). Both types of particles accelerated the IgG1 class switching (germline γ1 expression) in lung tissue after low antigen doses administration (Figure 3 b). In lymph nodes, DEPs did not accelerate IgG1 class
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switching in response to low OVA dose (Figure 3f). In high antigen group, DEP1 but not
DEP2, exerted positive effects on IgG1 class switching in combination with low antigen
doses (Figure 3 f). We do not exclude the possibility that during long-term immunization
at conventional conditions certain minor non-relevant environmental antigens could enter
lung tissue with experimentally administrated DEPs. This may explain the expression of
certain B cell class switch markers even in the absence of OVA (Figure 3).

Figure 3. Expression of transcripts corresponding to B-cell Ig class switching and antibody production in lung tissue and regional lymph nodes. BALB/c mice were immunized 2-3 times a week for 8
weeks (total 18 immunizations) via i.n. route without antigen (PBS), with low (0.3 µg) OVA dose or
high (30 µg) OVA dose without particles (control) or with either DEP1 or DEP2. After immunization
mice were sacrificed. Expression of transcripts corresponding to IgE (germline ε) (a, e), IgG1
(germline γ1) (b, f) class switching, as well as transcripts corresponding to mature IgE (postswitch
ε) (c, g) and IgG1 (postswitch γ1) (d, h) producing cells were measured in lung tissue (a-d) and
regional lymph nodes (e-h). Black bars indicate significant (p<0.05) differences between mice immunized without antigen with different DEPs and respective control without DEPs; green bars indicate significant differences between mice immunized by low OVA dose with or without DEPs and
respective control groups; red bars indicate significant differences between mice immunized by
high OVA dose with or without DEPs and respective control groups. Representative data from 3
independent experiments.

It is known that tissue resident B-cells that locally encounter antigen tend to migrate
in regional lymph nodes [30] where the most antibody production eventually occurs.
However, both type of particles induced accumulation of postswitch ε transcripts not only
in regional lymph nodes but also in lung tissue (Figure 3 c, g). Only for lung tissue this
effect was independent of the antigen dose co-administrated with DEPs and the type of
DEPs (Figure 3 c). Low antigen doses induced postswitch γ1 transcripts which indicated
IgG1 production in the lungs and lymph nodes (Figure 3 d, h). The effects of DEP2 on the
expression of postswitch γ1 transcripts were insignificant in the lungs (Figure 3 d). DEP1
stimulated the accumulation of IgG1 producing cells in lungs independent of antigen
doses and DEP2 stimulated the accumulation of IgG1 producing cells mostly in lymph
nodes respectively (Figure 3 d, h).
3.4. Hystology analisis of iBALTs in lungs of mice after antigen and (or) DEPs administration
Due to lung localization of both antigen dose-independent B cell switching and DEPmediated dose-independent accumulation of IgE producing cells, we next focused on local B class switching in details. The local immune response usually depends on tertiary
lymphoid structures such as iBALTs in lungs [31]. Therefore, we decided to examine if
iBALT development and growing in lung tissue was accelerated by DEPs. Despite the fact
that both type of DEPs in high doses induced local IgE class switching and IgE production
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when administrated with low antigen doses, only high doses of DEP2 induced iBALT formation per se and in combination with 0,3 µg OVA (Figure 4a). Both types of DEPs, however, within the entire range of concentrations stimulated iBALT formation in response to
the high dose of antigen (Figure 4b). Despite the facts that (1) low OVA doses in combination with DEP2 high dose potentiated iBALT formation and growing in lungs (Figure 4 a)
and (2) high OVA doses administrated with both doses of DEP1 and high dose of DEP2
triggerred iBALT formation (Figure 4 b), low OVA doses in combination with high DEP1
dose though induced IgE production (Figure 1) did not triggered iBALT formation (Figure
4a-b). From these facts it becomes clear that in some groups, where iBALT formation and
growing were significantly triggered, local IgE production was absent or insignificant. In
the other hand, in group immunized with low antigen dose and high DEP1 dose local Bcell IgE class switching was induced but significant iBALT growing was not detected.
Representative histological of lung tissues images show that the sites of DEP accumulation, especially of DEP1 which was prone to form larger aggregates, did not always coincide with either sites of de novo iBALT formation or with the sites of immune cell infiltrates (Figure 4 c, Figure 5).

Figure 4. Histological analysis of lung tissue after prolonged antigen and DEPs administration.
BALB/c mice were immunized 2-3 times a week for 8 weeks (total 18 immunizations) via i.n. route
with indicated doses of antigen and 150 µg of DP1 or DP2. Following immunization, mice were
sacrificed and lungs were isolated and stained for histological analysis (H&E). Relative square of
iBALT on histological sections of mice immunized by PBS and low antigen doses with or without
DEPs (a) or with high antigen doses (b), and representative histological images (100X) (c) are shown.
Red arrows correspond to DEPs, blue arrows show iBALTs. Black bars show significant differences
between groups immunized with particles alone and PBS control (p<0.05). Blue and red bars show
differences between mice immunized with low (blue) or high (red) OVA doses together with DEPs
and mice immunized with OVA alone. The graphs show the data from one representative experiment out of three independent experiments.. Six mice were included in each experimental group.

3.4. Stimulation of cytokines and CXCL13 chemokine expression in response to antigen and (or)
DEPs administration
It is curious, why two closely related DEPs exerted different effects on iBALT formation while stimulating similar pro-allergic humoral response. It is known that CXCL13
produced by stromal cells in response to TNFα and LTα based interactions with
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Figure 5. Histological H&E images in high magnification (200X) of lung tissue. BALB/c mice were
immunized as indicated in Fig. 4, the lungs were processed for H&E staining. Red arrows show
DEPs, green arrows correspond to iBALTs.

B-cells is crucially involved in initiation of the lymphoid lymphoid tissue orchestration and lymphoid neogenesis [31-33]. To evaluate the ability of two type of DEPs to stimulate CXCL13 production, we measured the levels of chemokine production in lung homogenates of immunized mice. Indeed in contrast to DEP1, DEP2 in combination with
low OVA dose weakly but significantly triggered CXCL13 production. DEP1 mediated
the increase in CXCL13 production only in the high antigen dose group (Figure 6a).
It is unlikely that the different ability of DEP1 and DEP2 to potentiate iBALT formation and growing in lung tissue in combination with low antigen doses was linked to
different ability to induce expression of iBALT promoting pro-inflammatory cytokines.
Generally it is accepted that TNFa contributes to iBALT formation [32]. High antigen
doses induced TNFα gene expression in lung tissue without DEPs and with two type of
DEPs as well. In the low antigen dose group, the induction on TNFa gene expression was
observed only upon treatment with DEPs regardless their type (Figure 6b). It was shown
recently that type I interferones are also capable to induce iBALT formation [34]. Both
types of DEPs induced IFNα1 expression independently of the co-administered antigen
dose. Antigen alone did not induce IFNα1 expression either in low or high dose (Figure
6c).
Local IgE class switching and IgE production must depend on certain cytokines production, IL-4 particularly [1], regardless the presence or absence of iBALT formation. Indeed both types of DEPs stimulated IL-4 expression in lung tissue independently of the
antigen dose (Figure 6d). Although the expression of IL-13 in mice immunized with DEPs
in combination with antigen was not significantly higher compared to saline immunized
mice, it was significantly higher in comparison to mice immunized with antigen alone
irrespective of DEPs type and OVA dose (Figure 6e). At the same time, we could not detect
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the induction of IFNγ expression by DEPs in mouse lungs (Figure 6f). Therefore, both
types of DEPs stimulated local cytokine production associated with B-cell IgE class
switching.

Figure 6. Production of iBALT-inducing chemokine and expression of cytokines in lung tissue of
immunized mice. BALB/c mice were immunized as described in Fig. 4. Control mice were immunized in the absence of DEPs. The production of CXCL13 was measured in lung homogenates (a),
expression of iBALT-promoting cytokines Tnfa (b) and Ifna1 (c), type 2-immune response promoting cytokines Il4 (d) and Il13 (e), and type 1 immune response promoting cytokine Ifng (f) in the
lung tissue. Black bars indicate significant (p<0.05) differences between mice immunized without
antigen with different DEPs and respective control without DEPs; green bars indicate significant
differences between mice immunized by low OVA dose with or without DEPs and respective control groups; red bars indicate significant differences between mice immunized by high OVA dose
with or without DEPs and respective control groups. The graphs show the data from one representative experiment out of three independent experiments. Six mice were included in each experimental group.

Despite the different impact of two types of DEPs on iBALT formation, both of them
induced B-cell accumulation in the lungs,as can be judged by Cd19 expression, and this
effect was slightly dependent on antigen dose (Figure 7a). High antigen doses also induced germinal centers formation in lung tissue (Bcl6 expression which is germinal center
marker gene [35]). DEP1 does not stimulate their formation in the low antigen dose group.
DEP2 rather than DEP1 in combination with low antigen doses stimulated germinal centers formation in lungs (Figure 7b). At the same time both types of particles triggered the
expression of Ebi2, the extrafollicular foci formation marker [35], and this effect was independent of the co-administered antigen dose (Figure 7c).
4. Discussion
The ability of particulate matter arises from either industrial sources or incomplete
combustion of diesel and petroleum fuel to induce respiratory allergy and asthma has
been shown previously in many research works [1-14]. However, in most of the works,
only one type of particles was used. It is known that the ability of particulate matter to
enter the lung and to trigger local and systemic inflammation depends on the size of the
particles. In our work, we use two type of DEPs DEP1 and DEP2. The first particles originate directly from heat fuel exchangers of diesel engine; they are more polydisperse in
nature and tend to form large aggregates despite of their small size per se [21]. The second
particles were collected from the air [22] and in fact may represent a mixture of particles
derived from industrial sources and from incomplete fuel combustion. In the other hand,
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they may represent a fraction of first ones, which were not prone to aggregate. Due to this
fact they are carried in the air for a long time.

Figure 7. Expression of B-cell linked genes in lung tissue. BALB/c mice were immunized as described in Fig. 4. Control mice were immunized in the absence of DEPs. Expression of markers for
B-cell relative number (Cd19; a), B-cell extrafollicular activation (Ebi2; b) or germinal center formation (Bcl6; c) is shown. Black bars indicate significant (p<0.05) differences between mice immunized without antigen with different DEPs and respective control without DEPs; green bars indicate
significant differences between mice immunized by low OVA dose with or without DEPs and respective control groups; red bars indicate significant differences between mice immunized by high
OVA dose with or without DEPs and respective control groups. The graphs show the data from one
representative experiment out of three independent experiments. . Six mice were included in each
experimental group.

Despite such differences these type of particles stimulated humoral immune response in comparable levels. Although only DEP2 stimulated IgA formation, the resulting
IgA titers were not very high in comparison with IgG titers and this phenomena may not
cause very marked effects in relation to allergic inflammation. In relation to IgE, the effect
of these particles on IgG1 and even IgG2a production were very similar. While in some
cases IgG1 and IgG2a production were stimulated by relatively low DEPs doses, IgE production is stimulated only by high DEPs doses (150 µg/mice-immunization, or about 15
mg/kg weekly). Although such DEPs amounts usually do not penetrate into human organism even in heavily polluted industrial or urban areas, it should be noted that DEPs
tend to accumulate in human organism for a long time and, therefore, to achieve high
doses [2,3]. Our data are in agreement with research indicating that only high DEPs doses
potentiate strong allergic inflammation [12] but in contradiction with other where even
low DEPs doses triggers type 2 immune response [14]. However in the latter work allergen
extract contained additional stimuli but not pure protein was used as an allergen [14]. The
fact that only high DEPs doses induce IgE production and asthma development may indicate that such substances are actually account for asthma and allergy development per
se only in regions with heavy industrial and road traffic burden and mostly in people of
middle or elderly ages or in people initially predisposed to atopic diseases. Although in
most of European and North American countries fuel and engine standards presume very
low if any amount of particulate matter after combustion compared with analogues standards 30-35 years ago [36] one can conclude that soon this type of air pollution will cease
to be the leader case of increasing asthma prevalence. Unfortunately in developing countries of Asia and Africa where diesel fuel is widely used as well as a fuel based on coal
and wood and the ecological rules are not so hard this problem is very actual [37].
We have previously shown that upon administration of antigen in fat tissue with
tertiary lymphoid structures low but not high antigen doses mainly induce IgE production [23]. However, the immune response upon administration of antigen in lung tissue
may be substantially different from that initiates after administration in subcutaneous fat
due to different properties of either tertiary lymphoid structures in lungs and fat tissue or
different rate and ways of antigen delivery to secondary lymphoid organs from these two
sites. Indeed, in the present work DEPs stimulate IgE synthesis in response to both low
and high OVA doses. This fact indirectly shows that the impact of DEPs on IgE response
is not linked with germinal centers induction because this process is prohibited when an-
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tigen is administered in low doses. This was than directly confirmed. Though allergic inflammation after the high dose challenge in mice was more eosinophilic in nature if mice
were immunized previously for a long time with DEPs and low antigen dose, co-administration of high antigen dose and DEPs followed by challenge also triggers eosinophils
accumulation in the lungs. Accumulation of neutrophils was antigen-specific and comparable in both cases. So antigen dose administrated with DEPs for a long time make a little
if any difference in the resulting picture of potentiated local allergic inflammation.
DEPs stimulate both local and system IgE class switching when administrated with
low antigen doses. But in the case of SRM1650B we observed only local IgE class switching
after their co-administration with high antigen dose, and in the case of SRM2786 only local
IgE producing cells accumulation after their co-administration with high antigen dose.
Despite the fact that PAH which can desorbs from particles and enter the system circulation upon particulate matter accumulation in the lungs could per se stimulate B-cell, T-cell
and dendritic cell activation, based on our data we can suppose that high antigen doses
induce higher levels of iBALT development accompanied by accumulation of antigenpresenting cells (APCs) mostly in these structures. When accumulate mostly in iBALT
these cells weekly transport particles and antigen to lymph nodes. In contrast, when low
antigen doses were administered, migration of these cells towards iBALT may not be so
strong and some APCs instead of this could transport particles and antigens to lymph
nodes. As it were, B-cells from iBALT per se could migrate in some cases from tissue to
lymph nodes and indeed even in the group where high OVA dose and high SRM1650B
dose were administrated to mice and only local IgE switching could be observed, IgE producing cells accumulation was detected in both sites. However, in this work we decide to
focus on local processes.
From our previous works, we concluded that in young allergic patients [38] and in
laboratory animals [23] IgE class switching occurs mainly by direct mechanism. The results from this work came into contradiction with this fact because we observe accumulation of both type of circular transcripts corresponding to IgE class switching from IgM
and from IgG1 as well. This fact is in agreement with some results shown that both type
of B-cell IgE class switching could be observed in allergic patients [39]. Even in animal
models, this switching may occur via either direct [40] or sequential mechanism [41] dependent on the model used. However, it should be mentioned that when co-administrated
with high antigen doses when intensive iBALT growing is observed DEPs induce only
direct IgE class switching. This situation is closely related to the clinical cases from patients with asthma or chronic allergic rhinitis at the later stages of disease development
when high antigen doses accumulate in iBALT or nasal polyps for a long time. So direct
IgE class switch may be more important also further studies are needed to answer this
question. The lack of significant effect of DEPs on the expression of germline and postswitch
γ1 transcripts in some cases may reflect the fact that in the case of IgG1 DEPs stimulate its
production without incresing of the IgG1 class switch per se but by accelerating of the
differentiation of IgG1 expressing B-cells to the final stages of IgG1-producing plasma cell.
It is also possible that the effect of DEPs on IgG1 class switching and accumulation of IgG1
producing cells is more strong and significant in the early stages of the process.
It is tempting to speculate that the different abilities of two types of particulate matter
to induce iBALT formation and growing after accumulation in lung tissue is due to their
different tendencies to form relatively large (>10 µm) aggregates. Despite the fact, that
prior to administration to mice DEPs were sonicated, lung microphotographs from H&E
histology shows that large aggregates of particles were present in lung tissue especially
in the case of SRM1650B. According to its characteristic by NIST SRM2786 despite their
larger size prior to aggregation are less prone to form large aggregates [22]. Large aggregates slowly diffuse through the epithelium and are hardly phagocytized by APCs. So
despite their ability to damage airway epithelium they are hardly delivered into the lung
tissue with small soluble antigens and for this reason their ability to induce iBALT could
be limited. In the other hand SRM2786 as particles which were carried in the air for a long
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time may have a different chemical composition from SRM1650B and this fact could be
responsible for such difference.
We do not however focus on this difference too closely because both type of particles
induce comparable local IgE class switching and overall IgE production. We found however that this difference is linked with their different abilities to stimulate initial CXCL13
production and germinal center response when particles co-administrated with low antigen doses. It is likely that particles from the fine type of particulate matter SRM2786 adsorb co-administrated antigen on their surface and then penetrate the epithelial barrier
with it. When these particles accumulate in tissue adsorbed antigen serves as a stronger
signal for B- and T-cells than soluble one [42]. Certainly, SRM1650B also can adsorb a proportion of OVA on their surface but when they form large aggregates they hardly pass the
epithelial barrier and the proportion of antigen adsorbed on their surface remained in
alveoli or bronchi space out of reach for B- and T-cells. The other possibility is that specific
chemicals in present in SRM2786 but absent in SRM1650B serve as an additional trigger
for CXCL13 production.
Despite these discrepancies both type of particulate matter trigger IgE production.
So the main conclusion from this work is that local IgE production in response to particulate matter in independent from the ability of this particulate matter to induce iBALT formation and growing. Common but not different properties for this two type of DEPs must
be responsible for local B-cell IgE class switch induction. Therefore, it is very important to
mention that both type of DEPs induce local Ebi2 expression which is an indicator of extrafollicular foci formation [35]. Both type of DEPs induce local TNFα, IFNα1 expression,
as well as IL-4 and IL-13 expression, but the expression of IFNγ is not induced. From these
data it becomes clear that DEPs induce local IgE production by specific stimulation of type
2 immune response and this is in agreement with most previously works [5,11,12,14].
Though it was shown that DEPs [13] or their carbon core [5] also capable to induce IFNγ
production, we do not observe induction of IFNγ expression in mouse lungs in our work.
The expression of IL-13 was induced by DEPs not so strong as IL-4 expression and in the
first case only differences between groups immunized with antigen and DEPs versus antigen alone immunized mice but not between DEPs and saline immunized mice were significant. This may indicate that DEPs create such polarization of the immune response by
activating cells that express mostly IL-4 but not IL-13. Conventional T-helpers 2 express
both cytokines [43] but most T-follicular helpers [44] with the exception of the small subset
[45] express only IL-4 but not IL-13. In our case, however IgE production does not always
followed by germinal centers induction as was judged by Bcl6 expression which is the
germinal center master regulator [46]. DEPs may stimulate basophils and mast cells directly [2,3,47,48] and it is accepted that these type of cells express mostly IL-4 and less IL13. We hope that further works will clarify the participation of different cytokine producing cells in our model.
In the case of SRM1650B induction of TNFα and IFNα1 expression when these particles were co-administrated with low antigen dose does not lead to iBALT induction and
growing notwithstanding that these cytokines have iBALT promoting activity [31,32,34].
Despite this fact, TNFα may be important for IgE class switching because of its ability to
activate or inhibit B-cells and specifically B-cell Ig class switching depending on particular
conditions [49,50] independent of its ability to induce tertiary lymphoid structures development. We could not conclude if IFNα1 has some role in local B-cell class switching if its
expression did not results in iBALT induction. But when expressed in the absence of type
II interferon (IFNγ) its induction could serve as an indicator of tissue DNA damage by
PAHs from DEPs because after DNA damage STING-TBK1 signaling stimulates its expression [51].
It is also interesting that local germinal center induction was not required for IgE
production stimulation by SRM1650B and low antigen doses. It is in contradiction with
some results on animal models where high affinity and clinically relevant IgE production
requires B-cell germinal center response [41]. But previously it was established that IgE
switched B-cells are relatively rare in germinal centers and disappear from them upon
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their full maturation [40] so IgE switching may occur in very small and early stage of
germinal center presence of which could not be clearly found by qPCR. Instead of this
strong extrafollicular response induction was always accompanied DEPs induced local Bcell IgE class switching and this is in agreement with some clinical data where it was
shown that local IgE production is mostly linked with extrafollicular B-cell response
[52,53].
From our work, it becomes clear that local IgE production surprisingly does not always required de novo iBALT formation and growing. It does not mean however, that
iBALT per se were not required for IgE B-cell class switching. Because iBALTs were present
even in naïve mice despite their low numbers and small sizes it is likely that even small
and rare iBALTs are sufficient to mount local specific IgE production. Because of according to some data fully matured germinal centers hampered IgE class switching [38] and
larger iBALTs contained such germinal centers it could be that exactly small size iBALTs
represent a place where IgE class switching actually occurs. Indeed according some data
large iBALTs if they were formed prior to allergen administration to mice do not enhance
but even dampen allergic inflammation as well as total IgE production though in that case
iBALT was induced by LPS but not by DEPs [54]. DEPs even do not induce iBALTs growing induce extrafollicular B-cell activation and CD19-expressing B-cell accumulation in
the lungs. One interesting hypothesis is that IgE class switching may occur in B-cells
which situated beyond iBALTs in lung tissue in B-cell aggregates and infiltrates. B-cells
entering non-immune organs do not always form tertiary lymphoid structures though in
such cases they represent cells recirculating from secondary lymphoid organs to this peripheral tissues [55]. Poorly organized B-cell aggregates were also found in some cases in
peripheral tissues [56]. The recent work shows that in immunized mice IgE producing Bcells forms such aggregates though they were found in spleen but not in tissues and the
authors suggest that IgE-producing plasma cells form such aggregates after IgE switching
due to the appearance of specific receptors on their surface [57]. However it is tempting
to speculate that specific FcγRII/III on the surface of IgE plasma cells if does not trigger
IgE class switching alone may serve as prosurvival signals for recently switched IgE+ Bcells because inhibition of such aggregates formation leads to reduced serum IgE levels in
mice. If so stimuli that enhance B-cell accumulation in tissue, rapid proliferation and differentiation in antibody producing cells may lead to such aggregates formation where Bcells receive pro-survival signals even beyond the organized tertiary lymphoid clusters
structures. Further works needed to estimate if one of these hypothesis is a true. Due to
the paucity of IgE+ cells in the overall B-cell population and the expression of CD23 that
binds exogenous IgE from serum [58] it is badly hard if even possible to answer this question by using convential immunohistochemistry. However if IgE+ cells indeed formed locally or in regional lymph nodes but outside B-cell follicles of these structures, and even
outside tissue tertiary lymphoid clusters or outside B-cell zones of lymph nodes, their formation must be insensitive to specific inhibitors of signaling pathways and cytokines responsible for tertiary lymphoid clusters and B-cell follicles formation and must be sensitive for specific inhibitors of pathways responsible for B-cell aggregates formation.
5. Conclusions
Overall, DEPs can induce local as well as system B-cell IgE class switching which
leads to allergic immune response formation. However, local but not system IgE class
switch in response to DEPs could be observed independent of antigen dose and type of
particles. This local IgE class switch occurs mainly by direct mechanisms also low antigen
doses can stimulate sequential switch as well. Only high DEP doses induce IgE production
and so DEPs may be responsible for atopic diseases development only when present constantly in very high concentration in the air when someone dwell in regions with high
road traffic burden or in allergy prone individuals. Local DEPs induced B-cell IgE class
switching independent of their ability to induce expression of CXCL13, germinal center
development and de novo iBALT formation and growing. Small initially presented iBALTs
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in lungs or other structures may be responsible for IgE production in this case. DEP induced local B-cell IgE class switching was accompanied by extrafollicular B-cell activation
and induction of type 2 immune response cytokines expression in the absence of type 1
immune response activation.
Abbreviations: DEPs – Diesel exhaust particles; DEP1 – SRM1650b standardized type of diesel exhaust particles; DEP2 – SRM2786 standardized type of diesel exhaust particles; iBALT – Inducible
bronchial-associated lymphoid tissue; SRM – Standard reference material.
Supplementary Materials: Figure S1: Antibody production in response to high OVA doses, DPs,
or their combination. BALB/c mice were immunized 2-3 times a week for 8 weeks (total 18 immunizations) via i.n. route by 30 µgOVA alone or at the presence of 30 or 150 µg DEPs as indicated.. The
titers of OVA specific IgE (a), IgG1 (c), IgG2a (d) or total IgE (b) were measured. Red bars show
statistical differences between groups immunized with antigen and particles and antigen alone.
Statistical differences of groups immunized by particles alone vs saline control are shown by black
bars (p<0.05).The graphs show the data from one representative experiment out of three independent experiments. Six mice were included in each experimental group. Figure S2: BALB/c mice were
immunized with 0.3 µg (a) or 30 µgOVA (b) alone or in combination with 30 or 150 µg of DEPs. The
titers of OVA specific IgA were measured. Statistical differences of groups immunized with high
antigen doses in combination with particles vs.OVA control are shown by red bars (p<0.05). The
graphs show the data from one representative experiment out of three independent experiments.
Six mice were included in each experimental group. Figure S3: I – Cells; II – Single cells; III – Living
cells; IV – CD11lowc-SiglecF+ Eosinophils; V – CD11c+SiglecF+ cells; VI – SiglecF- cells; VII –
CD11c+SiglecF+F4/80+ Alveolar Macrophages; VIII – CD11c+SiglecF- Dendritic Dells; IX – CD11cnot Alveolar Macrophages not Eosinophils not Dendritic Cells; X – Gr-1+CD11b+CD11c-SiglecFNeutrophils; XI – not Neutrophils not Alveolar Macrophages not Eosinophils not Dendritic cells;
XII – F4/80+CD11b+SiglecF-CD11c- Interstitial Macrophages; XIII – F4/80-CD11b+SiglecF-CD11cmonocytes. Figure S4: Representative flow cytometry contour plots and gating of Eosinophils (a),
Macrophages (a, b), and Neutrophils (c). Figure S5: BALB/c mice were immunized 2-3 times a week
for 8 weeks (total 18 immunizations) via i.n. route without antigen (PBS), with low (0.3 µg) OVA
dose or high (30 µg) OVA dose without particles (control) or with either DEP1 or DEP2. After immunization mice were sacrificed. Expression of transcripts corresponding to direct IgE class switching (circular µ-ε) (a, c) or sequential IgE class switching (circular γ1-ε) (b, d) class switching were
measured in lung tissue (a, b) and regional lymph nodes (c, d). Black bars indicate significant
(p<0.05) differences between mice immunized without antigen with different DEPs and respective
control without DEPs; green bars indicate significant differences between mice immunized by low
OVA dose with or without DEPs and respective control groups; red bars indicate significant differences between mice immunized by high OVA dose with or without DEPs and respective control
groups. Representative data from 3 independent experiments.
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