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I. Introduction

As professional antigen-presenting cells, dendritdls (DCs) are largely
involved in the initiation and polarization of adize immune responses. Due to the
DCs’ high potential for mediating immune responseany studies are focusing on these
cells to reveal new and promising immunotherapeatiproaches for prevention or
treatment of several immune disorders. Nowadays Epsesent newly emerging and
potent targets of immune vaccine designs. Our vednked to mimic the surrounding
microenvironment of inflamed tissues where DCsexgosed to antigenic or allergenic
stimuli. In inflamed tissues, DCs can also be egdo® elevated levels of reactive
oxygen species (ROS) produced by inflammatory catid we presume that oxidative
stress could affect the cellular responses of O@ss, in this study we have investigated
in details how oxidative stress conditions canuiefice the function of conventional DCs
(cDCs) and even the plasmacytoid DCs (pDCs).

Il. Theoretical background
1I.1. ROS and oxidative stress

Molecular oxygen is essential for aerobic organjstmscause it primarily
functions as a terminal electron acceptor of mitmatrial oxidative phosphorylation, the
most important source of metabolic energy. ROShmmgenerated as natural byproducts
of the normal metabolism of oxygen and their elegidevel can cause oxidative stress.
ROS are chemically highly reactive molecules canitgj unpaired electrons and exhibit
strong oxidant ability. ROS can be generated byhbatogenous and endogenous
sources. Exogenous ROS can be produced from pakutaobacco smoke, drugs,
xenobiotics, or radiation. Endogenous ROS are fdrnby multiple mechanisms
including mitochondrial electron transport chaindamarious membrane-bound or
cytosolic enzyme systems. Furthermore, increases & ROS is also associated with
inflammatory reactions induced by innate immunésdel response to harmful invading
microbes. Oxidative damage initiated by ROS is gomeontributor to the functional
decline of the cells because of the oxidation iti§, proteins and DNA. Cells manifest
potent antioxidant defenses against ROS includingar@ety of non-enzymatic (e.g.,
ascorbic acid, carotenes) or enzymatic componergs Guperoxide dismutase, catalases,
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peroxidases) which are important in scavenging R68&.the balance between ROS
production and antioxidant defenses determineddigece of oxidative stress.

Elevated levels of ROS derived from either exogenmuendogenous sources
have proposed to play important roles in the pathegis of chronic-degenerative
conditions, such ascardiovascular complications characterized by dmal
dysfunction and athero-thrombotic events, ageimggcer, auto-immune and respiratory
diseases, and neurodegeneration. In addition tpexity milieu of the tissues enables
ROS to maintain a longer half-life. Based on tHiservation ROS can participate in the

modulation of cell signaling pathways indicatingittpleiotropic effects on the cells.

I1.2. Two main subsets of DCs

The immune system protects our body against patehtizardous invading
micro-organisms by multiple defense mechanismsuding innate and adaptive immune
responses. The central players of these protegiioeesses are DCs, the efficient
orchestrators of innate and adaptive immunity. Bame their origin, tissue localization,
phenotype and functional properties human DCs éxfabvery heterogeneous cell
population and can be classified into two majorssties cDCs and pDCs. PDCs are a
very specialized cell population producing largeoants of type | interferons (IFN) in
response to viruses. PDCs can produce 1000 times i« than any other cell types
marking their strong anti-viral activity. Howevetheir ability to induce T cell
proliferation is weaker than that of the profesaloantigen-presenting cDCs. On the
other hand as a professional type | IFN producgitscpDCs are able to control the anti-
viral response without terminal differentiation aafier maturation they can contribute
the initiation of adaptive immune responses indlicattheir unique features. Under
steady-state conditions pDCs can be found in three bmarrow, lymphoid tissues and
blood in contrast to cDCs localized mainly in paegpal tissues but their number
increases dramatically in many tissues during inffeatory responses. It has already
been described that mature pDCs can induce toleiogad even immunogenic T cell
responses depending on the antigenic stimuli aedldbal microenvironment clearly

demonstrating their primary importance in the ratiah of immune responses.



11.3. The role of DCs in innate and adaptive immuneaesponses

DCs express a wide range of Pattern Recognitiorefrecs (PRR). These
receptors are localized in various cellular comparits including cell surface, cytosol
and endosomes and are able to recognize consenwvedelf, invariant molecular motifs
be referred to as pathogen-associated moleculaterpat (PAMP) like bacterial
lipopolysaccharide, lipoproteins, unmethylated Gp@tifs or bacterial and viral nucleic
acids. PRRs include Toll-like receptors (TLR), meame-associated C-type lectins, like
mannose receptors which are specialized for thegrétion of repeated carbohydrate
units of pathogens. Belonging to PRRs the cytoplashiod-like receptors bind
endogenous or microbial molecules, and the RIG-likelicases and AIM2 receptors
sense mostly viral nucleic acids. These compourfdenading microbes are strong
activators of resting tissue-resident or blood @64 mediate stimulatory signals through
PRRs. In response to these stimuli, DCs transperiplperal antigens to secondary
lymphoid organs where they present these antigensdive T cells and initiate the
adaptive immune response by triggering T cell ation.

The innate immune cells collaborate with T and Biphocytes, the major
effector cellular components of the adaptive immuoesponses. B cells responding to
antigenic stimuli differentiate into antibody-praming plasma cells. Antibodies are
primarily responsible for humoral adaptive immunitynlike B cells, T cells fail to
recognize native antigens in the absence of anfigesenting cells expressing
membrane bound proteins encoded by major histoctilifig complex (MHC) genes.
Upon maturation DCs migrate through lymphatic ithe draining lymph nodes and
exhibit mature phenotype with increased expressfamtigen-presenting, co-stimulatory
and adhesion molecules. The presence of theseinwate the DCs’ cell surface is
required to the interaction between antigen-présgnDCs and target lymphocytes
within immunological synapse.

After being activated and differentiated into disti effector subtypes
depending on the antigenic stimuli, helper T lympties (Th) play a major role in
mediating immune response through the secretiospetific cytokines. Recent studies
have identified new subsets of T cells besidesctassical Thl and Th2 cells. These
include Th17, Th9, Th22, and T-regulatory cellse@); as well as the potentially distinct
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follicular helper T cells (Tfh). Thl cells are ifved in the elimination of intracellular
pathogens. These cells mainly secrete {£Nvhich is essential for the activation of
mononuclear phagocytes including macrophages, pinghoenhanced phagocytic
activity. Th2 cells mount immune response to eslatar parasites, including
helminthes, and play major role in induction andsfgence of allergic diseases. Th17
cells are involved in the neutrophil-mediated inftaatory responses, the activation of B
cells, and the induction of B cells to differengiatto plasmocytes. Th9 effector cells are
also involved in the generation of allergic reattipautoimmune diseases and anti-tumor
immune responses. Th22 cells promote anti-inflarorgagind even pro-inflammatory
reactions. Tregs play important role in the maiatere of immunologic tolerance to self
and foreign antigens. After clearance of pathogtrey; negatively regulate the immune
response, thereby protect against various fornswiunopathology. Tth cells are a very
special cell population among the T cell subseteyTare located in follicular areas of
lymphoid tissue, where they participate in the d@wment of antigen-specific B-cell
responses. Another major group of effector T dslthe cytotoxic T cells specialized for
the killing of infected and cancer cells.

The activation and differentiation of the above tiwred different T cell
lineages depends on the direct contact with DCsthadcomplex network of specific

cytokine signals derived from antigen-presentingsDC

I1.4. Link between DCs and oxidative stress
11.4.1. Possible effect of oxidative stress on ttfanction of human DCs

At the place of antigen exposure or during inftiza into inflamed tissues
DCs can be exposed to elevated levels of ROS gedely inflammatory reactions.
These stimuli could affect the cellular response®0s. Several studies demonstrated
that HO, treatment up-regulates the expression of MHC Il serface proteins,
including HLA-DQ and HLA-DR on cDCs, and promotegdll proliferation induced by
cDCs. Furthermore oxidative stress generated byhikaoxidase/xanthine enzyme-
substrate system resulted in elevated expressiortoedtimulatory molecules and
maturation markers on DCs differentiated from maomes. It has also been described
that under oxidative stress conditions the endaiytof DCs impaired indicating the
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maturation process of DCs induced by oxidative lissun addition the bLD,-treated
DCs display increased production of TNFpro-inflammatory cytokine and IL-8
chemokine.

These results suggest that the oxidative stresa ascond signal may be
required to fully activate cDCs in combination wahtigenic signal derived principally
through receptor-mediated antigen uptake. In ttezafiure there are no data about the
response of pDCs to oxidative stress; however, tihe major DC subsets exhibit
radically different functional characteristics. 8oe of our goals was to investigate how

oxidative stress conditions can change the funafqgrDCs.

11.4.2. Effect of allergen-induced oxidative stresen the activation of DCs

In recent decades the prevalence of pollen-induakergic asthma has
increased, and it has rapidly spread across thelafged countries. In our country one of
the most common triggers of allergic asthma isgbken of short ragweedA(mbrosia
artemisiifolia), 20% percentage of the population is sufferingmfr pollen-induced
chronic inflammatory disorder of the airways. Altlgh there is unequivocal evidence
that pollen antigens can induce allergic inflamoratthroughout the respiratory tract,
whole pollen grains are considered too large (281 to reach the lower airways. It
has been reported that upon hydration, whole pall@ins release subpollen particles
(SPPs) of respirable size. It has been previoustgahstrated that the released SPPs with
sizes ranging from 0.5 to 4.5 um retain key compts@ecessary to induce airway
inflammation. Specifically, ragweed SPPs contaim phedominant allergen in ragweed
pollen, and also possess NAD(P)H oxidases, whidhlyze the production of ROS.
These inhaled ragweed SPPs, which easily penetegte into the lungs, can be captured
by lung DCs. The biochemistry of pollen allergemsi dhe mechanism by which they
trigger clinical symptoms in sensitized individuadse relatively well understood;
however, several unresolved questions remain meglat the development of adaptive
immune responses against pollen-derived proteireshWothesized that SPPs are able
to launch the activation program of lung DCs so neawe a pivotal role in the

sensitization phase of allergic reactions. In #hisk our goals were to investigate the DC



activation capacity of SPPs and to observe howatixid stress generated by SPPs’

NAD(P)H oxidases can influence these activatiorcesses.

11.5. Aims of study
During infiltration into inflamed tissues DCs caa bxposed to elevated levels
of ROS generated by inflammatory reactions. Theseul could affect the cellular
responses of DCs. So our aims were to investigate:
* how oxidative stress can influence the viabilityp@fCs,
« how oxidative stress can influence the phenotypit fainctional properties of
pDCs in response to TLR7 ligand,
« how oxidative insult can affect the allogeneic Tl @tivating potential of
pDCs,

« how oxidative stress can affect the T cell polagzability of pDCs.

It has been previously demonstrated that upon tigesawhole pollen grains
release SPPs which retain the predominant allergeagweed pollen, and also possess
NAD(P)H oxidases, which catalyze the productioriR@S. These inhaled ragweed SPPs
easily penetrate deep into the lungs, and can ptireal by lung DCs so may have a
pivotal role in the sensitization phase of polledticed allergic reactions. Our work was
aimed to study:

. the SPP uptake by cDCs,

. the phenotypic and functional changes of cDCs exghos SPPs,

. the T cell proliferating and allogeneic T cell aeting capacity of SPP-treated
cDCs,

. the role of ROS generated by SPPs’ NAD(P)H oxidasethe activation of
¢DCs induced by SPPs.



IIl. Methods
Il.1. Ethics statement

Human cells were isolated from healthy blood dorarsvn at the Regional
Blood Center of Hungarian National Blood Transfus®ervice (Debrecen, Hungary),
with the written approval of the Director of the tid@al Blood Transfusion Service and
the Regional and Institutional Ethics Committedhaf University of Debrecen, Medical
and Health Science Center (Debrecen, Hungary) t&drinformed consent was obtained
from donors prior to blood donation, and their datae processed and stored according

to the principles expressed in the Declaration elshiki.

111.2. Isolation of human cells from peripheral blood

Peripheral blood mononuclear cells (PBMCs) werdated by Ficoll-Paque
(GE Healthcare) density gradient centrifugatiorheparinized leukocyte-enriched buffy
coats of healthy donors. Different cell populatiomere purified from PBMCs using
immunomagnetic cell separation kits (Miltenyi Bioteaccording to the manufacturer's
instructions. After separation, the purity of thelle was >96%, as confirmed by flow

cytometry.

111.3. Differentiation of human cDCs from CD14* monocytes

Freshly isolated monocytes were cultured in 24-wisflue culture plates at a
density of 2x18 cells/ml in RPMI (Sigma-Aldrich) supplemented with mM L-
glutamine (Sigma-Aldrich), 100 U/ml penicillin, 10@/ml streptomycin, and 10% heat-
inactivated FCS (Invitrogen). Cells were stimulateith 80 ng/ml GM-CSF (Gentaur
Molecular Products) and 100 ng/ml IL-4 (Peprotechinediately and on day 2. Cells
were used for experiments on day 5, at which poB@% expressed immature DC
phenotype (DC-SIGN/CD209CD14°").

11l.4. I1solation of SPPs and detection of SPPs’ eyme activity

Short ragweed Ambrosia artemisiifolia Greer Laboratories) whole pollen
grains were hydrated in sterile, pyrogen-free demth water, and the resulting
suspension was vortexed and rotated for 90 minahrtemperature. Intact pollen grains
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and pollen fragments were removed by centrifugatfa600 g, 5 min, 4°C). The
supernatant was filtered (5-mm filter, Sartoriusddn Biotech) and centrifuged (9000 g,
15 min, 4°C). The resulting pellets were collectetl resuspended in sterile PBS. To
determine the number of SPPs, an improved Neulsnber was used. PyroGeneTM
Endotoxin Detection Assay Kit (Lonza Group Ltd.)smatilized to test the endotoxin
level of the SPP suspension.

Then 50 pM of 2, 7’-dihydro-dichlorofluorescein déate (HDCF-DA,
Molecular Probes) was used to detect ROS produdtioisPPs and the fluorescence
intensity measurements were taken using a Synef@ymitro plate reader (Bio-Tek
Instruments) at 485 nm excitation and 528 nm emmissControl experiments were
carried out with heat-inactivated (72°C, 30 minPSRSPB) and 100 pM of NADPH, a
substrate of the NAD(P)H oxidase enzyme, or 5 pMiphenylene iodonium (DPI), an
NADPH oxidase inhibitor (both from Sigma-Aldrich).

II1.5. Treatments of DCs

To generate oxidative stress conditions cells weeated with increasing
concentrations of D, (0.01 uM-10 uM). In control experiments, cells egretreated
with an antioxidant (30 mM N-acetylcysteine, NAdg®a—Aldrich) for 1 h and then
cotreated with BKD,. . For stimulation of pDCs, cells were exposedt®LR7 ligand,
imiquimod (R837, 2.5 pg/ml; Invivogen) for 24 h.

Human cDCs were incubated with freshly isolated SRPa ratio of 1:15
(cDC/SPP), both in the presence and absence of @0of NADPH. In control
experiments cells were exposed to SR SPPs treated with 5uM of DPI (Sigma
Aldrich). Incubation times were 1 h, 4 h or 24 Ipeleding on the actual experiments.

111.6. Cell viability experiments

Cell viability was determined by 7-aminoactinomy€n(7-AAD, 10 pg/mli,
Sigma Aldrich) staining for 15 min immediately befoflow cytometric analysis.
Fluorescence intensities were measured by FACS@alitow cytometer (BD

Biosciences) and analysis of data was performeéldyJo software (TreeStar).
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11l.7. Detection of intracellular ROS levels
Freshly isolated cells were loaded with 50 uM @DBF-DA (Invitrogen) at
37°C for 20-25 min, in the dark. After removing egs fluorescent dye, changes in DCF

fluorescence intensity were detected on FL1 (530%h) channel by flow cytometry.

111.8. Phenotypic analysis

To evaluate cell surface protein expression, theviing human monoclonal
antibodies were used: anti-CD40-FITC (BD Pharminganti-CD80-FITC, anti-HLA-
DQ-PE (BioLegend), anti-CD86-PE (R&D Systems), 46M0S-L-PE (eBioscience),
anti-OX40-L-PE, anti-PDL-1-PE, anti-CD83-PE-Cy5 (BBharmingen), and isotype-
matched control antibodies (BD Pharmingen). Flumease intensities were measured by
FACSCalibur flow cytometer (BD Biosciences) and lgsia of data was performed by

FlowJo software (TreeStar).

111.9. Measurement of cytokine and chemokine prodution of cells by ELISA

Cytokine and chemokine release from the cells waterthined in the
supernatants by enzyme-linked immunosorbent asshis5Q). Assay kits specific for
IL-1B, IL-6, IL-8, IL-10, IL-12(70), TNFe, and TGF1 (all from BD Biosciences) were
used. Human IFNx ELISA kit was purchased from PBL InterferonSouréssays were
performed according to the manufacturer’s instardi Absorbance measurements were

performed with a Synergy HT reader (Bio-Tek Instemts) at 450 nm.

111.10. SPP uptake by human cDCs
SPPs were fluorescently labeled with CellVue® Jage (45 min, 4°C;

Polysciences Inc.). Cells were incubated for 4 th\fluorescently labeled SPPs at either
4°C or 37°C. The percentage of CellVue® Jade pasitells was determined by flow
cytometry at 530+15 nm. Confocal laser scanningrasiopy (Zeiss LSM 510
microscope, Carl Zeiss AG) was used to determieectilular localization of SPPs in
treated cDCs. After treatment with fluorescentlydeed SPPs, PE-conjugated anti-hDC-
SIGN (R&D Systems)-labeled and formaldehyde-fixedllsc were mounted on
microscopic slides. CellVue® Jade-labeled SPPs vesa@ted at 488 nm, and PE-
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conjugated anti-hDC-SIGN stained cells were exci#te843 nm. Fluorescence emission
was detected through 505 to 550 nm and 560 to 61lband-pass filters.

11l.11. Proliferation assay

Treated cDCs were co-cultured with freshly isolatatbgeneic naive CD4T
cells, which were previously labeled with 0.5 puM aafrboxy-fluorescein succinimidyl
ester (CFSE; Invitrogen), for 5 days in the presesfcl mg/ml purified anti-human CD3
monoclonal antibody (BD Pharmingen) at a ratio 0201 (cDC-T cell). After co-
cultivation, fluorescence intensities were detettgdow cytometry.

111.12. Detection of T cell polarization by ELISPOT

The enzyme-linked immunospot (ELISPOT) assays weréormed by human
IL-17, IFN-y and IL-4 kits (eBioscience) according to the matdrer’s instructions.
Allogeneic CD3 pan-T cells were co-cultured with pre-treated Délsa ratio of 1:10
(DCIT cells). After 4 days, cells were plated inISROT plates for 24 or 48 h. Plates
were previously prepared by adding the capturebadyi and by blocking with RPMI
1640 medium supplemented with 10% heat-inactivdi&6 (Sigma-Aldrich). After
cultivation, the cells were removed from the plades detection antibody was added.
Then plates were incubated in the presence of mvidirseradish peroxidase conjugate
and finally, AEC (3-amino-9-ethylcarbazole) subiréBD Biosciences) was added and
color change was allowed. Spots were read on anuhbfcan analyzer using
ImmunoSpot 4.0 software (C.T.L.- Cellular Techngliddd.).

111.13. Intracellular cytokine staining
Pre-treated pDCs were co-cultured with autologo@'CD45RA" naive T

cells (pDC-T cell ratio, 1:10) in the presence & thg/ml anti-human CD3 monoclonal
antibody (BD Pharmingen). After 6-day co-culturee tcells were restimulated for 7 h
with 2.5 mg/ml anti-human CD3 monoclonal antibo@i®0 ng/ml phorbol 12-myristate
13-acetate and 1 pg/ml ionomycin (Sigma-Aldrich)the presence of GolgiStop (BD
Biosciences), a protein transport inhibitor, foe tfinal 5 h. After restimulation, cells
were fixed, permeabilized and T cells were furtimcubated with FITC- and PE-

12



conjugated mouse anti-IFNL-4 monoclonal antibodies (BD Biosciences), and
respective isotype controls from the same soufdesrescence intensities were detected
by flow cytometry.

111.14. Statistical analysis

Data were analyzed by Student’s paired t test orOXN, followed by
Bonferroni post hoc test. Data analysis was peréornwvith SPSS version 12.0 for
Windows (SPSS Inc., Chicago, IL). Differences wemnsidered to be statistically
significant at p < 0.05.

IV. Results
IV.1. Effect of oxidative stress on human pDCs
IV.1.1. Sensitivity of pDCs and cDCs to oxidativeteess

To investigate the sensitivity of pDCs and cDCsoxidative stress, freshly
isolated pDCs and cDCs were treated with increasongentrations of 0, for 24 h
and their viability was assessed by 7-AAD stainiBgposure to 0.4M, 1 uM or 10uM
H,0, resulted in a 48%, a 60% and an 88% reductiorhé viability of the pDCs,
respectively, while the ratio of living cDCs sigondntly decreased only at a
concentration of 1QuM. Pre-treatment with an antioxidant (NAC) beforddition of
H,0, almost completely protected both pDCs and cDCs ftyO,-induced cell death,
indicating that reductions in cell viability wereediated by HO, and not by other
factors.

To study the effects of a low concentration gOslon intracellular ROS levels,
both pDCs and cDCs were loaded with redox-sensib2CF-DA and exposed to 0.01
uM H,0,. Flow cytometric analysis revealed that even tbig concentration of kD,
was able to induce a 3.7 23-fold increase in median DCF fluorescence irCplas
compared to non-treated control cells. On the eoptthe same concentration o§®3
did not trigger any changes in DCF fluorescenceD@s and exposure of these cells to
100-times higher kD, concentration (uM) was needed to elicit a notable increase in

intracellular DCF signals.
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Next, depletion of 0.01uM H,0O, by cell-free medium and culture medium of
cDCs and pDCs was analyzed by means of fluoromktrthe cell-free medium, 31.4 +
3.1% of HO, was eliminated by 35 min after,8, addition. In the culture medium of
cDCs, rapid depletion of 4D, was observed. By 20 min after addition to the celture,
H,0, level fell below the detection limit. However, the medium of pDCs, ¥, was
degraded at a lower rate; its concentration deeteasarly to the detection limit by 35
min after its administration.

Based on the results described above, in all fuekperiments of our study

0.01 uM of H,O, was applied for treatments; this caused less &h&®fb decline in the
viability of pDCs.

IV.1.2. Phenotypic characterization of HO,-treated pDCs

To assess the phenotypic changes of pDCs induceexpgsure to a low
concentration of exogenous,®b, the expression of co-stimulatory molecules (CD40,
CD80 and CD86), CD83, a specific maturation markerd the antigen-presenting
molecule HLA-DQ was analyzed by means of flow cystm. Treatment of pDCs with
H,0, resulted in insignificant changes in the exprassid CD40, CD80, CD86, and
CD83; however, it markedly decreased the expressibnHLA-DQ. In parallel
experiments, pDCs were treated with R837, a sywtiétR7 ligand, separately and in
combination with HO,. Stimulation of pDCs with R837 alone triggered aekable
increases in the expression of all cell-surfacekeraranalyzed in our experiment. When
R837 was added together with®}, the expressions of co-stimulatory molecules, CD83
and HLA-DQ were close to those induced byDklalone.
To exclude the possibility that oxidation of R83f H,0,, leading to altered binding of
R837 to TLR7, stands behind this observed phenomerarious experimental settings
were tested. In the next series of experimentds egtre treated with R837 and,®)
spaced 30 min apart; this was performed with R83¥sure both preceding and after
H,O, treatment. We found that the levels of cell-swefamolecules were identical to
those measured after simultaneous administratioth@de activators, suggesting that

low-concentration kD, treatment does not trigger phenotypic maturationpBCs;
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moreover, low-dose D, down-regulates the maturation and activation moginduced

by TLR7-mediated signals, whereas it does not énfae the TLR7-ligand interaction.

IV.1.3. Chemokine and cytokine production of HO,-treated pDCs

To assess the potential effects of low-dos®Hreatment on chemokine and
cytokine release by pDCs, levels of IL-8, IL-6, THdEFand IFNea were measured in the
cell culture supernatant by ELISA. After adminisiva of H,O,, the levels of L-8, IL-6
and TNFe produced by treated cells were similar to levelsagated by untreated cells.
Neither pDCs exposed to,8, nor un-treated cells released IENinto the culture
supernatant. However, treatment of pDCs with R88ti¢ed significant elevations in the
levels of IL-8 and pro-inflammatory cytokines arjgered the production of IFN-
Compared to treatment with R837 alone, simultan@abmsinistration of R837 and.B,
notably decreased IL-6 production, significantlyvéyed both IL-8 and TNIe- levels,

and completely eliminated the release of I1&N-

IV.1.4. Effects of HO, treatment on the T cell stimulatory capacity of p[Cs

Next, freshly isolated pDCs were exposed g@Hand R837, separately and in
combination for 24 h and co-cultured with allogen€D3" pan-T cells to investigate
their allo-stimulatory capacity. Activation of CD®an-T cells was assessed by IL-17,
IFN-y and IL-4 ELISPOT assays. Addition of,®, to pDCs did not change their
capacity to activate allogeneic IL-17- or IRNproducing T cells. However, co-culture of
allogeneic CD3 pan-T cells with pDCs treated with R837 alone iicantly increased
the frequency of both IL-17- and IFNproducing T cells. Combined treatment with
H,O, and R837 caused only a slight decrease in theidrezy of IL-17-secreting T cells;
however, compared to only R837 treatment, combinegtment significantly impaired
the ability of pDCs to induce IFN-secretion by pan-T cells. On the other hand, exgos
of pDCs to HO, significantly increased their ability to stimulatdlogeneic IL-4-
secreting T cells. Treatment with only R837 alggnicantly enhanced the capacity of
pDCs to induce activation of allogeneic IL-4-proohgeT cells. Simultaneous application
of H,O, and R837 did not alter the ability of pDCs to stiate allogeneic T cells to
produce IL-4 as compared to those treated with R8&Te.
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IV.1.5. Naive T cell-polarizing capacity of pDCs eposed to HO,

To assess the impact of,®, treatment on T cell polarization, pDCs were
stimulated with HO, and R837, separately and in combination for 2¢4hén co-cultured
for up to 6 days with naive autologous T cells. ifeestigate whether co-culture with
stimulated pDCs drives the differentiation of namgtologous T cells toward IL-10-
producing T lymphocytes, the amount of IL-10 in tutture supernatants was measured.
Exposure of pDCs to j, prior to co-cultivation with naive autologous Tllse
significantly lowered IL-10 production by T cells aompared to those co-cultured with
untreated pDCs, pDCs treated with only R837 or pBfaulated with HO, and R837
in combination. In addition treatment of pDCs wibO, markedly, but not significantly,
lessened the expression of ICOS-L, but did not fpdtlie expression of PDL-1. These
molecules promote the formation of regulatory Tiscebimultaneous administration of
H,0, lowered the potential of R837 to induce an inceems the expression of both
ICOS-L and PDL-1. Priming of T cells with,B,-treated pDCs did not change their
potential to produce IL-17. On the contrary, wevae with intracellular staining for
IFN-y and IL-4 that compared to untreated pDCgD}exposed pDCs provide stronger
signals for Th2 than Thl stimulation upon autolog@ctivation. This effect may be
influenced by the increased expression of OX40-Ltlom HO,-treated pDCs, which

molecule selectively regulates Th2 cell development

IV.2. Effects of ROS generated by ragweed SPPs’ NAP)H oxidases on cDCs
IV.2.1. Effects of SPP-induced oxidative stress @DCs

During our work cDCs were exposed to ragweed SBétated from hydrated
whole pollen grains. The redox-sensitiveD€F-DA was utilized to test the ability of
ragweed SPPs to generate ROS. Intact SPPs inducg&-fald increase in DCF
fluorescence as compared to PBS control. AdditibilNADPH to SPPs significantly
elevated their ROS production. ROS generation bysSRas significantly decreased in
the presence of DPI (an NADPH oxidase inhibitor)l @ompletely eliminated by heat-
treatment of SPPs.

To test whether SPP treatment affects intracelRla6 levels in human cDCs,

cells were incubated with SPPs under various cmmditand then loaded with,BICF-
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DA. SPP exposure significantly increased intra¢atilDCF fluorescence. Addition of
NADPH further increased the ability of SPPs to icelwxidative stress in cDCs. When
cells were exposed to SPPs treated with DPI (a NARRidase inhibitor) or heat-

inactivated SPPs (SPR only a minimal increase in DCF fluorescence dcg detected,

suggesting that the observed increase in the Eltwdar ROS levels was primarily

induced by the NAD(P)H oxidase activity of SPPs.

IV.2.2. SPPs internalization by cDCs

To investigate whether SPPs are attached to analteed by cDCs, cells were
treated with fluorescently-labeled SPPs for 4 bititer 4°C or 37°C. Depending on the
donor, 25-58% of cDCs showed internalization/atta@tt of SPPs at 37°C assessed by
flow cytometer. To distinguish between attachmemd @&nternalization, confocal laser
scanning microscopy was performed. The cross settionages of SPP-positive cells
revealed that SPPs were either exclusively intem@@dlor simultaneously internalized
and attached to the cell surface.

IV.2.3. Effects of ROS generated by SPPs’ NAD(P)Hxalases on the phenotypical
and functional properties of human cDCs

To evaluate the phenotypic changes of cDCs trighbyeexposure to SPPs, the
expressions of CD40, CD80, CD86 (all co-stimulatamglecules), and HLA-DQ (an
antigen-presenting molecule) were measured by figtemeter. Treatment with SPPs
markedly increased the expressions of all surfaaekens. When cells were exposed to
SPPs in the presence of NADPH, a further increas¢éhé expression of all tested
molecules was detected; however, the changes vgmdiGant only in cases of CD40
and CDB80. Insignificant phenotypic changes of cO@se detected when using SPPs
treated with DPI or SPP

Next, we examined cytokine and chemokine produckiprcDCs exposed to
SPPs. Administration of SPPs did not significamtigdify the very low basal levels of
IL-18 and IL-12 released by cDCs. But compared witheatad controls, cDCs treated
with SPPs secreted significantly higher levels &f6] TNF-a, IL-8, and IL-10.
Simultaneous exposure of the cells to NADPH and sSRRther augmented the
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production of IL-6, TNF-a, and IL-8; however, itdaced statistically significant changes
only in the case of IL-8. Statistically insignifitachanges in cytokine and chemokine
levels were detected when using SPPs treated viitroDSPP.

IV.2.4. Naive T cell proliferation capacity of SPPtreated cDCs

Activated DCs can trigger the development of adaptmmune responses;
therefore, we studied the T cell-priming capacifyS®P-treated cDCs. Human cDCs
were treated with SPPs under various conditionstlaeil co-cultured with CFSE-labeled
allogeneic naive CD4T cells for 5 days. After co-cultivation T cell viion was
detected by flow cytometer. When treated with SRIEXCs induced proliferation in
71.1% of viable co-cultured T cells, while simukaus exposure of cDCs to SPPs and
NADPH led to a stronger induction of T lymphocyteolgferation (83.3%). Pre-
incubation of cDCs with DPI-treated SPPs or $Riecreased their T cell-priming
capacity and similar results were seen when thessntents were performed in the
presence of NADPH.

IV.2.5. Effects of SPP treatment on the allostimul@ry capacity of cDCs

Human cDCs were treated with SPPs under variousditioms and then co-
cultured with freshly isolated CD3®an- T cells obtained from both ragweed-allergid a
non-allergic individuals. Ragweed allergic and ratlergic donors were selected after
screening for total and ragweed proteinspecific lg\els outside of the pollen season.
Activation of CD3 pan-T cells was assessed by IfENL-17, and IL-4 ELISPOT and
IL-10 and TGFB1 ELISA assays. The level of IL-10 and T@E-cytokines were not
determined in the supernatants of the co-cultuidsen SPP-treated moDCs were co-
cultured with CD3 pan-T cells from non-atopic individuals, a sigrdiint increase in the
frequency of both IFM and IL-17-producing T cells was detected. Indhse of allergic
donors, a significant rise not only in the frequentIFN-y- and IL-17-producing T cells
but also in the frequency of IL-4-secreting T ceMlas observed. These effects were
significantly enhanced when cDCs were pre-incubatiti SPPs in the presence of
NADPH. Exposure to SPPs treated with DPI markedigtuced the allostimulatory
capacity of cDCs in all experimental settings. Ehefindings suggest that the
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allostimulatory capacity of SPP-treated cDCs depeatleast partly, on oxidative stress
induced by SPPs’ NAD(P)H oxidases.

V. Discussion

Development and maintenance of inflammatory reastimduced by antigen
exposure is associated whit oxidative stress, whiaf pivotal role in elimination of
harmful invading microbes. During infiltration intnflamed tissues DCs can be exposed
to elevated levels of ROS. These stimuli couldaftbe cellular responses of DCs to
signals from the surrounding microenvironment.

The effects of oxidative stress on the functioncbBiCs have already been
investigated in several studies; however, therenaraata in the literature about the
response of pDCs to oxidative insults. Although th® major DC subsets display
radically different functional characteristics. Qesults have even shown that pDCs are
more sensitive to cell death and oxidative stredsiGged by exogenous,8, than cDCs.
The ability of cDCs to survive in a highly oxidagivironment is probably due to their
elevated antioxidant capacity as compared to pDCs.

Based on previous results, experimentally inducedabive stress seems to be
an activating signal for DCs differentiated from &5 monocytes, as it induces an up-
regulation of several DC maturation markers invdhm the activation of naive T cells,
including MHC | and MHC 1l proteins and the co-stilatory molecules. In contrast,
exposure of pDCs to 4@, did not lead to significantly increased expressibrither co-
stimulatory molecules and decreased the expressioHLA-DQ antigen-presenting
protein. In addition, we have found that exposorelfO, did not increase the production
of IL-8, IL-6, TNF-u, or IFN-u and treatment with }D, notably inhibited the production
of these mediators triggered by a TLR7-mediatedhdtis. In contrast, }D,-treated
cDCs show increased level of TNfand IL-8. Based on these observations, we propose
that blockage and/or the disturbed balance of thecBF and IRF-mediated activation
pathways might be the underlying mechanism foritiygaired cytokine and chemokine
production in pDCs treated with a combination ofRILligand and ED,. It has been
noted that in activated and memory T cells expasdd,O, the blockage of NkB is the
pivotal event in impaired cytokine production. Imarine model, it has been found that
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aged pDCs exhibit lower ability to produce IefNbecause of a decreased upregulation
of IRF7, a key adaptor molecule in the type | IFignaling pathway during TLR9
activation.

It has previously been reported tha oxidative strastivates cDCs, which is
evidenced by the fact that cDCs exposed to oxidatisult have elevated ability to
induce T cell proliferation. In our experiments kave observed that,B,-treated pDCs
did not induce the formation of either Treg cells Tl7 cell. Regarding Th1/Th2
polarization, HO,-exposed pDCs provide stronger signals for Th2 tfian Thl
stimulation during both allogeneic and autologoavation. Importantly, when pDCs
were stimulated with TLR7 agonist in the presenéeHgO,, decreased phenotypic
activation, lower chemokine and cytokine release, well as impaired allo- and
autostimulatory capacities of pDCs could be detecte

These results suggest that durimg vivo circumstances pDCs exposed to
oxidative stress may have an anti-inflammatory noleregulating adaptive immune
responses in contrast to oxidative stress-expo&¥ds cdisplaying pro-inflammatory
properties.

Based on above mentioned data from literature tivelastress generated by
inflammation may be an activation signal for cD@=cently we have found that ROS
produced by intact pollen grains are able to lautieh activation program of human
cDCs and the development of adaptive immune regsorsgainst pollen-derived
proteins. Furthermore, there is unequivocal evideti@at pollen antigens can induce
allergic inflammation throughout the respiratorgdrin sensitized individuals. However,
there is a poor correlation between measured aiebaliergen levels and related pollen
counts, indicating that pollen grains may differalfergen release; moreover, significant
allergen exposure can occur even in the absenddenfifiable airborne pollen grains.
Finally, even though levels of airborne pollen ggaidecrease following summer
thunderstorms, the incidence of allergic reactiamssensitive individuals increases.
These contradictory phenomena can be explainetéfact that upon hydration, whole
pollen grains release SPPs of respirable sizadtieen previously demonstrated that the
released SPPs retain key components necessary dt@einairway inflammation.
Specifically, ragweed SPPs contain Amb a 1, thdgrenant allergen in ragweed pollen
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against which 90% of sensitized subjects have adi#s. Ragweed SPPs also possess
NAD(P)H oxidases, which catalyze the production R®S and induce profound
oxidative stress in the lungs or conjunctiva withiminutes after exposure. In our
experiments SPP treatment induced a significanease in intracellular ROS levels in
cDCs. This is consistent with our previous datat tBRPs increase ROS levels in
epithelial cells. The observation that heat-inaatéd SPP and DPI (specific inhibitor of
NADPH oxidase) treatment nearly eliminates SPP#itylto trigger oxidative stress in
cDCs indicates that the increase in intracellul@SRlevels is primarily due to SPPs’
NAD(P)H oxidase activity. Indeed, exogenously adt8i&DPH enhanced the ability of
SPPs to elevate ROS levels in cDCs.

We also demonstrate that human cDCs internalizes 3&1Based from ragweed
pollen. We suppose that surfactant protein D islvaed in this process, becausea recent
study has reported that SPPs are internalized bychral epithelial cells thought this
protein.

Our previous data showed that the exposure totimtapveed pollen grains
upregulates both co-stimulatory and antigen pré@sgnmolecules on the surface of
cDCs. In our present study demonstrated that SRfPacted from intact pollen grains
can cause similar phenotyphic changes on cDCs. VBREhtreatment was performed in
the presence of NADPH, a substrate of pollen NAB(BXxidases, a further increase in
the expression of all tested molecules was detptidever in the presence of DPI the
expression of surface protein was similar to theabkevel suggesting that the phenotypic
changes of cDCs depend, at least partly, on RO®rgexd by the SPPs’ NAD(P)H
oxidase activity. Several lines of evidence indicahat oxidative stress triggers
transcriptional activation of pro-inflammatory ciine and chemokine genes via
mitogen-activated protein kinase (MAPK) and NF-kignsling pathways. Here, we
found that SPPs trigger the secretion of all olerinediators by cDCs through an
oxidative stress-mediated mechanism because tlogage of SPPs’ NAD(P)H oxidase
activity decreased; however the administration hef substrate of NAD(P)H oxidase
increased the production of these proteins.

DCs are the most potent antigen-presenting caild,ROS have essential role
in mediating antigen-presenting processes; thexefae also investigated the T cell
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proliferating capacity of cDCs exposed to SPPs. Wend that SPP treatment
dramatically increased the ability of cDCs to prifneells, and this effect was markedly
reduced by the blockage of NAD(P)H oxidase. WheR-8Rated cDCs were co-cultured
with CD3" pan-T cells from atopic and non-atopic individyalssignificant increase in
the frequency of both IFN- and IL-17-producing T cells was detected as coegpéo
control experiments. In contrast, an elevated feegy of IL-4-secreting T cells was
observed only when SPP-exposed cDCs were co-cdltuita CD3 pan-T cells from
allergic donors indicating that in our model expesto SPPs induced the activation of
ragweed-specific Th2 effector cells. In this studyg demonstrated that SPPs released
from ragweed pollen can be uptaken leading to afitim of human DCs and SPPs’
NAD(P)H oxidase activity, which increases intragkdl ROS levels, can enhance the
activation stimuli. Based on our observations arel fact that they easily penetrate the
lower respiratory tract, SPPs may have a decisdle in the sensitization phase of
pollen-induced allergic reactions.

To summarize our results, here we provide a batteterstanding of the
function of different dendritic cell subtypes in rimane disorders associated with
oxidative stress. Furthermore we demonstratedahatwork of DC subpopulations is
required to eliminate the invading pathogens urmédative stress conditions avoiding

harmful effects on self-tissues.
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VI. Summary

Several lines of evidence indicate that inflammaterocesses are associated
with oxidative stress. Thus, in this work we haeeused on the possible effects of
reactive oxygen species on the function of humarddgc cell subsets.

First, we have observed that plasmacytoid denddglts (pDCs) are more
sensitive to cell death induced by oxidative strd#san conventional dendritic cells
(cDCs). Furthermore, we have found that hydrogemxge treatments decreased the
expression of molecules associated with antigesemtation on pDCs, and did not
induce chemokine and cytokine including type | ifeion production of the cells. In
addition, exposure to hydrogen peroxide totally pgapsed the Toll-like receptor 7
ligand-induced pDC activation. Results of our ekpents on the T-cell-polarizing
abilities of hydrogen peroxide-treated pDCs sugdkat pDCs exposed to oxidative
stressin vivo may have an anti-inflammatory role in regulatindaptive immune
responses in contrast to oxidative stress-expo&¥ds cdisplaying pro-inflammatory
properties.

In our further experiments we have studied the ptgrc and functional
changes of cDCs in allergic reactions induced Hiepallergens. It has been previously
described that the pollen allergens and oxidativess generated by pollen NAD(P)H
oxidases act together to initiate robust airwayamfnation in sensitized individuals.
Although there is evidence that pollen antigens daduce allergic inflammation
throughout the respiratory tract, whole pollen gsaare considered too large to reach the
lower airways and to interact with the lung cDC#&uS, several unresolved questions
remain relating to the development of adaptive imentesponses against pollen-derived
proteins. In our work we have proved that subpoparticles (SPPs) of respirable size
released from hydrated pollen grains are fully bépaf activating human c¢DCs and
initiating the sensitization phase of allergic té&ats. We have demonstrated that
phagocytosis of SPPs by cDCs resulted in an inerieathe intracellular level of reactive
oxygen species, improved the cytokine and chemokieeretion of the cells, and
enhanced the antigen-presenting and T-cell stimulatapacity of cDCs. Furthermore
we have demonstrated that the oxidative stresggiaeby the SPPs’ NAD(P)H oxidase
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activity possesses a pivotal role in activatioriofvay cDCs, hereby it contributes to the
initiation of adaptive immune responses againsbéaous pollen proteins.

In conclusion, here we provide a detailed charaaton of the phenotypic
and functional changes of different dendritic celbtypes responding to oxidative stress.
Our findings may contribute to better understandimg pathomechanisms of immune

disorders closely associated with oxidative stress.
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