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Abstract

:

Synthetic CpG oligonucleotides are promising components of immunomodulatory drugs for the treatment and prophylaxis of infectious diseases, cancers, and allergies. Phosphorothioate modification stabilizes these compounds, contributing to the achievement of a clinical effect, but at the same time changes their immunomodulatory properties. We used the diffusible fluorescent dye dihydroethidium and the non-diffusible 6-carboxy-2′,7′dihydrochlorofluorescein diacetate and cytochrome c probes to demonstrate that it is the phosphorothioate backbones that determine the pronounced nonspecific pro-oxidant effect of CpG ODN on neutrophils. At the same time, as was shown using diaminofluorescein diacetate, the potentiation of nitric oxide synthesis in these leucocytes by CpG ODN class A strictly depends on the presence of CpG motifs and a palindromic “hairpin”. The results obtained will contribute to a more complete understanding of the physiological action of therapeutic agents based on synthetic CpG oligonucleotides.
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1. Introduction


Synthetic oligodeoxynucleotides (ODNs) with non-methylated CpG motifs mimic bacterial DNA fragments and have a range of immunomodulatory properties [1]. A significant disadvantage of native phosphodiester (PO) oligonucleotide constructs is their sensitivity to endonuclease degradation. Phosphorothioate (PS) modifications increase resistance to the nucleases, thus providing ODNs half-life sufficient to achieve a therapeutic effect. Depending on the structural features and activity on peripheral blood mononuclear cells, synthetic CpG ODNs are usually divided into three main classes. Class A ODNs have PS-modified poly-guanosine ends and a phosphodiester palindromic central fragment forming a “hairpin”. Yamamoto et al. were the first to discover oligonucleotides with unique palindromic sequences containing CpG but not GpC motifs to augment NK cells activity in mice [2]. Later, CpG ODNs with PO palindromic core sequences such as 5′ -purine-purine-C-G-purine-pyrimidine-C-G-pyrimidine-pyrimidine-3′, such as ODN 2216 [3] and ODN 2336 [4], have been characterized as major contributors to strong IFN-α production in human plasmacytoid dendritic cells. Class B ODN are completely phosphoroathioate-substituted linear molecules stimulating B lymphocytes and NK cells [5]. Class C ODNs contain a completely PS backbone and CpG-containing palindromic motif. They stimulate B cells as well as type I IFN secretion of human peripheral blood mononuclear cells [6]. Immune cells responsiveness to CpG motifs containing ODNs is provided by TLR9 receptor [7]. Pronounced immunoregulatory properties determine CpG ODNs attractiveness as vaccine adjuvants, immunoprotective agents in cancer therapy and anti-allergens [8]. However, clinical trials of preparations based on PS ODNs have revealed a number of inherent disadvantages that prevent their widespread implementation. Serious side effects, namely thrombocytopenia, fatigue, fever, rashes, leukopenia, and complement activation [9], are most likely associated with the non-selectivity of the oligonucleotides action. In addition to peripheral blood mononuclear cells, other cells of the immune system, in particular, neutrophils (polymorphonuclear leukocytes, PMNLs), can also be targets of PS CpG ODNs.



Neutrophils are the most abundant phagocytic immune cells. Their main role is to kill invading microorganisms launching a wide range of effector responses among which the generation of large amounts of reactive oxygen species (ROS) is central. The bulk of ROS is derived from superoxide (O2•−) produced by NADPH oxidase (Nox). Patients with chronic granulomatous disease, which is a disorder etiologically associated with loss of Nox functionality, suffer from recurrent bacterial and fungal infections [10,11]. Being a powerful antimicrobial weapon, neutrophils-derived ROS also play an important role in the progression of inflammatory disorders. Disturbances in the regulation of ROS formation causes endothelial dysfunction and tissue injury [12,13].



Neutrophils have a rich receptor arsenal for recognizing pathogen- and damage-associated molecular patterns [14] as well as proinflammatory cytokines. These cells are the first to respond to the appearance of pro-inflammatory stimuli and rush from the bloodstream to the tissues, finding themselves in the foci of damage or pathogen penetration much earlier than other leukocytes. High reactogenicity, which provides neutrophils with the ability to timely and effectively implement the microbicidal function, at the same time, is the Achilles’ heel of these cells, making them sensitive to any drug effect.



Previously, we have shown the ability of PS CpG ODN to potentiate leukotriene synthesis in neutrophils, revealed their pro-apoptogenic activity, and noticed their pro-oxidant effect [15,16]. This study was conducted to differentiate non-selective and sequence-determined specific effects of class A CpG ODNs on the oxidative status of neutrophilic granulocytes.




2. Materials and Methods


Oligodeoxyribonucleotides were synthesized and purified by DNA-synthesis (Moscow, Russia). Hank’s balanced salt solution (HBSS), Dulbecco’s phosphate-buffered saline (PBS), fibrinogen from human plasma, cytochrome c from equine heart (Cyto C), Iron containing superoxide-dismutase (Fe-SOD) from E. coli and 4,5-Diaminofluorescein diacetate (DAF-2 DA) were purchased from Merck KGaA (Darmstadt, Germany). 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (Carboxy-H2DCF-DA) and Dihydroethidium (DHE) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).



2.1. Neutrophils Isolation


Human peripheral neutrophils were isolated from the citrate-anticoagulated blood of healthy volunteers by previously described standard technique [17]. Briefly, after dextran sedimentation allowing the removal of erythrocytes, neutrophils were isolated from leukocyte-rich plasma by centrifugation through Ficoll-Paque (1.077 g/mL), followed by hypotonic lysis of the remaining erythrocytes and double washing with PBS. Neutrophils (96–97% purity, 98–99% viability as established by trypan blue staining) were then suspended at 2 × 107 cells/mL D-PBS containing 1 mg/mL glucose and stored at room temperature.




2.2. ROS Detection


Cytoplasmic ROS production was monitored by measuring green fluorescence of H2DCF oxidation product according to the manufacturer’s protocol. Briefly, human neutrophils were incubated with 5 μM Carboxy-H2DCF-DA for 60 min, at room temperature, followed by a PBS wash. PMNLs were then resuspended in HBSS supplemented with 10 mM HEPES, pH 7.4 (HBSS/HEPES), divided into fibrinogen-coated wells of a 96-well plate (4 × 105 cells/well) and incubated, at 37 °C, in 5% CO2 in the presence of agents added according to experimental protocol. Fluorescence intensity was monitored every 10 min for at least 30 min using a CLARIOstar microplate reader (BMG Labtech, Ortenberg, Germany) with excitation and emission wavelengths of 488 and 525 nm, respectively.



Total superoxide anion production was detected by measuring of hydroxyethidium (EOH) fluorescence [18]. PMNLs were suspended in HBSS/HEPES supplemented with 10 µg/mL DHE and divided into fibrinogen-coated wells of 96-well plate (4 × 105 cells/well) followed by incubation, at 37 °C, in 5% CO2 in the presence of agents added according to the experimental protocol. Fluorescence intensity was monitored every 5 min for at least 30 min using a CLARIOstar microplate reader with excitation and emission wavelengths of 480 and 567 nm, respectively.



Semi-quantitative determination of extracellular superoxide was carried out using spectrophotometric detection of SOD-inhibitable reduction of Cyto C. The method originally proposed by Babior et al. [19] was adapted to continuous assay in a microtiter plate format [20,21]. Reaction mixtures (HBSS/HEPES containing 30 µM Cyto C with or without ODNs or identical samples with Fe-SOD (100 U/mL)) were pre-warmed in fibrinogen-coated wells of 96-well plate. Added PMNLs (4 × 105 cells/probe) were then incubated for at least 30 min, at 37 °C, in 5% CO2, while absorption spectra were measured every 5 min in the range of 500–600 nm using a CLARIOstar microplate reader. PMNLs samples in HBSS/HEPES were used as blanks to cut off the light scattering of cell suspension. The rate of Cyto C reduction (ferrocytochrome c formation) was estimated as the difference between the absorption values at 550 and 531 nm (absorption peaks inherent in ferri- and ferrocytochrome c, respectively).




2.3. Quantification of Neutrophils Adhesion


PMNLs suspended in HBSS/HEPES were divided into fibrinogen-coated wells of 96-well plate (2 × 105 cells/well). After 30 min incubation, at 37 °C, in 5% CO2 in the presence of agents added according to the experimental protocol weakly attached cells were carefully removed by washing with warm PBS. The percent of adhered neutrophils was determined by the method based on the measurement of absorption of 2,3-diaminophenazine, a colored product of MPO-catalyzed oxidation of o-phenylenediamine dihydrochloride (OPD) by H2O2 [22]. H2O2 (4 mM final concentration) with 5.5 mM OPD in permeabilizing buffer (67 mM Na2HPO4, 35 mM citric acid, and 0.1% Triton X-100) was added to wells with attached PMNLs for 5 min. The reaction was stopped by adding of 1 M H2SO4. The absorption was measured at a wavelength of 490 nm and compared with the calibration values.




2.4. Study of PMNLs Morphology by Scanning Electron Microscopy


Morphological changes in neutrophils under the ODNs action were detected using scanning electron microscopy (SEM). PMNLs (1.5 × 106 cells/mL HBSS/HEPES) were seeded on fibrinogen-coated coverslips placed into the cultural dishes with pre-warmed HBSS/HEPES. Samples were incubated, at 37 °C, in 5% CO2 with or without additives for 20 min. Cells attached to the substrate were then fixed by 2.5% glutaraldehyde in HBSS/HEPES containing 5 mM EDTA and 0.5 mM PMSF followed by post-fixing with 1% osmium tetroxide in 0.1 M sodium cacodylate, 0.1 M sucrose, pH 7.3. Subsequent dehydration was carried out in a series of acetones (10–100%) with drying in a Balzer apparatus at the critical point with liquid CO2 as the transition liquid. The dried samples were sputtered with gold/palladium and visualized on a CamScan S-2 scanning electron microscope at a voltage of 15 kV. ImageJ-win64 software was used to quantify the area occupied by neutrophils on the substrate.




2.5. NO Detection


Nitrogen oxide (NO) production was monitored by measuring green fluorescence of triazolofluorescein (DAF-2T), the reaction product of DAF-2 with NO. PMNLs were incubated with 5 μM DAF-2 DA for 60 min, at room temperature, followed by a PBS wash. Loaded PMNLs were then resuspended in HBSS/HEPES, divided into fibrinogen-coated wells of a 96-well plate (4 × 105 cells/well) and incubated, at 37 °C, in 5% CO2 in the presence of agents added according to experimental protocol. Fluorescence intensity was monitored every 10 min for at least 30 min using a CLARIOstar microplate reader.




2.6. Statistical Analysis


To quantify ROS generation and adhesion RM one-way ANOVA with Dunnett’s or Tukey’s multiple comparison test was performed. Two-way ANOVA, Tukey’s multiple comparison test was used for NO synthesis quantification. Statistical calculation and plotting are performed using GraphPad Prism version 9.2.0 software (GraphPad, San Diego, CA, USA).





3. Results


A comparative study of prooxidative properties was carried out for CpG-containing oligonucleotides belonging to three major classes: class A (ODNs 2216 and 2336), class B (ODNs 2006 and 1668) and class C (ODN 2395) (Table 1).



To evaluate the effect of oligonucleotides on cytoplasmic ROS accumulation by human neutrophils in vitro, we used Carboxy-H2DCF-DA. This cell permeant probe is known to predominantly retain in the cytosol. Being non-selective, this indicator is convenient for the total assessment of cytoplasmic accumulation of, primarily, hydrogen peroxide, as well as other reactive oxygen species. We also used the approach described by Peshavariya [18] for predominant detection of total superoxide, both extra- and intracellular. Briefly, the method is based on the measurement of the yellow fluorescence of 2-hydroxyethidium (EOH), formed by the interaction of DHE with superoxide and, unlike ethidium, does not intercalate into DNA. The spectrophotometric measurement of SOD-inhibitable cytochrome c reduction made it possible to assess CpG ODNs effect on the formation of the extracellular superoxide.



It turned out that oligonucleotides of all three classes, including class B ODN 1668, which is a murine TLR9 ligand, have powerful prooxidant properties, causing both hydrogen peroxide accumulation in PMNLs cytoplasm (Figure 1A) and the formation of intra- and extracellular pools of superoxide (Figure 1B–D). The cytochrome c reduction under the treatment with ODNs was completely eliminated by the addition of SOD, which indicates the absence of other reducing agents, except for superoxide anion.



Trying to find out whether the identified effect on ROS formation is specific, in particular, whether it depends on the presence of CpG fragments, considered to be precisely responsible for the formation of the target immunomodulatory effect, we focused on class A ODNs 2216 and 2336. The prooxidant potential of analogs of these compounds, in which fragments CpG were replaced by GpC, namely, ODN 2216c_1 and 2336c, were evaluated. For ODN 2216 this substitution violates the palindromicity of the central fragment, so another control sequence, 2216c_2, was synthesized. We also used fragments of both A class ODNs containing CpG, but not capable of forming a “hairpin”, representing regions from the center of the palindrome to the 3′ end of the original backbone (2216f and 2336f). All oligonucleotide structures used in the work are presented in Table 1.



It turned out that the inversion of CpG to GpC, as well as the central region palindromicity disturbance, do not eliminate the prooxidant effect of class A ODNs, only slightly restraining it (Figure 2A–D). Structures 2216f and 2336f, lacking both palindromic regions and 5′ terminal poly-guanosine sequences, demonstrated the weakest effect on cytoplasmic ROS accumulation compared to the initial oligonucleotides (Figure 2A,C). Similarly, the substitution of CpG for GpC in class B ODN 1668 also did not interfere with its prooxidant effect manifestation (Supplementary Figure S1).



To evaluate the dependence of the prooxidant effect on the presence of PS substitutions, short phosphodiester palindromes 2336h_1 and 2336h_2 were synthesized, essentially representing the “hairpin” of oligonucleotide 2336 (Table 1). The sequence 2336h_2 is a full copy of the phosphodiester region 2336, and 2336h_1 repeats its palindromic region. Each of these structures was evaluated in parallel with appropriate GpC control, namely, 2336h_1c and 2336h_2c. It turned out that the presence of phosphorothioate poly-guanosine fragments in the structure of stimulating ODNs is of decisive importance for the potentiation of ROS production by neutrophils: neither 2336h_1 nor 2336h_2 caused detectable accumulation of ROS (Figure 2C,D). Taking into account the vulnerability of PO oligonucleotides to endonuclease degradation, we carried out similar measurements in the concentration range of 2336h_1 and 2336h_2 from 1 to 20 μM, without revealing any noticeable effect (data not shown).



Considering that integrin-mediated cell attachment can promote Nox activation, we tested the effect of ODNs 2216, 2336 and their derivatives on neutrophil adhesion to fibrinogen-coated substrate. Class A ODNs potentiated adhesion of neutrophils to the immobilized fibrinogen, with doubling the number of adhered cells. Like the prooxidant activity, this effect did not depend on the presence of CpG repeats and “hairpins” and was completely absent in structures without phosphorothioate regions (Figure 2E,F).



While studying the effect of synthetic oligonucleotide sequences on neutrophils, we also analyzed their effect on the morphology of these cells. Scanning electron microcopy of the samples showed, in particular, that the cultivation of neutrophils in the presence of CpG ODNs, especially class A structures, leads to the formation of cytonemes (Figure 3). It is known for such structures formation to be caused, among other things, by NO, an endogenous gasotransmitter and the reactive nitrogen species precursor [24]. It was decided to check whether CpG ODNs are direct or indirect inducers of neutrophil NO synthase.



Of all CpG oligonucleotides used in this study, only class A ODNs had a significant stimulating effect on the production of endogenous nitric oxide by neutrophils (Figure 4A). At the same time, in contrast to the essentially nonspecific potentiation of ROS production, this effect turned out to be very sensitive to the presence of CpG containing a palindromic hairpin (Figure 4C,D). Moreover, phosphodiester structures that mimic the palindromic region of ODN 2336 (2336h_ and 2336h_2) also induced NO synthesis in a dose-dependent manner and lost this ability when CpG was replaced by GpC.




4. Discussion


The prooxidant component of the effect of CpG-containing oligonucleotides on neutrophilic granulocytes was noted in a few works of both ours [16,25] and other research groups [26,27]. On the one hand, this is one of the manifestations of the immunostimulatory activity of these compounds, which may be useful, in particular, in facilitating the overcoming of excessive bacteria-associated inhibition of apoptosis [16]. At the same time, it may underlie undesirable side effects when using CpG ODNs in therapy, since uncontrolled potentiation of neutrophils for ROS production can lead to undesirable effects, for example, vascular endothelium damage or tissue necrosis in inflammation loci.



The results of this work not only additionally confirmed the ability of phosphorothioate-containing CpG oligonucleotides of different classes to stimulate the production of ROS by neutrophilic granulocytes (Figure 1), including potentially the most dangerous for surrounding tissues extracellular superoxide (Figure 1C,D). We also revealed the non-specificity of this effect for at least ODNs of class A (Figure 2A–D) and B (Supplementary Figure S1). As it turned out, prooxidant activity is not mediated by the main characteristic feature of these compounds, namely, the presence in their structure unmethylated CpG inserts. The presence of a palindrome that forms the central “hairpin”, that being the specialty of class A ODNs, also turned out to be insignificant from the point of view of ROS formation by ODN-treated neutrophils. Prooxidant activity was completely absent only in sequences identical to the central part of ODN 2336, but lacking phosphorothioate-substituted terminal fragments, even at high concentrations. One might assume that such a difference in properties would be associated with the insecurity of phosphodiester structures from the endonuclease cleavage; however, these short sequences almost completely retained the ability to stimulate NO production by neutrophils (Figure 4).



Our results are consistent with the data obtained by Zhang et al. for B class CpG ODN 1826, a murine TLR9 agonist [28]. They showed the CpG-independent character of the uptake of phosphorothioate-substituted ODNs by microglial cells line. TLR9 is traditionally considered to be the main receptor that recognizes CpG oligonucleotides and mediates their immunomodulatory properties [29]. However, phosphorothioate modification, which protects synthetic oligonucleotide structures from endonuclease degradation, although it increases the efficiency of ODN uptake by cells, but due to non-specific affinity for cell surface proteins [30]. These proteins have so far been only partially identified. Separately, it is worth mentioning the scavenger receptor, which has a high affinity for polyanionic ligands, such as phosphorothioate-substituted ODN structures. Class A scavenger receptors (SRA) stimulation can lead to selective ERK phosphorylation, which upregulated cytosol ROS levels in neutrophils [31]. It is also known for SRA to potentiate macrophage adhesion [32]. Thus, an additional enhancement of the pro-oxidant effect can be achieved by the inclusion of integrin-dependent mechanisms. This assumption is confirmed by the fact that the ability to enhance neutrophil adhesion was also sensitive only to the presence of phosphorothioate regions in ODNs structure (Figure 2E,F). All studies described were carried out under conditions of cell interaction with a fibrinogen-coated substrate. Neutrophils interaction with immobilized fibrinogen, mediated by β2 integrins, can induce Nox activation and translocation of the enzyme complex cytosolic subunits at the plasma membrane [33].



The stimulating effect of phosphorothioate CpG oligonucleotides on ROS production by neutrophils is nonspecific and is inherent in all three ODN classes. The ability to induce the NO synthesis in neutrophils, on the contrary, was revealed only for class A ODNs 2216 and 2336. It can be assumed that the mechanism of nitric oxide synthase (NOS), the main source for the production of NO in mammalian cells, stimulation is associated precisely with the specific interaction of the central “hairpin” of these oligonucleotides with the TLR9 receptor, since this effect was completely eliminated in violation of palindromicity or inversion of CpG regions and was preserved in fully phosphodiester sequences mimicking the central palindrome fragment of class A ODN 2336. The confirmation of this hypothesis requires additional direct experimental evidence and will be the subject of further research. Several studies have shown that NOS activation in a macrophage cell line occurs when exposed to class B CpG ODN and is TLR9 mediated [34,35]. According to our results, class B ODNs 2006 and 1668, as well as class C ODN 2395, do not have a significant effect on NO synthesis by neutrophils. NO plays an important role in the regulation of functional responses of neutrophilic granulocytes and mediates their interaction with surrounding cells [36,37,38]. At the same time, toxicity of this intermediate is greatly enhanced by reacting with superoxide to form peroxynitrite [39]. NOS stimulation may exacerbate the detrimental effects of nonspecific activation of ROS production by phosphorothioate-substituted CpG oligonucleotides.



A limitation of this study is that the in vitro results are extremely simplistic and cannot be directly extrapolated to in vivo systems. In particular, we found that the supplementing of incubation medium by close to physiological concentrations of human serum albumin (HSA) significantly reduced ROS accumulation under the action of phosphorothioate ODNs, and the pH balance in the cellular environment is also a strong limiting factor: in the absence of artificial buffering with HEPES, ROS production and accumulation also significantly decreased (Supplementary Figure S2). Nonetheless, the results presented may be useful in finding a balance between the targeted and non-specific effects of synthetic CpG oligonucleotides potentially suitable for therapeutic purposes.




5. Conclusions


An in vitro study has shown that synthetic CpG ODNs have a pronounced effect on the prooxidant activity of neutrophilic granulocytes. This effect is complex and includes:



(a) non-specific stimulation of both cytoplasmic and extracellular ROS generation caused by phosphorothioate modification of oligonucleotides backbone;



(b) potentiation of nitric oxide synthesis, which, in the case of class A ODN 2336, is triggered precisely by the CpG-containing palindromic “hairpin”.



The revealed phenomenon should be taken into account in the development and testing of drugs based on synthetic oligonucleotides.
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Figure 1. CpG oligonucleotides classes A, B and C have a pronounced prooxidant effect on neutrophils. H2DCF-DA-loaded (A) or DHE-stained (B) PMNLs were treated with 1 µM ODNs, except control samples, and cultured in HBSS/HEPES medium for at least 30 min, at 37 °C, in 5% CO2, and 5 nM PMA was used as positive control in several experiments (not included in the statistical analysis). DCF (A) or EOH (B) fluorescence (excitation/emission 488/525 or 480/567 nm, respectively) was measured every 10 min for DCF and every 5 min for EOH. Data are represented as scatter plots with bars indicating means ± SEM of fluorescence intensity values at 30 min after addition of stimuli (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with controls, RM one-way ANOVA, Dunnett’s multiple comparison test). (C,D). PMNLs were incubated for 30 min, at 37 °C, in 5% CO2 in the presence of 30 µM Cyto C without additives (control) or with 1 µM ODNs (solid lines (C), black bars (D)). Fe-SOD (100 U/mL) was added for reference probes (dotted lines (C), grey bars (D)). Absorbance spectra were recorded every 5 min to assume the rate of Cyto C reduction. Presented are changes in differences between absorption values at 550 and 531 nm (ΔAbs(550/531)) as typical blank corrected curves obtained for triplets of single experiment (C) or summary data plots (means ± SEM, n = 3) for ΔAbs(550/531) after 30 min incubation (D) (*** p < 0.001, **** p < 0.0001 compared with control, RM one-way ANOVA, Tukey’s multiple comparison test). 
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Figure 2. Both ROS overproduction and adhesion of neutrophils provoked by class A ODNs are not dependent on CpG or palindromicity but mainly depend on the presence of phosphorothioate regions. H2DCF-DA-loaded (A,C) or DHE-stained (B,D) PMNLs (4 × 105 cells/mL HBSS/HEPES medium) were treated with 1 µM ODNs, except control samples, and cultured in 96-well plates for at least 30 min, at 37 °C, in 5% CO2. DCF (A,C) or EOH (B,D) fluorescence (excitation/emission 488/525 or 480/567 nm, respectively) was measured every 10 min for DCF and every 5 min for EOH. Data are represented as scatter plots with bars indicating means ± SEM of fluorescence intensity values at 30 min after addition of stimuli (* p < 0.05, ** p < 0.01 compared with controls, # p < 0.05 for indicated pair of data, RM one-way ANOVA, Tukey’s multiple comparison test). (E,F) PMNLs (2 × 105 cells/mL HBSS/HEPES medium) were treated with 1 µM ODNs, except control samples, and cultured in 96-well plates for 30 min, at 37 °C, in 5% CO2. The number of attached neutrophils was determined by chromogenic assay of myeloperoxidase-coupled ortho-Phenylenediamine dihydrochloride oxidation. Data are represented as scatter plots with bars indicating means ± SEM of adhered PMNLs percentages (* p < 0.05, ** p < 0.01, *** p < 0.001 compared with controls, RM one-way ANOVA, Dunnett’s multiple comparison test). 
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Figure 3. Class A CpG ODNs affect neutrophils morphology, causing binding of cytonemes. Presented are scanning electron microscopy images of neutrophils attached to fibrinogen-coated substrata in control conditions (A) or the presence of 1 µM CpG ODN 2216 (B). The cytonemes are depicted by arrows. PMNLs suspended in HBSS/HEPES (1.5 × 106 cells/mL) were was applied to fibrinogen-coated slides placed in culture dishes and incubated for 25 min, at 37 °C, under 5% CO2 without additives or in the presence of CpG ODN. Adhered cells were then sequentially fixed by (1) 2.5% glutaraldehyde in HBSS/HEPES supplemented with 5 mM EDTA and 0.5 mM PMSF; (2) 1% osmium tetroxide in 0.1 M sodium cacodylate containing 0.1 M sucrose, pH 7.3. After this, acetone dehydration samples were dried in a Balzer apparatus at the critical point with liquid CO2 as the transition liquid. Prepared samples were sputtered with gold/palladium and examined on a CamScan S-2 scanning electron microscope at a voltage of 15 kV. 
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Figure 4. Class A ODNs induce NO synthesis by neutrophilic granulocytes. This effect is only sensitive to the presence of CpG containing palindromic regions. DAF-2-loaded PMNLs (4 × 105 cells/mL HBSS/HEPES medium) were treated with 1 µM ODNs (A–C) or with ODNs at indicated concentrations (D), except control samples, and cultured in 96-well plates for at least 30 min, at 37 °C, in 5% CO2. DAF-2T fluorescence (excitation/emission 488/525) was measured every 5 min. Presented are scatter plots with bars indicating means ± SEM of fluorescence intensity values at 30 min after addition of stimuli (* p < 0.05, ** p < 0.01 compared with controls, # p < 0.05 for indicated pair of data, RM one-way ANOVA, Tukey’s multiple comparison test) (A–C) or scatters indicating means ± SEM (n = 3) of fluorescence intensity values at 30 min after addition of stimuli (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared with controls, two-way ANOVA, Tukey’s multiple comparison test) (D). 
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Table 1. Oligodeoxyribonucleotides used in the study.
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	Designation
	Sequence (5′-3′)
	Secondary Structure *
	





	2216
	ggGGGACGATCGTCgggggg **
	 [image: Oxygen 03 00002 i001]
	A class CpG ODN, human TLR9 agonist [3]



	2216c_1
	ggGGGAGCATGCTGgggggg
	 [image: Oxygen 03 00002 i002]
	



	2216c_2
	ggGGCAGCATGCTGgggggg
	 [image: Oxygen 03 00002 i003]
	



	2216f
	        TCGTCgggggg
	 [image: Oxygen 03 00002 i004]
	



	2336
	ggGGACGACGTCGTGgggggg
	 [image: Oxygen 03 00002 i005]
	A class CpG ODN, human TLR9 agonist [4]



	2336c
	ggGGAGCAGCTGCTGgggggg
	 [image: Oxygen 03 00002 i006]
	



	2336f
	        TCGTGgggggg
	 [image: Oxygen 03 00002 i007]
	



	2336h_1
	   ACGACGTCGT
	 [image: Oxygen 03 00002 i008]
	



	2336h_1c
	   AGCAGCTGCT
	 [image: Oxygen 03 00002 i009]
	



	2336h_2
	 GGACGACGTCGTG
	 [image: Oxygen 03 00002 i010]
	



	2336h_2c
	 GGAGCAGCTGCTG
	 [image: Oxygen 03 00002 i011]
	



	2006
	tcgtcgttttgtcgttttgtcgtt
	 [image: Oxygen 03 00002 i012]
	B class CpG ODN, human TLR9 agonist [5]



	1668
	tccatgacgttcctgatgct
	 [image: Oxygen 03 00002 i013]
	B class CpG ODN, murine TLR9 agonist [23]



	2395
	tcgtcgttttcggcgcgcgccg
	 [image: Oxygen 03 00002 i014]
	C class CpG ODN, human TLR9 agonist [6]







* The proposed secondary structure was determined according to the free energy value using the NUPAC online service (NUPACK: Nucleic Acid Package). ** PO and PS internucleotide bones are denoted as capital and lower-case letters, respectively. CpG motifs are highlighted in red, inverted GpC motifs are in blue.
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