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Development of Endotoxin Tolerance Does Not Influence the Response to a Challenge with the Mucosal Live-Attenuated Influenza Vaccine in Humans In Vivo
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Introduction: The effects of bacterial infections on the response to subsequent viral infections are largely unknown. This is important to elucidate to increase insight into the pathophysiology of bacterial and viral co-infections, and to assess whether bacterial infections may influence the course of viral infections.

Methods: Healthy male subjects received either bacterial endotoxin [Escherichia coli-derived lipopolysaccharide (LPS), 2 ng/kg, n = 15] or placebo (n = 15) intravenously, followed by intranasal Fluenz (live-attenuated influenza vaccine) 1 week later.

Results: LPS administration resulted in increased plasma cytokine levels and development of endotoxin tolerance in vivo and ex vivo, illustrated by attenuated cytokine production upon rechallenge with LPS. Following Fluenz administration, infectivity for the Fluenz A/B strains was similar between the LPS–Fluenz and placebo–Fluenz groups (13/15 subjects in both groups). Also, the Fluenz-induced increase in temperature and IL-6, G-CSF and IP-10 concentrations in nasal wash were similar between both groups.

Conclusion: While endotoxemia profoundly attenuates the immune response upon a second LPS challenge, it does not influence the Fluenz-induced immune response. These results suggest immune suppression after bacterial infection does not alter the response to a subsequent viral infection.
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INTRODUCTION

Secondary infections with a pathogen other than that which caused the primary infection are generally associated with an unfavorable prognosis compared with de novo infections (1). It may be rational to hypothesize that this is the consequence of immunological interplay between pathogen-specific pathways. Concerning the innate immune response, two phenomena have been described for these interactions. First, the primary challenge can induce immunosuppression or “tolerance.” This phenotype is increasingly recognized as the overriding immune dysfunction in bacterial sepsis, where it is known as sepsis-induced immunoparalysis, rendering patients unable to clear their primary infection and rendering them more susceptible toward secondary infections (2). We have previously demonstrated that human endotoxemia [intravenous challenge with bacterial lipopolysaccharide (LPS) in healthy volunteers] results in the development of endotoxin tolerance, exemplified by a severely blunted immune response upon a second LPS challenge (3, 4). Second, the primary challenge can induce “priming” (5) or “training” (6), resulting in a more pronounced response following the secondary infection. As an example for that, bacille Calmette–Guerin vaccination results in enhanced immunological responses by cells of the innate immune system upon a subsequent challenge with a different pathogen (7).

Viral–bacterial interactions are well characterized in animal models, mainly using influenza infection followed by a challenge with live bacteria or LPS. These studies have demonstrated an initial influenza-induced hyperinflammatory state (priming) (8, 9), followed by an immunosuppressive state, which predisposes to secondary bacterial infections (10–12). By contrast, bacterial–viral immunological interactions are much less well studied, and no human data exist to date. The few in vitro studies that investigated this interplay have employed co-infection models, in which pretreatment with LPS takes place ≤24 h before influenza infection (13–15). In these studies, LPS pretreatment was shown to induce a primed response upon influenza challenge, characterized by the initiation of an enhanced type I immune response and decreased viral transcription (13–15). Furthermore, it was shown recently that commensal bacteria producing LPS significantly reduce the thermal stability of IAV in vitro, that LPS decreases stability of human and avian viral strains at physiological temperatures, and that LPS binds to and affects the morphology of influenza virions (16). In accordance with these in vitro data, intramuscular LPS injection in chicken followed by an intranasal influenza challenge 24 h later resulted in reduced influenza viral shedding 4 and 7 days later, compared with animals that did not receive LPS pretreatment. This was accompanied by pulmonary upregulation of interferon (IFN)-α and IFN-γ genes (17). IFNs are known for their antiviral functions, such as inhibition of viral replication and activation of immune cells. However, their upregulation has also been associated with immunosuppression and the increased incidence of secondary infections (18).

In this study, we investigated the bacterial–viral interplay in humans in vivo in a unique two-hit model: human endotoxemia followed by a challenge with the mucosal live-attenuated influenza vaccine Fluenz. We used this approach as a model to assess the effects of a bacterial-induced immune response and development of endotoxin tolerance on the response to a subsequent infection with influenza, which is administered in another body compartment: the respiratory mucosa.

MATERIALS AND METHODS

Subjects

This randomized placebo-controlled study was registered at ClinicalTrials.gov (NCT02642237). After approval by the local medical ethics committee (CMO 2015/2058), 30 healthy, non-smoking male subjects aged 18–35 years gave written informed consent to participate in the study. All study procedures were in accordance with the declaration of Helsinki, including the latest revisions. Subjects were screened before the start of the study and had a normal physical examination, electrocardiography, and routine laboratory values. Subjects were excluded if they had a preexistent (lung) disease, a suspicion of influenza infection in the preceding year or a (febrile) illness within 4 weeks before the LPS/placebo challenge. Subjects were not allowed to take (prescription) drugs and to have received a vaccination in the previous months. Subjects were asked to refrain from caffeine and alcohol intake 24 h, and from food 12 h before the LPS/placebo challenge.

To illustrate the development of in vivo endotoxin tolerance, we used cytokine data from our previously published double-blind placebo-controlled randomized study (March–April 2012) in which the same inclusion criteria were used, healthy male subjects were administered endotoxin twice with an interval of 1 week [NCT01374711 (3)]. Only data from the six subjects that received placebo beside the endotoxin challenges were used. The human endotoxemia procedures employed in this study are identical to that of our previous study (3).

Study Design

The study design is depicted in Figure 1. The study was performed from the 11th of January until the 26th of February 2016. Subjects were randomized by an independent nurse to receive an intravenous bolus administration of LPS (2 ng/kg; n = 15) or placebo (0.9% saline; n = 15) on day 0. The procedures on day 0 were carried out according to our standard human endotoxemia protocol (3). Seven days later (day 7), all 30 subjects underwent intranasal vaccination with the live-attenuated quadrivalent influenza vaccine (LAIV) Fluenz Tetra (0.1 ml/nostril). Subjects remained in the recumbent position for 1 min after Fluenz administration.
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FIGURE 1 | Experimental design.



Lipopolysaccharide (US Standard Reference Endotoxin Escherichia coli O:113), obtained from the Pharmaceutical Development Section of the National Institutes of Health (Bethesda, MD, USA), supplied as a lyophilized powder, was reconstituted in 5 ml saline 0.9% for injection and vortex-mixed for 20 min after reconstitution. Fluenz Tetra (Medimmune LLC, Nijmegen, The Netherlands), complied with the WHO recommendation (Northern Hemisphere) and EU decision for the 2015/2016 season and contained the following strains: A/California/7/2009 (H1N1)pdm09-like, A/Switzerland/9715293/2013 (H3N2)-like strain, B/Brisbane/60/2008 (Victoria lineage)-like strain, B/Phuket/3073/2013 (Yamagata lineage)-like strain, all at 107.0±0.5 FFU*** per 0.2 ml dose.

Fluenz infectivity was defined as positive viral load (measured by real time PCR) in nasal washings for at least one of the influenza strains from day 9 onward and/or seroconversion [defined as ≥4-fold increase in IgG-antibody titer for at least one of the four influenza strains present in the vaccine at 4 weeks postvaccination (day 35) compared with the day of vaccination (day 7)]. For viral load, we assessed Fluenz infectivity from day 9 onward, because Fluenz detected in nasal wash on the first day after vaccination (day 8) most likely originated from the vaccination and does not indicate actual viral replication.

Nasal Wash

Nasal washings for viral RNA, flow cytometric determinations, leukocyte counts, and cytokine quantification were collected as described previously (19). Nasal wash from two nostrils was pooled and directly analyzed or centrifuged (2,000 g, 4°C, 10 min), and stored at −80°C until further analysis.

Viral Load

Viral load was semi-quantitatively measured for the Influenza A (with subtype analysis for H1N1 and H3N2) and influenza B strains. Viral load was determined from nasal wash using the MagNA Pure 96 (MagNA Pure 96 DNA and Viral NA Small Volume Kit), and PCRs were performed on the LightCycler 480 with Probes Master Mix (Roche Diagnostics, Almere, The Netherlands) using commercial validated primer and probe mixes (Tib-Molbiol GmbH, Berlin, Germany). Cycling conditions were 95°C for 5 min, followed by 40 cycles of 95°C (15 s), 55°C (15 s), and 72°C (20 s). The relative virus amount was determined based on the difference in cycle threshold value (Ct value) compared with baseline (day 7), at which virus was undetectable (Ct > 40, so Ct was set at 40) in all subjects included for analysis, and expressed as fold change using the formula [image: image1], where ΔCt equals 40 − (Ct value on day x). The real time PCR for Fluenz was performed at the clinical laboratory of microbiology at the Radboud University Medical Center. This laboratory is ISO certified and participates regularly with QCMD quality controls. The influenza strains measured included: influenza A, influenza B, and influenza A subtypes: influenza A/California/7/2009 (H1N1) and A/Switzerland/9715293/2013 (H3N2). The PCR assay for influenza A and influenza B was more sensitive than the PCR for the influenza A subtypes (H1N1/H3N2), leading to lower Ct values for influenza A and influenza B. We only measured the influenza A and influenza B strains that were present in the vaccine and no wild-type influenza types, because detection of influenza A and B strains by PCR cannot differentiate between vaccine and wild-type influenza subtypes We excluded subjects in which Ct values of a particular influenza strain increased again after a period of absence of detectable influenza for this strain, or when the PCR was negative in the first 2 days after vaccination (days 8–9) but became positive in follow-up samples. The latter was the case in one subject (see Figure 2, subject with co-infection). Subjects were also excluded when fever or clinical symptoms appeared for a second time or appeared very late after inoculation with Fluenz. This was also the case in the excluded subject mentioned earlier.
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FIGURE 2 | Flowchart based on infectivity, defined as positive viral load for at least one of the influenza strains >day 7 and/or seroconversion (≥4-fold increase in antibody titer for at least one of the influenza strains at day 28 postvaccination compared with baseline). One subject in the placebo–Fluenz group became positive again for one of the influenza strains and was therefore considered to have a co-infection with influenza virus. This subject was excluded for further analyses.



Serology

Hemagglutination inhibition (HI) assays were performed for the detection of influenza virus specific antibodies. Serum samples were tested for the presence of antibodies to influenza viruses using the HI assay that was performed in duplicate according to standard methods (20, 21). All sera were treated with a filtrate of Vibrio cholerae as a source of receptor destroying enzyme and heat inactivated at 56°C. Twofold serial dilutions of the serum samples, starting at 1:20, were incubated with four hemagglutinating units of virus propagated in 11-day-old embryonated chicken eggs for 30 min at 37°C. Subsequently turkey erythrocytes were added, incubated for 1 h at 4°C, and hemagglutination patterns were recorded. For this purpose, vaccine strains NIB-88 [A/Switzerland/9715293/13-like (H3N2)], X-181 [A/California/7/09-like (H1N1)pdm09], B/Phuket/3073/13, or B/Brisbane/060/08 were used. Ferret sera raised against the test antigens were used as positive controls. The paired serum samples of each individual study subject were tested simultaneously. For statistical analysis, a titer of 5 was arbitrarily assigned to sera with a titer <10. Titers were transformed to a logarithmic scale, and geometric means were used for further calculations.

Hemodynamic Parameters, Symptoms, and Temperature

On day 0, heart rate (3-lead electrocardiogram) and intra-arterial blood pressure data were recorded from a Philips MP50 patient monitor (Philips, Eindhoven, The Netherlands) every 30 s by a custom in-house developed data recording system. On the same day, the LPS-induced rise in temperature and flu-like symptoms (headache, nausea, shivering, muscle pain, and back pain) were scored every 30 min on a 6-point scale (0 = no symptoms, 5 = worst ever experienced), resulting in a total score of 0–25. To assess Fluenz-induced local, lower respiratory tract and systemic symptoms, all subjects filled out an online symptom diary (LimeSurvey Project Hamburg, Germany), using the validated Jackson score [summing the following symptoms: sneezing, nasal discharge, nasal obstruction, sore throat, cough, headache, malaise, and chilliness (22)]. Symptoms were assessed before Fluenz vaccination and then daily until day 28. The severity of each symptom was rated on a 4-point scale. Body temperature was measured using an infrared tympanic thermometer (FirstTemp Genius 2, Sherwood Medical, Crawley/Sussex, UK).

Peak Expiratory Flow (PEF)

Peak expiratory flow was measured using a peak flow meter PFM20 (Omron Healthcare Europe B.V., Hoofddorp, The Netherlands). PEF was determined twice during each visit and the highest value was used. An affected lower respiratory tract was defined as >20% decrease in PEF compared with the predicted values of subjects’ corresponding age, gender, and stature (23).

Leukocyte Counts

Analysis of leukocyte counts and differentiation from EDTA anticoagulated blood and nasal wash were measured using routine analysis methods also used for patient samples (flow cytometric analysis on a Sysmex XE-5000).

Ex Vivo Monocyte Stimulation

Primary monocytes were isolated and stimulated as described previously (24). The mononuclear cell fraction was isolated by density centrifugation of EDTA anticoagulated blood, diluted 1:1 in pyrogen-free saline over Ficoll-Paque (GE Healthcare, UK). Isolated cells were washed twice in PBS, and monocyte isolation was subsequently performed using CD14 positive magnetic beads (MACS Miltenyi). MACS isolation was performed according to the manufacturer’s protocol. Monocytes were resuspended in culture medium (RPMI, Invitrogen, Carlsbad, CA, USA) supplemented with 10 µg/ml gentamicin, 10 mM glutamax, and 10 mM pyruvate. Cell counts were performed using a Coulter counter (Coulter Electronics). 1 × 105 monocytes in a 100 µl volume were plated in 96-well flat-bottom plates (Corning, NY, USA) and stimulated for 24 h at 37°C in 5% CO2 with 100 µl of RPMI, LPS (10 ng/ml, serotype 055:B5, Sigma-Aldrich), heat-killed Candida albicans (1 × 106/ml, strain UC820), and Staphylococcus aureus (1 × 106/ml, clinical isolate). Supernatants were stored at −20°C until cytokine analysis.

Cytokine Analysis

For plasma cytokine concentrations, EDTA anticoagulated blood was centrifuged (2,000 g, 4°C, 10 min) and stored at −80°C until analysis. Concentrations of cytokines in plasma, nasal wash, and supernatants of stimulated monocyte cultures were determined by simultaneous Luminex assay (R&D Systems; Abingdon Science Park, UK) and enzyme-linked immunosorbent assays (ELISAs) (R&D Systems, Minneapolis, MN, USA). TNF-α, IL-6, and IL-10 were measured in plasma samples collected on day 0 using a simultaneous Luminex assay (R&D Systems; Abingdon Science Park, UK). In samples obtained from day 7 onward, G-CSF, IL-6, IL-8, IL-10, and IFN-γ in nasal wash were measured using a Luminex assay from R&D Systems (Minneapolis, MN, USA), and IFN-α and IFN-β were measured by a Luminex assay from eBioscience (Vienna, Austria). IP-10 concentrations in nasal wash and plasma were measured using an ELISA (R&D Systems, Minneapolis, MN, USA). Lower detection limits in plasma were 1.2 pg/ml for TNF-α, IL-6, and IL-10, and 156 pg/ml for IP-10. In nasal wash, lower detection limits were 309 pg/ml for IP-10, 0.49 for IFN-α and IFN-β, and 1.4 pg/ml for the remaining analytes. Cytokines in supernatants of ex vivo stimulated monocytes were measured using ELISA (IL-1β and IL-13: R&D Systems, Minneapolis, MN, USA, IL-6 and IL-10: Sanquin, Amsterdam, The Netherlands) following the protocols of the manufacturers.

Statistical Analysis

Data are presented as mean ± SEM, median [IQR] or geometric mean (95% CI). Between-group comparisons were made using Mann–Whitney U tests, Kruskal–Wallis tests, Wilcoxon matched-pairs tests, or repeated measures two-way ANOVAs (interaction term) as appropriate, the latter after log transformation if data were not normally distributed (based on the Shapiro–Wilk test). Categorical data were analyzed using Fisher exact tests. Spearman correlation was used. For reasons of clarity, in case of multiple lines in one graph and a logarithmic y-axis, only upper or lower bounds of the 95% CI are shown. Statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). p-Values < 0.05 were considered statistically significant.

RESULTS

Demographic Characteristics

Demographic characteristics of the study population are listed in Table 1. We also included the six subjects from our previous study, in which subjects received LPS twice. There were no differences in baseline characteristics between the groups.

TABLE 1 | Demographic characteristics of the 30 subjects who participated in the study, including the 6 subjects from our previous study, in which subjects received lipopolysaccharide (LPS) twice.
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LPS/Placebo Challenge

LPS-Induced Immune Response In Vivo

As expected, plasma levels of TNF-α, IL-6, and IL-10 increased profoundly in the LPS group, but not in the placebo group (Figure 3). This cytokine response was accompanied by a transient monocytopenia, lymphocytopenia, and neutrophilia in the LPS group (Figure 4). In both groups, blood pressure decreased during the experimental day, and this was more pronounced in the LPS than in the placebo group (Figure 5). Only subjects in the LPS group showed an increase in heart rate (Figure 5). LPS-induced symptoms typically started 1 h following LPS administration and peaked at 90 min after LPS administration, accompanied by an increase in body temperature to 38.2 ± 0.1°C (Figure 5).
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FIGURE 3 | Plasma levels of the cytokines TNF-α, IL-6, and IL-10 in 30 subjects who received an intravenous administration of lipopolysaccharide (LPS) (n = 15) or placebo (n = 15) at T = 0. Data are represented as median [IQR].
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FIGURE 4 | Circulating leukocyte numbers in 30 subjects who received an intravenous administration of lipopolysaccharide (LPS) (n = 15) or placebo (n = 15) at T = 0. Data are represented as mean ± SEM.
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FIGURE 5 | Hemodynamic and clinical parameters in 30 subjects who received an intravenous administration of lipopolysaccharide (LPS) (n = 15) or placebo (n = 15) at T = 0. Data are represented as mean ± SEM.



To illustrate the blunted in vivo immune response toward a second LPS challenge 1 week after the first LPS administration, we used data from a previous study in which subjects received LPS twice (with an interval of 1 week) using the exact same endotoxemia protocol as used in this study (3). Upon the second LPS administration, peak plasma levels of the cytokines such as TNF-α, IL-6, and IL-1RA were reduced by a median [IQR] of 74% [61–83], 79% [66–88], and 53% [47–88], respectively, illustrative of profound in vivo endotoxin tolerance (Figure 6).
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FIGURE 6 | Peak plasma levels of IL-1RA, IL-6, and TNF-α in six subjects who were challenged with lipopolysaccharide (LPS) twice, separated by 1 week. Data are represented as Box and Whisker (Min to Max) plots of individual peak levels of plasma cytokine concentrations during the first and second lipopolysaccharide (LPS) challenge. Data previously published (3).



Ex Vivo Cytokine Responses

Ex vivo stimulation of monocytes with LPS, C. albicans, or S. aureus demonstrates clear immunosuppression at 4 h after LPS administration, illustrated by significant attenuation of IL-1β and IL-6 production following endotoxemia, compared with the placebo group (Figure 7).
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FIGURE 7 | Production of IL-6 and IL-1β measured in supernatants of ex vivo stimulated monocytes of 30 subjects who received lipopolysaccharide (LPS) (n = 15) or placebo (n = 15) at T = 0. Monocytes were stimulated with LPS, Candida albicans, and Staphylococcus aureus. Cytokine production was measured at T = 0 (baseline) and 4 h after administration of LPS/placebo. Data are represented as mean ± SEM.



Fluenz Challenge

Viral Load and Antibody Responses

A flowchart of the study based on Fluenz infectivity is depicted in Figure 2. In 26 of the 30 subjects (87%), Fluenz inoculation resulted in infectivity, with identical rates in the LPS–Fluenz and LPS-placebo groups (13 out of 15 subjects in both groups). Three subjects showed no increase in viral load after Fluenz inoculation and one subject in the placebo–Fluenz group showed a second increase in viral load, suggestive for co-infection with a wild-type influenza strain. These subjects were excluded from further analysis (see Figure 2). Changes in viral load are depicted in Figure 8. Influenza A viral load peaked 1 day after Fluenz vaccination to 26 (20–83) and 16 (10–27) fold change in the LPS–Fluenz and placebo–Fluenz group, respectively (p = 0.54). Viral load of the influenza B strain peaked to 14 (11–40) and 29 (20–64) fold change in the LPS–Fluenz and placebo–Fluenz group, respectively (p = 0.45). Subtyping of the influenza A strain showed only a slight and short-lived increase for the H1N1 strain and a more substantial and sustained increase for the H3N2 strain, with no differences between groups (Figure 8). Viral load gradually returned to baseline levels in the following weeks, with no differences between the LPS and placebo pretreatment groups. Antibody responses over time against the four strains present in the vaccine were also mainly driven by the H3N2 response and comparable between groups (Figure 9). Likewise, the proportion of subjects that displayed seroconversion was similar between groups [10 out of 13 (77%) in the LPS–Fluenz group and all 13 subjects in the placebo–Fluenz group, p = 0.22]. Detailed data concerning the antibody responses per strain are listed in Table 2.
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FIGURE 8 | Viral load of the influenza A and B strains as well as the influenza A subtypes H1N1 and H3N2 in nasal wash of the 26 subjects who were challenged with lipopolysaccharide (LPS) (n = 13) or placebo (n = 13) on day 0 and displayed infectivity after inoculation with Fluenz on day 7. Data are presented as geometric means with 95% CI of fold changes in viral load compared with baseline, where viral load was undetectable (Ct > 40, so Ct was set at 40). The italic numbers placed under the time points indicate how many subjects were PCR positive for the respective strain in each group.
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FIGURE 9 | IgG titers for the different influenza strains in 26 subjects who were challenged with lipopolysaccharide (LPS) (n = 13) or placebo (n = 13) on day 0 and displayed infectivity after inoculation with Fluenz on day 7. Data are represented as geometric mean with 95% CI.



TABLE 2 | Results of the hemagglutination inhibition (HI) assay for the various influenza strains present in the vaccine in the 26 subjects who were challenged with lipopolysaccharide (LPS) (n = 13) or placebo (n = 13) on day 0 and were inoculated with Fluenz on day 7.
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Cytokines and Leukocytes in Nasal Wash

In both study groups, nasal wash levels of the cytokines IL-6 and G-CSF, and the chemokine IP-10 increased after Fluenz vaccination to a similar extent (Figure 10). The cytokines/chemokines IL-8, IL-10, IFN-α, IFN-β, and IFN-γ were below detection limits in virtually all subjects at all time points, and no clear differences between placebo and LPS groups were observed following Fluenz vaccination. Neither total leukocyte counts nor numbers of mononuclear cells and neutrophils in nasal wash were affected by Fluenz vaccination, and no differences between groups were observed (Figure 11).
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FIGURE 10 | Cytokines in nasal wash in the 26 subjects who were challenged with lipopolysaccharide (LPS) (n = 13) or placebo (n = 13) on day 0 and displayed infectivity after inoculation with Fluenz on day 7. Data are represented as geometric mean with 95% CI.
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FIGURE 11 | Total leukocyte counts, numbers of mononuclear cells, and neutrophils in nasal wash in the 26 subjects who were challenged with lipopolysaccharide (LPS) (n = 13) or placebo (n = 13) on day 0 and displayed infectivity after inoculation with Fluenz on day 7. Data are represented as geometric mean with 95% CI.



Local and Systemic Symptoms, Temperature, and PEF

Symptoms indicative for local inflammation of the nasal mucosa in the upper respiratory tract (such as sneezing, nasal discharge, nasal obstruction, sore throat, and cough) did not show a clear increase after Fluenz vaccination and were similar in both groups (maximum levels of 2 [0–5.5] vs. 3 [2–5.5] symptom points in the LPS–Fluenz and placebo–Fluenz groups, respectively, p = 0.42). Systemic symptoms (headache, malaise, and chilliness) were not encountered in any of the subjects. Body temperature increased to peak levels of 37.0 [36.9–37.2]°C and 37.2 [36.9–37.3]°C in the LPS–Fluenz and placebo–Fluenz groups, respectively, p = 0.52 (Figure 12). Finally, Fluenz vaccination did not affect PEF, as all subjects produced values >80% of their individual predicted values at all time points (Figure 12).
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FIGURE 12 | Temperature and peak expiratory flow (PEF) in the 26 subjects who were challenged with lipopolysaccharide (LPS) (n = 13) or placebo (n = 13) on day 0 and displayed infectivity after inoculation with Fluenz on day 7. Data are represented as geometric mean with 95% CI.



Plasma IP-10 Levels and Circulating Leukocytes

Plasma levels of the chemokine IP-10 did not increase following Fluenz vaccination and no differences in circulating leukocyte counts or differentiation were observed (data not shown).

DISCUSSION

This study demonstrates that a challenge with LPS and the resulting development of profound tolerance to a subsequent challenge with the same agent does not influence the immune response induced by a subsequent viral challenge with the mucosal LAIV Fluenz.

In bacterial sepsis, a tolerant state called “sepsis-induced immunoparalysis” renders the host unable to clear the primary infection and increases the susceptibility toward secondary infections (1). These secondary infections include bacterial and fungal infections, while reactivation of viruses that reside latently in the human host is also frequently encountered (25). However, it was unknown to what extent the development of an endotoxin-tolerant phenotype following bacterial infection influences the innate host response toward a viral challenge. Herein, we employed a unique two-hit model in humans in vivo, consisting of a challenge with LPS followed by a Fluenz challenge. This study, as well as previous studies (3, 4, 26–28), show that LPS administration results in the development of endotoxin tolerance in vivo and ex vivo, illustrated by a profound attenuation of the cytokine response upon a subsequent LPS challenge. As such, human endotoxemia can serve as a model for bacterial sepsis and the associated development of immunoparalysis, and has already been used to investigate potential therapies to reverse sepsis-induced immunoparalysis (3).

The live-attenuated, quadrivalent influenza vaccine “Fluenz Tetra” contains four different influenza strains recommended by international public health agencies as most likely to provide protection against seasonal influenza in any given year (29). Fluenz is a vaccine applied to the nasal mucosa; the natural entrance of respiratory viruses. Therefore, Fluenz vaccination can be used to model influenza infection in humans in vivo, albeit a very mild infection, as the response to LAIVs is much less pronounced than to live pathogenic influenza (30). Nevertheless, we believe that LAIVs such as Fluenz are the closest to live pathogenic influenza virus that can be safely used in healthy volunteers.

Our data show that a preceding LPS challenge neither influenced infectivity and innate immune parameters (illustrated by identical cytokine responses in nasal wash) nor impacted measures of adaptive immunity (such as antibody levels and rate of seroconversion), following Fluenz vaccination. These results do not correspond with previous in vitro and in vivo findings, where immunological priming was observed (13–15, 17). Furthermore, our findings are different than those from to earlier ex vivo work, where it was shown that leukocytes from healthy volunteers undergoing human endotoxemia demonstrated a profound tolerant phenotype upon ex vivo stimulation with the viral ligands poly(I:C) and S-27609 (28). There are several possible explanations for these seemingly discrepant results.

First, the timing of LPS and influenza challenges may be crucial; in the abovementioned studies, a time interval of 24 h or less between LPS and influenza/viral ligands was employed, whereas we employed an interval of 7 days to ensure that the acute LPS-induced immune response had subsided but endotoxin tolerance was profound. This explanation is supported by two murine studies that showed protection against influenza infection in terms of mortality when LPS was administered 12 and 24 h as well as 3 days before influenza infection, but not when an interval of 7 days was employed (31, 32). These findings in mice strongly suggest that there were no major alterations in the immune response using this interval.

A second possible explanation for the absence of a reduced immune response toward Fluenz after LPS administration is represented by compartment-specific effects. Although in vivo endotoxin tolerance is likely due to reprogramming of tissue-resident macrophages, which are assumed to be the main cytokine producers in response to LPS administration in vivo (4), it is unknown which tissues are actually affected and to what extent. It can be speculated that the mucosal compartment, in which Fluenz is administered and the initial antiviral immune response mounted, is not tolerized by a preceding LPS administration. To the best of our knowledge, there are no other studies that investigated the effects of a systemic bacterial challenge on a subsequent mucosal challenge. Nevertheless, there are data that show compartment-specific effects concerning endotoxin tolerance. For instance, a study in which murine peritoneal and alveolar macrophages were ex vivo restimulated with LPS after a systemic LPS challenge showed a marked discrepancy between these two cell types from different compartments: alveolar macrophages were not displaying endotoxin tolerance, while peritoneal macrophages did (33). The attenuated susceptibility of pulmonary macrophages to develop endotoxin tolerance is supported by other work in mice that were intrapulmonary challenged with 1 µg LPS for four consecutive days, followed by a pulmonary LPS challenge with 10 µg 24 h later. Although TNF-α levels were attenuated in chronic LPS-exposed mice upon the final LPS challenge compared with PBS-pretreated mice, IL-6 levels were increased, accompanied by unrestricted neutrophil recruitment to the alveolar space (34). It was speculated that this represents a mechanism by which the lungs protect themselves against pulmonary bacterial infections (34). In addition, chronic pulmonary LPS exposure did not confer cross-tolerance to the TLR2 ligand Pam3Cys (34). Taken together, similar to the lung, the nasal mucosa might be less sensitive to tolerance. This compartmentalization could also explain why primary virus infections entering the body through the nasal mucosa have not been reported following sepsis-induced immunosuppression, while latent viruses that are already present in the systemic compartment may induce infection in the immunocompromised host through reactivation.

Third, one may argue that the absence of an effect of preceding LPS administration on antiviral responses in our study might be that the human endotoxemia model and the resulting immunosuppressive effect is too mild to affect antiviral immunity. However, the profound (>70%) suppression of the response to a subsequent LPS challenge, also 1 week after the first LPS challenge, indicates that this model is able to induce clinically relevant tolerance in case of rechallenge with LPS.

Finally, the pathophysiology induced by the use of the LAIV Fluenz may not be comparable with the actual pathogenic influenza virus, because it is an attenuated virus that may not show same infectivity, tissue tropism and virus dissemination as actual influenza. Furthermore, the immune evasion strategies/other specific immune parameters of live virus in the host cells might not be shown by the LAIV, as discussed elsewhere (35, 36). Nevertheless, aforementioned work in mice using a pathogenic influenza strain (31, 32) corroborates our findings that an interval of 7 days does not result in an altered response upon challenge with influenza. As alluded before, we believe that using LAIVs such as Fluenz is the most accurate way to model an actual influenza infection in humans in vivo in a safe manner. Use of a primate model (37–39) could definitively exclude that the lack of effects by LPS pretreatment is not due to differences between LAIVs and pathogenic influenza virus.

The lack of an in vivo interaction found in this study might explain why no adverse effects of the live-attenuated influenza vaccine have been reported in immunocompromised patients, including the elderly and young children (40–43), while immunogenicity of the vaccine is unaltered (40, 43). This is demonstrated by the absence of an exaggerated immune response or excessive viral replication, and seroconversion rates similar to those observed in healthy young adults. Nevertheless, the vaccine is not recommended for immunocompromised patients (29).

The Fluenz-induced immunological effects observed in this study are in accordance with previous work (29, 44–48). The proportion of subjects that displayed detectable influenza virus in nasal washings after Fluenz vaccination (47), as well as the increased production of cytokines in nasal wash (45) is in line with previous findings. Moreover, Fluenz-induced robust serum antibody responses (46), especially for the H3N2 strain (29). The overall high seroconversion rate in our study could be explained by our study population, which are young, healthy males with competent immune systems, efficient in eliminating Fluenz.

A limitation to our study is the fact that we performed the study during the winter season could have influenced the results. Although we tested for the presence of various influenza strains, other respiratory viruses are prevalent in the winter period as well, such as the human rhinovirus and respiratory syncytial virus, and it has been demonstrated that viral co-infections may alter the disease course (49–51). Also, the reactivation of latent viruses, such as herpes simplex virus, CMV, and Epstein–Barr virus are common in this season, which could have affected the immune response as well (52, 53).

In conclusion, challenge with the bacterial ligand LPS does not affect the mediated response toward a subsequent viral challenge consisting of the live-attenuated influenza vaccine Fluenz. Our results suggest that immune suppression after bacterial infection does not alter the response to a subsequent viral infection.

ETHICS STATEMENT

This randomized placebo-controlled study was registered at ClinicalTrials.gov (NCT02642237). After approval by the local medical ethics committee (CMO 2015/2058), 30 healthy, non-smoking male subjects aged 18–35 years gave written informed consent to participate in the study. All study procedures were in accordance with the declaration of Helsinki, including the latest revisions.

AUTHOR CONTRIBUTIONS

RK designed and performed the study, analyzed and interpreted data, and wrote the manuscript. MK supervised and designed the study, interpreted data, and edited the manuscript. JS, DD, FV, GR, JR-L, and ET performed measurements and interpreted data. JG performed laboratory measurements. JH was chief of department and supervised the project. MN and MJ interpreted data and reviewed the report. PP was the principal investigator, designed the study, interpreted data, and reviewed the report.

ACKNOWLEDGMENTS

The authors thank H. van Wezel, M. van der A, C. Luijten-Arts, Y. Kaspers, R. van Groenendael, R. Stolk, J. Zwaag, C. Geven, and D. Kiers for their assistance during the experiments. Also, they thank Ruud van Beek for performing the serology analysis.

FUNDING

This work was supported by an EFRO grant (2011-013287).

REFERENCES

1. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel understanding of the disorder and a new therapeutic approach. Lancet Infect Dis (2013) 13(3):260–8. doi:10.1016/S1473-3099(13)70001-X

2. Leentjens J, Kox M, van der Hoeven JG, Netea MG, Pickkers P. Immunotherapy for the adjunctive treatment of sepsis: from immunosuppression to immunostimulation. Time for a paradigm change? Am J Respir Crit Care Med (2013) 187(12):1287–93. doi:10.1164/rccm.201301-0036CP

3. Leentjens J, Kox M, Koch RM, Preijers F, Joosten LA, van der Hoeven JG, et al. Reversal of immunoparalysis in humans in vivo: a double-blind placebo-controlled randomized pilot-study. Am J Respir Crit Care Med (2012) 186:838–45. doi:10.1164/rccm.201204-0645OC

4. Kox M, de Kleijn S, Pompe JC, Ramakers BP, Netea MG, van der Hoeven JG, et al. Differential ex vivo and in vivo endotoxin tolerance kinetics following human endotoxemia. Crit Care Med (2011) 39(8):1866–70. doi:10.1097/CCM.0b013e3182190d5d

5. Ifrim DC, Quintin J, Joosten LA, Jacobs C, Jansen T, Jacobs L, et al. Trained immunity or tolerance: opposing functional programs induced in human monocytes after engagement of various pattern recognition receptors. Clin Vaccine Immunol (2014) 21(4):534–45. doi:10.1128/CVI.00688-13

6. Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al. Trained immunity: a program of innate immune memory in health and disease. Science (2016) 352(6284):aaf1098. doi:10.1126/science.aaf1098

7. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic reprogramming of monocytes. Proc Natl Acad Sci U S A (2012) 109(43):17537–42. doi:10.1073/pnas.1202870109

8. Smith MW, Schmidt JE, Rehg JE, Orihuela CJ, McCullers JA. Induction of pro- and anti-inflammatory molecules in a mouse model of pneumococcal pneumonia after influenza. Comp Med (2007) 57(1):82–9. doi:10.1098/rsif.2013.0233

9. Tanaka T, Sunden Y, Sakoda Y, Kida H, Ochiai K, Umemura T. Lipopolysaccharide treatment and inoculation of influenza A virus results in influenza virus-associated encephalopathy-like changes in neonatal mice. J Neurovirol (2010) 16(2):125–32. doi:10.3109/13550281003682521

10. Didierlaurent A, Goulding J, Patel S, Snelgrove R, Low L, Bebien M, et al. Sustained desensitization to bacterial toll-like receptor ligands after resolution of respiratory influenza infection. J Exp Med (2008) 205(2):323–9. doi:10.1084/jem.20070891

11. Small CL, Shaler CR, McCormick S, Jeyanathan M, Damjanovic D, Brown EG, et al. Influenza infection leads to increased susceptibility to subsequent bacterial superinfection by impairing NK cell responses in the lung. J Immunol (2010) 184(4):2048–56. doi:10.4049/jimmunol.0902772

12. van der Sluijs KF, van Elden LJ, Nijhuis M, Schuurman R, Pater JM, Florquin S, et al. IL-10 is an important mediator of the enhanced susceptibility to pneumococcal pneumonia after influenza infection. J Immunol (2004) 172(12):7603–9. doi:10.4049/jimmunol.172.12.7603

13. Ichinohe T, Pang IK, Kumamoto Y, Peaper DR, Ho JH, Murray TS, et al. Microbiota regulates immune defense against respiratory tract influenza A virus infection. Proc Natl Acad Sci U S A (2011) 108(13):5354–9. doi:10.1073/pnas.1019378108

14. Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg GF, et al. Commensal bacteria calibrate the activation threshold of innate antiviral immunity. Immunity (2012) 37(1):158–70. doi:10.1016/j.immuni.2012.04.011

15. Short KR, Vissers M, de Kleijn S, Zomer AL, Kedzierska K, Grant E, et al. Bacterial lipopolysaccharide inhibits influenza virus infection of human macrophages and the consequent induction of CD8+ T cell immunity. J Innate Immun (2014) 6(2):129–39. doi:10.1159/000353905

16. Bandoro C, Runstadler JA. Bacterial Lipopolysaccharide Reduces the Stability of Avian and Human Influenza Viruses. BioRxiv, Cold Spring Harbor Laboratory (2017). Available from: http://www.biorxiv.org

17. St Paul M, Mallick AI, Read LR, Villanueva AI, Parvizi P, Abdul-Careem MF, et al. Prophylactic treatment with toll-like receptor ligands enhances host immunity to avian influenza virus in chickens. Vaccine (2012) 30(30):4524–31. doi:10.1016/j.vaccine.2012.04.033

18. Koch RM, Kox M, de Jonge MI, van der Hoeven JG, Ferwerda G, Pickkers P. Patterns in bacterial- and viral-induced immunosuppression and secondary infections in the ICU. Shock (2016) 47(1):5–12. doi:10.1097/SHK.0000000000000731

19. Naclerio RM, Meier HL, Kagey-Sobotka A, Adkinson NF Jr, Meyers DA, Norman PS, et al. Mediator release after nasal airway challenge with allergen. Am Rev Respir Dis (1983) 128(4):597–602.

20. Palmer DF, Dowdle WR, Coleman MT, Schild GC. Haemagglutination Inhibition Test. In: Anonymous: Advanced laboratory techniques for influenza diagnosis. Procedural guide. Atlanta: US Dept. Hlth. ED. Welfare (1975). p. 25–62.

21. Masurel N, Ophof P, de Jong P. Antibody response to immunization with influenza A/USSR/77 (H1N1) virus in young individuals primed or unprimed for A/New Jersey/76 (H1N1) virus. J Hyg (Lond) (1981) 87(2):201–9. doi:10.1017/S0022172400069412

22. Jackson GG, Dowling HF, Spiesman IG, Boand AV. Transmission of the common cold to volunteers under controlled conditions. I. The common cold as a clinical entity. AMA archives of internal medicine (1958) 101(2):267–78. doi:10.1001/archinte.1958.00260140099015

23. Quanjer PH, Lebowitz MD, Gregg I, Miller MR, Pedersen OF. Peak expiratory flow: conclusions and recommendations of a Working Party of the European Respiratory Society. Eur Respir J Suppl (1997) 24:2S–8S.

24. Netea MG, Warris A, Van der Meer JW, Fenton MJ, Verver-Janssen TJ, Jacobs LE, et al. Aspergillus fumigatus evades immune recognition during germination through loss of toll-like receptor-4-mediated signal transduction. J Infect Dis (2003) 188(2):320–6. doi:10.1086/376456

25. Walton AH, Muenzer JT, Rasche D, Boomer JS, Sato B, Brownstein BH, et al. Reactivation of multiple viruses in patients with sepsis. PLoS One (2014) 9(2):e98819. doi:10.1371/journal.pone.0098819

26. Draisma A, Pickkers P, Bouw MP, van der Hoeven JG. Development of endotoxin tolerance in humans in vivo. Crit Care Med (2009) 37(4):1261–7. doi:10.1097/CCM.0b013e31819c3c67

27. Kox M, van Eijk LT, Verhaak T, Frenzel T, Kiers HD, Gerretsen J, et al. Transvenous vagus nerve stimulation does not modulate the innate immune response during experimental human endotoxemia: a randomized controlled study. Arthritis Res Ther (2015) 17:150. doi:10.1186/s13075-015-0667-5

28. de Vos AF, Pater JM, van den Pangaart PS, de Kruif MD, van ’t Veer C, van der Poll T. In vivo lipopolysaccharide exposure of human blood leukocytes induces cross-tolerance to multiple TLR ligands. J Immunol (2009) 183(1):533–42. doi:10.4049/jimmunol.0802189

29. Carter NJ, Curran MP. Live attenuated influenza vaccine (FluMist(R); Fluenz): a review of its use in the prevention of seasonal influenza in children and adults. Drugs (2011) 71(12):1591–622. doi:10.2165/11206860-000000000-00000

30. Chirkova T, Petukhova G, Korenkov D, Naikhin A, Rudenko L. Immunization with live influenza viruses in an experimental model of allergic bronchial asthma: infection and vaccination. Influenza Other Respir Viruses (2008) 2(5):165–74. doi:10.1111/j.1750-2659.2008.00061.x

31. Shinya K, Ito M, Makino A, Tanaka M, Miyake K, Eisfeld AJ, et al. The TLR4-TRIF pathway protects against H5N1 influenza virus infection. J Virol (2012) 86(1):19–24. doi:10.1128/JVI.06168-11

32. Shinya K, Okamura T, Sueta S, Kasai N, Tanaka M, Ginting TE, et al. Toll-like receptor pre-stimulation protects mice against lethal infection with highly pathogenic influenza viruses. Virol J (2011) 8:97. doi:10.1186/1743-422X-8-97

33. Philippart F, Fitting C, Cavaillon JM. Lung microenvironment contributes to the resistance of alveolar macrophages to develop tolerance to endotoxin*. Crit Care Med (2012) 40(11):2987–96. doi:10.1097/CCM.0b013e31825b8d57

34. Natarajan S, Kim J, Remick DG. Chronic pulmonary LPS tolerance induces selective immunosuppression while maintaining the neutrophilic response. Shock (2010) 33(2):162–9. doi:10.1097/SHK.0b013e3181aa9690

35. Hale BG, Albrecht RA, Garcia-Sastre A. Innate immune evasion strategies of influenza viruses. Future Microbiol (2010) 5(1):23–41. doi:10.2217/fmb.09.108

36. van de Sandt CE, Kreijtz JH, Rimmelzwaan GF. Evasion of influenza A viruses from innate and adaptive immune responses. Viruses (2012) 4(9):1438–76. doi:10.3390/v4091438

37. Moncla LH, Ross TM, Dinis JM, Weinfurter JT, Mortimer TD, Schultz-Darken N, et al. A novel nonhuman primate model for influenza transmission. PLoS One (2013) 8(11):e78750. doi:10.1371/journal.pone.0078750

38. Karlsson EA, Engel GA, Feeroz MM, San S, Rompis A, Lee BP, et al. Influenza virus infection in nonhuman primates. Emerg Infect Dis (2012) 18(10):1672–5. doi:10.3201/eid1810.120214

39. Itoh Y. Translational research on influenza virus infection using a nonhuman primate model. Pathol Int (2016) 66(3):132–41. doi:10.1111/pin.12385

40. De Villiers PJ, Steele AD, Hiemstra LA, Rappaport R, Dunning AJ, Gruber WC, et al. Efficacy and safety of a live attenuated influenza vaccine in adults 60 years of age and older. Vaccine (2009) 28(1):228–34. doi:10.1016/j.vaccine.2009.09.092

41. Tennis P, Toback SL, Andrews E, McQuay LJ, Ambrose CS. A postmarketing evaluation of the frequency of use and safety of live attenuated influenza vaccine use in nonrecommended children younger than 5 years. Vaccine (2011) 29(31):4947–52. doi:10.1016/j.vaccine.2011.04.113

42. Halasa N, Englund JA, Nachman S, Weinberg GA, Huber VC, Allison K, et al. Safety of live attenuated influenza vaccine in mild to moderately immunocompromised children with cancer. Vaccine (2011) 29(24):4110–5. doi:10.1016/j.vaccine.2011.03.097

43. Levin MJ, Song LY, Fenton T, Nachman S, Patterson J, Walker R, et al. Shedding of live vaccine virus, comparative safety, and influenza-specific antibody responses after administration of live attenuated and inactivated trivalent influenza vaccines to HIV-infected children. Vaccine (2008) 26(33):4210–7. doi:10.1016/j.vaccine.2008.05.054

44. Isakova-Sivak I, Rudenko L. Safety, immunogenicity and infectivity of new live attenuated influenza vaccines. Expert Rev Vaccines (2015) 14(10):1313–29. doi:10.1586/14760584.2015.1075883

45. Barria MI, Garrido JL, Stein C, Scher E, Ge Y, Engel SM, et al. Localized mucosal response to intranasal live attenuated influenza vaccine in adults. J Infect Dis (2013) 207(1):115–24. doi:10.1093/infdis/jis641

46. Beyer WE, Palache AM, de Jong JC, Osterhaus AD. Cold-adapted live influenza vaccine versus inactivated vaccine: systemic vaccine reactions, local and systemic antibody response, and vaccine efficacy. A meta-analysis. Vaccine (2002) 20(9–10):1340–53. doi:10.1016/S0264-410X(01)00471-6

47. Block SL, Yogev R, Hayden FG, Ambrose CS, Zeng W, Walker RE. Shedding and immunogenicity of live attenuated influenza vaccine virus in subjects 5-49 years of age. Vaccine (2008) 26(38):4940–6. doi:10.1016/j.vaccine.2008.07.013

48. Lanthier PA, Huston GE, Moquin A, Eaton SM, Szaba FM, Kummer LW, et al. Live attenuated influenza vaccine (LAIV) impacts innate and adaptive immune responses. Vaccine (2011) 29(44):7849–56. doi:10.1016/j.vaccine.2011.07.093

49. Esper FP, Spahlinger T, Zhou L. Rate and influence of respiratory virus co-infection on pandemic (H1N1) influenza disease. J Infect (2011) 63(4):260–6. doi:10.1016/j.jinf.2011.04.004

50. van der Zalm MM, van Ewijk BE, Wilbrink B, Uiterwaal CS, Wolfs TF, van der Ent CK. Respiratory pathogens in children with and without respiratory symptoms. J Pediatr (2009) 154(3):396–400, 400.e1. doi:10.1016/j.jpeds.2008.08.036

51. Tristram DA, Miller RW, McMillan JA, Weiner LB. Simultaneous infection with respiratory syncytial virus and other respiratory pathogens. Am J Dis Child (1988) 142(8):834–6.

52. Ancicova L, Wagnerova M, Janulikova J, Chalupkova A, Hrabovska Z, Kostolansky F, et al. Simultaneous infection with gammaherpes and influenza viruses enhances the host immune defense. Acta Virol (2015) 59(4):369–79. doi:10.4149/av_2015_04_369

53. Ling PD, Lednicky JA, Keitel WA, Poston DG, White ZS, Peng R, et al. The dynamics of herpesvirus and polyomavirus reactivation and shedding in healthy adults: a 14-month longitudinal study. J Infect Dis (2003) 187(10):1571–80. doi:10.1086/374739

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Koch, Kox, Thijs, Rahamat-Langendoen, van de Veerdonk, Gerretsen, Schloesser, Diavatopoulos, Rimmelzwaan, Netea, van der Hoeven, de Jonge and Pickkers. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-08-01600-g005.jpg
Arbitrary Units

Heart rate ° LPS
110 p<0.0001 * placebo

Beats/min

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
time after LPS administration (h) time after LPS administration (h)
Symptoms  LPs Temperature . g
6 e placebo 39 e placebo
p<0.0001 p<0.0001
R
4 38 3oF ‘\\;‘“i‘,;_
3 Sz 5 --F

] - 36
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

time after LPS administration (h) time after LPS administration (h)





OPS/images/fimmu-08-01600-g006.jpg
TNF-a

=0.03
1000 P
800
£ 600
>
S 400
First LPS Second LPS
challenge challenge

pg/mL

1200
1000

First LPS
challenge

IL-6

p=0.03

Second LPS
challenge

IL1-RA
=0.03
4000 £
3000
o
£ 2000
g
1000
o

First LPS
challenge

Second LPS
challenge





OPS/images/fimmu-08-01600-g003.jpg
pg/mL

400
300
200

100

Plasma cytokine levels

time after LPS administration (h)

- LPS TNF-a
* LPSIL-6
-~ LPSIL-10

* Placebo TNF-a
* Placebo IL-6
© Placebo IL-10





OPS/images/fimmu-08-01600-g004.jpg
Neutrophils .o Monocytes | ¢ Lymphocytes .o

p<0.0001 * placebo p<0.0001 « placebo p<0.0001 « placebo

o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
time after LPS administration (h) time after LPS administration (h) time after LPS administration (h)





OPS/images/fimmu-08-01600-g009.jpg
Hl titer

Fluenz

Fluenz
v - LPS 2 - LPS
=+ Placebo ~* Placebo
1000 p=0.10 1000 p=0.66
B
1003 _fv Tf' ------------- , T 100
107 14 21 35 °
Time (days) Time (days)
Fluenz B/Phuket Fluenz B/Brisbane
v - LPS v - LPS
100 p=0.22 - Placebo 100 p=0.17 - Placebo
& k) I |
T T 107 '«}‘——'--7-1 »»»»»»»»»»»»»»»»» 1
1 1
7 14 21 35 7 14 21 35
Time (days)

Time (days)





OPS/images/fimmu-08-01600-g007.jpg
1000
8000
6000
4000
2000

pg/ml

LPS

C.albicans

p=0.003

Otime (hr) 4

p=0.02

;

S.aureus
3000 p=0.05 IL-6
%2000 -
Q'IUUO -*- Placebo
0 .
OTime (hr) 4
40007 p=0.0009 IL-1B
_ 3000
= - LPS
22000
- Placebo
1000

p=0.0007 3000
£ 2000
Y
2
1000{
0
Ofime (hy) 4
P=0.003 40004
_ 3000]
E
£2000{
1000{
0
)
Time (hr)

0

Oime (hr) 4





OPS/images/fimmu-08-01600-g008.jpg
Fluenz Influenza Fluenz
100 v
P=0.90 = e % P=0.20 “ LPS
9 Placebo o - Placebo
S 10 2
£ §
S S
3 1 2
w w
M
7 8 9101 14 Time(days) 21 7 8 9 1011 14 Time (days) 21
LPS 0 114 4 2 3 LPS 08 433 3
Placebo 0 114 3 1 Placebo 0 10 3 2
Influenza H1N1 Influenza H3N2
Fluenz Fluenz
10
P=0.96 T LPs 100 P=068 - LPS
° ~* Placebo ~* Placebo
I3 )
2 g
s §
s S
o ©
g &

0.1

4 Time (days) 21

7 8 9 1011 14 Time (days) 21

LPS [}
Placebo 0 2





OPS/images/fimmu-08-01600-t001.jpg
LPS-LPS (n = 6) Placebo-Fluenz (n = 15)

Age (years) 21(20-23] 21[20-23)
Height (cm) 183[176-189] 180 [178-188)
Weight (ko) 81[75-89) 75 [70-84]
BMI (kg/m?) 24(23-26) 23[20-26)

LPS-Fluenz (n = 15)

22[19-23]
186 [178-190]

79 [71-87]

23[22-25]

Total group (n = 30)

21 [20-23)

182 [178-189)
78(69-85]
23 [21-25]

p-Value between groups

0.83
0.36
052
0.64

Parameters were measured during the screening vist.
BM, body mass index.
Data are presented as median IQR).





OPS/images/cover.jpg
? frontiers

in Immunology

Development of Endotoxin
Tolerance Does Not Influence
the Response to a Challenge

with the Mucosal Live-
Attenuated Influenza Vaccine in
Humans In Vivo





OPS/images/fimmu-08-01600-g012.jpg
Fluenz Temperature

~- LPS Fluenz PEF - LPS
Y = Placebo y p=0.62 = Placebo
p=0.30

% of pred.

90
7 8 9 10 1112 13 1415 16 17 18 19 20 21
Time (days)

———————————————
7 8 9 10 1112 13 1415 16 17 18 19 20 21
Time (days)





OPS/images/fimmu-08-01600-In_eq001.jpg
) A





OPS/images/fimmu-08-01600-t002.jpg
Placebo- LPS-
Fluenz Fluenz

Total % seroconversion 13/15 (87%) 10/15 (77%)
A (HINT)
Baseline Hl titer > 1:20 (seropositives)  12/15 (80%) 14/15 (93%)
Seroconversion (day 35) 4/15 (27%) 1715 (7%)
A (H3N2)
Baseline HI titer > 1:20 (seropositives) 6/15 (40%) 715 (47%)
Seroconversion (day 35) 11715 (73%) 10/15 (67%)
B (Phuket)
Baseine HI iter > 1:20 (seropositives) 6/15 (40%) 7/15 (47%)
Seroconversion (day 35) 0/0 (0%) 0/0 (0%)
B (Brisbane)
Baseline HI titer > 1:20 (seropositives) 6/15 (40%) 5/15 (33%)
Seroconversion (day 35) 2/15 (13%) 00 0%)
GMT HIN1 at baseline 69 (26-184) 82 (43-158)
GMT HIN1 at day 35 158 (83-303) 66 (40-108)
GMT H3N2 at baseline 14/(6-33) 10(5-21)
GMT H3N2 at day 35 128 (60-275) 115 (46-286)
GMT B (Phuket) at baseline 11 (5-24) 12 (6-24)
GMT B (Phuket) at day 35 10(5-17) 10(6-18)
GMT B (Brisbane) at baseline 11(6-20) 10(5-22)
GMT B (Brisbane) at day 35 12 (6-26) 9(5-16)

GMT, geometric mean titer with 95% Cl.





OPS/images/fimmu-08-01600-g001.jpg
Blood sampling ® 00 0 000 0 e O o o o

Nasal wash
Symptoms (LPS-induced) o o0 0 0600 0

Symptoms (Fluenz-induced) e o o o
Temperature o o600 000 0 (] e o o

Peak expiratory flow (PEF)
[ 1 14 21 35

€ c £ EEE EEE
EE T0 EEEEEEE £ 8910
%% | 8588858 |
/]\ T end of
study
Admission to Discharge
hospital from hospital
placebo / LPS Fluenz

administration administration

B T————

Day 0
Time (days) >





OPS/images/fimmu-08-01600-g002.jpg
Total group

n=30

2 excluded

0 viral load /

seroconversion
1 co-infection

LPS-Fluenz

n=15

LN

13 included
n=8 seroconversion
n=5viral load +
seroconversion

13 included
n=3viral load
seroconversion
n=5 viral load +
seroconversion

2 excluded
2 no viral load /
seroconversion

Y

Included for analysis 2day 7

n=26






OPS/images/fimmu-08-01600-g011.jpg
Leukocytes Mononuclear cells Neutrophils

1¢ = LPS 1 - LPS 1 = LPS
p=0.35 - Placebo p=0.24 = Placebo p=0.37 = Placebo

T 0001 .00+
8 9 10111213 1415 16 17 18 19 20 21 7 8 9 10111213 1415 16 17 18 1920 21 7 8 9 10111213 1415 16 17 18 19 20 21
Time (days) Time (days) Time (days)





OPS/images/logo.jpg
Ghesk for

i@





OPS/images/fimmu-08-01600-g010.jpg
IL-6 - Lps el G-CSF - Lps F'“f"z IP10 - LPS
“ Placebo 10001 " Placebo
p=0.86
2
E
100!
2

7 8 9 10111213 1415161718192021
Time (days)

10 -~ ————
7 8 9 10111213 141516 1718192021 7 8 9 10111213 14151617 18192021
Time (days) Time (days)






