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Abstract

:

(1) Background: L-arginine is a complex modulator of immune functions, and its levels are known to decrease under septic conditions. L-arginine may suppress leukocyte recruitment in vivo; however, little is known about the gestational age-specific effects of L-arginine on leukocyte recruitment in preterm infants. We now asked whether L-arginine alters leukocyte recruitment in preterm and term neonates. (2) Methods: Leukocytes were isolated from preterm (28 + 0 to 32 + 6 weeks of gestation) and term (>37 weeks of gestation) newborns as well as from healthy adults. After incubation with 10 µg/mL L-arginine, we assessed leukocyte rolling and adhesion in dynamic microflow chamber experiments and leukocyte transmigration in fluorescence assays. In addition, we measured the expression of inducible nitric oxide synthase (iNOS) and Arginase 1 (Arg-1) in neutrophils by flow cytometry. (3) Results: Leukocyte rolling, adhesion, and transmigration increased with gestational age. Leukocyte rolling, adhesion, and transmigration were decreased by L-arginine in term-born infants and adults. Preterm leukocytes showed no change in recruitment upon L-arginine exposure. Leukocyte adhesion after L-arginine exposure reached similar levels among all groups. In line, the expression of iNOS and Arg-1 was similar in all three age groups. (4) Conclusion: L-arginine dampens the ex vivo recruitment capacity of leukocytes from term-born infants, whereas no effect was seen in premature infants. As levels of iNOS and Arg-1 in neutrophils remain ontogenetically unchanged, the anti-inflammatory effect of L-arginine on the leukocyte recruitment cascade needs further investigation. These results add to the controversial debate of L-arginine supplementation in premature infants in sepsis.
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1. Introduction


The high susceptibility to infections and sepsis in preterm infants remains a major problem in neonatology, leading to high morbidity and mortality [1]. Especially among very premature infants, the immaturity of the immune system contributes greatly to adverse outcome [2,3]. Neutrophils are the first responders in bacterial sepsis, and the leukocyte recruitment cascade initiates the response of the innate immune system [4,5]. Circulating leukocytes are first captured and start rolling along the endothelial layer [6]. The activation of β2 integrins such as LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18) leads to binding with different endothelial ligands such as intercellular adhesion molecule 1 (ICAM-1), resulting in firm adhesion to the inflamed endothelium, which is followed by transmigration along a chemokine gradient [7]. Nussbaum et al. found that the fetal leukocyte recruitment in preterm infants is heavily impaired and undergoes a maturation process during fetal development [8]. In line, the expression of adhesion molecules such as P-selectin or ICAM-1 and the chemokine IL-8 increase with gestational age [9,10]. This ontogenetic maturation may partially account for the high susceptibility to sepsis in preterm infants [11].



L-arginine, a conditionally essential amino acid for the fetus and neonate, is known to be involved in the regulation of various immune functions. For example, L-arginine limitation dampens Toll-like receptor 4 (TLR-4) signaling in macrophages, and the supplementation of L-arginine can restore TNF-α production in response to lipopolysaccharide (LPS) [12]. Polymorphonuclear leukocytes (PMNs) express Arginase-1 (Arg-1) and inducible nitric oxide synthase (iNOS), which both catabolize L-arginine. Interestingly, it was shown that L-arginine depletion through neutrophilic arginase secretion may locally suppress T-cell functions, and restoring L-arginine levels had a pro-inflammatory effect [13]. By a similar mechanism, human natural-killer (NK) cells are suppressed by PMNs through L-arginine depletion [14]. On the other hand, L-arginine exerts anti-inflammatory effects on PMNs by reducing leukocyte activation and recruitment [15], partially through the downregulation of ICAM-1 on endothelial cells [16]. As L-arginine levels are lower in preterm infants [17,18], supplementation is common practice on neonatal intensive care units. Especially during sepsis, L-arginine levels rapidly drop, defining sepsis as an “arginine-deprived state” [19]. Immune modulation during sepsis needs to be stage-dependent, as early inflammation in newborns requires immune stimulation, whilst over-activation may induce a systemic inflammatory response syndrome (SIRS) with often fatal consequences. An example for successful immune modulation with L-arginine is the supplementation of low plasma levels during necrotizing enterocolitis (NEC) [20], which has been shown to reduce the incidence and morbidity in clinical trials and animal studies [21,22,23,24]. Our study asked whether gestational age alters the effect of L-arginine supplementation on the leukocyte recruitment cascade. In order to eliminate systemic pro- or anti-inflammatory effects of L-arginine, we used ex vivo flow chamber assays to assess peripheral PMNs from premature infants, term-born infants, and adults.




2. Materials and Methods


2.1. Study Population and Sample Collection


Infants of the “Priming Immunity at the Beginning of Life” (PRIMAL) study cohort [25] born between 28 + 0 and 32 + 6 weeks of gestation were recruited for the group of preterm infants. Term-born infants (≥37 + 0 weeks of gestation) were enrolled after delivery. Children showing fetal malformations were excluded from the study. First, 1 mL of blood was collected within the first day of life. The preterm study cohort was followed up with a second blood draw at 28 days after enrollment, as per the PRIMAL study protocol [25]. For adult controls, 5 mL of peripheral venous blood was obtained from healthy volunteers. For anticoagulation, standard blood collection tubes (Sarstedt Coagulation9NC) with trisodiumcitrate were used. The following clinical data were collected from electronic records: gestational age (GA) in weeks, 5 and 10 min APGAR (appearance, pulse, grimace, activity und respiration) score, gender, head circumference in cm, weight in grams, length in cm, breastfeeds (full or partial), rupture of membranes at birth, and premature rupture of membranes (PROM, >18 h before birth), treatment with antibiotics of the newborn, and birth mode (vaginal or C-section). Furthermore, the following laboratory parameters were collected: arterial cord pH, C-reactive protein (CRP) in mg/L, total white blood cell count (WBC) per nL, and the quotient of immature to total neutrophils (IT, considered elevated above 0.25).




2.2. Compliance with Ethical Standards


Informed, written consent for enrollment in the study and the publication of findings was obtained from all guardians or adult volunteers, and the study was approved by the local Medical Ethical Committee of Heidelberg University (name of ethics committee: Ethikkommission Medizinische Fakultät Heidelberg: project identification code: S-603/2013, date of approval: 04/04/2014; and: project identification code: S-168/2018, date of approval: 03/22/2018). All procedures performed were in accordance with the ethical standards and data safety of the institutional and national research committee and with the 1964 Helsinki declaration and its later amendments.




2.3. Isolation of Polymorphonuclear Leukocytes (PMNs)


PMNs were isolated as previously described [11]. In brief, whole blood was separated by density gradient (LSM 1077; PAA Laboratories GmbH, Coelbe, Germany) centrifugation (1200× g, 20 min, 4 °C). The resulting erythrocyte–granulocyte pellet was washed twice in Dulbecco’s PBS (1×, without Ca++ and Mg ++; Invitrogen GmbH, Darmstadt, Germany), followed by hypotonic erythrocyte lysis (0.15 M NH4Cl, 0.01 M NaHCO3, 0.001 M EDTA, in aqua ad injectabilia for 7 min in the dark at room temperature). PMNs were washed twice and counted in a Neubauer chamber (Bright-line R, Hausser Scientific Horsham, PA, USA). The purity of the isolated cell suspension was validated by cytomorphologic analysis via flow cytometry using standard leukocyte markers as previously described [11]. For experiments, PMNs were counted and diluted to reach a working suspension of 1 × 106 cells/mL.




2.4. Flow Chamber Experiments


Leukocyte rolling and adhesion was determined by dynamic microflow chamber experiments in a novel setup due to limited blood volumes from preterm infants. Microglass capillaries (Ibidi µ-Slides VI 0.1; Sarstedt, Nümbrecht, Germany) were used to acquire high-resolution microscopy of cells under shear stress. To resemble standardized blood flow conditions, a high-precision perfusion pump (Harvard Instruments, March-Hugstetten, Germany) was used. As shown in the formula below, the flow rate in a rectangular channel is dependent on the viscosity and the shear stress of the perfused medium. In order to determine the flow rate to achieve a wall shear stress of 1 dyn/cm2, we first measured the dynamic viscosity of our cell suspension at room temperature using Rheodyn SSD as described previously [26]. With a viscosity of 0.01535 dyn·s/cm2, the flow rate was determined to be 8.87 µL /min in our setup.



Flow rate = Shear Stress/(Viscosity × 10.7)


  τ  [    d y n   c  m 2     ]  = η  [    d y n · s   c  m 2     ]  × 10.7 ×  Φ [    μ L   m i n    ]   











η = Viskosity; Φ = Flow rate, τ = Shear stress.



Then, capillaries were coated to imitate the endothelial layer. In previous experiments, coating with P-selectin 4 μg/mL (ADP3050, Bio-Techne GmbH, Wiesbaden, Germany), ICAM-1 4 µg/mL (ADP4050, Bio-Techne GmbH, Wiesbaden, Germany), and CXCL8/IL-8 10 µg/mL (200-08M, Peprotech, London, UK) was successfully used to induce adult leukocyte adhesion [11]. In dose-finding experiments, coating concentrations ranging from 1.0 to 20 μg/mL were tested in the novel setup with neonatal PMNs. Coating with 2 μg/mL P-selectin, 2 µg/mL ICAM-1, and 5 µg/mL IL-8 for two hours at room temperature yielded the most robust and reproducible results, and these concentrations were used for all experiments.



Leukocyte rolling and adhesion was analyzed with or without previous incubation with 10 µg/mL L-arginine (A8094, Sigma Aldrich, Germany) for 45 min on ice. The number of rolling cells passing an imaginary line across the entire chamber was counted for one minute.



Permanently (<30 s) adherent cells were counted as neutrophil adhesion per field of view (FOV) after 15 min. Images were recorded via a CCD camera system (CF8HS, Kappa, Gleichen, Germany) and were analyzed in InSpector Pro software (4.0.469, Lavision Biotec GmbH, Bielefeld, Germany).




2.5. Transmigration of Polymorphonuclear Leukocytes (PMNs)


Leukocyte transmigration was analyzed using transmigration chambers (Corning® HTS Transwell® 96 well permeable, S058.3387, Stein Labortechnik, Remchingen, Germany). Cells were pre-incubated with or without L-arginine (10 µg/mL) for 45 min. Migration was compared to buffer (HBSS, 14.025.050, Life Technologies, Carlsbad, CA, USA) alone as a negative control or along an imposed apical gradient of IL-8 (200 ng/mL) over 45 min at 37 °C, 5% CO2. PMNs that transmigrated were stained with fluorescent calcein (C1430, Invitrogen, Carlsbad, CA, USA) for 45 min at 37 °C, 5% CO2. Cells were washed twice in HBSS (+ 0.5% BSA) and lysed by hypotonic buffer (CTAB buffer, Cetyltrimethylammonium bromide, 9161.1, Carl Roth, Germany). Fluorescence intensity was quantified using a SpectraMax M2 plate reader (wavelength 485–535 nm).




2.6. Flow Cytometry


The expression of Arg-1 and iNOS in neutrophils was analyzed by flow cytometry. We performed red blood cell lysis on whole blood, as described previously. Cells were permeabilized using 0.1% saponin and stained with a human iNOS–FITC-conjugated antibody (NBP2-22119F, Novusbio, London, UK) and a human Arginase 1-PE conjugated antibody (678801, Biolegend, London, UK) at a concentration of 2.5 µg/mL. Measurements were performed using an LSR II cytometer (BD Biosciences, Heidelberg, Germany) and analyzed by FACS Diva (Becton Dickinson, San Jose, CA, USA) and FlowJo software version 10.1r5 (Ashland, OR, USA). The expression of Arg-1 and iNOS was compared to their respective isotype controls (mouse IgG2b, k-PE (369703, Biolegend, London, UK) and mouse IgG1, k FITC (11-4714-73, eBiocience. San Diego, CA, USA)).




2.7. Statistics


Statistics were performed using Prism software (version 6.01, GraphPad Software Inc., San Diego, CA, USA) and Stata (version 13, Stata Software Inc., College Station, TX, USA). Significance was set at p < 0.05. Data are presented as mean +SEM. For logarithmic data such as mean fluorescent intensities (MFIs) from flow cytometry, geometric means were used for statistical analysis and data presentation. Clinical and laboratory parameter of patients were compared by Student’s t-test and Chi-square test. Leukocyte adhesion, neutrophil transmigration, and Arg-1 and iNOS expression between groups were compared by ANOVA (one-way or two-way, wherever appropriate) followed by multiple pairwise post-hoc analysis (Tukey’s test). Linear regression and Pearson’s correlation were performed for the gestational age of preterm infants and adherence of leukocytes. Individual tests are mentioned in the respective figure legends.





3. Results


3.1. Study Population


A total of n = 63 infants and n = 17 healthy adult donors were recruited for our study from 01/2018 to 08/2019. n = 44 preterm infants (28 + 0 – 32 + 6 weeks of gestation) were recruited through the PRIMAL cohort, and an additional n = 17 term born (≥ 37 + 0 weeks of gestation) infants were included (Table 1). Reasons for preterm delivery were placental insufficiency, pre-eclampsia, hemolysis-elevated liver enzymes and low platelets (HELLP) syndrome, pathologic Doppler flow, and twin pregnancy. Children with underlying malformations or lethal conditions were excluded. The patient characteristics and laboratory parameters for all infants are shown in Table 1. As anticipated, WBC counts were lower in premature infants and more premature infants required treatment with antibiotics (89% in preterm versus 0% in term-born infants). On the contrary, all term infants were breastfed on the first day of life, whereas only 52% of the preterm population received breastmilk.



Leukocyte rolling, adhesion, and transmigration is decreased by L-arginine only in term-born infants.



A novel microflow chamber setup using Ibidi µ-Slides was designed to facilitate the testing of different experimental conditions from the same infant with a limited amount of blood and resulting PMNs (Figure 1). Dose-finding experiments revealed an optimal L-arginine concentration of 1 mg/mL. Coating with P-selectin, IL-8, and ICAM-1 induced leukocyte rolling and adhesion in preterm and term infants as well in adults, whereas the extent gradually increased with age (Figure 2). The pretreatment of leukocytes from term-born infants and adults with L-arginine significantly dampened both rolling and adherence; however, no effect was seen for preterm infants. In adults, the effect of L-arginine of leukocyte rolling was less pronounced compared to the effect on adherence. Of note, the number of adherent neutrophils reached similar levels in all groups. Next, we tested the transmigration capacity along an IL-8 gradient (Figure 3). IL-8 did not induce a significant migratory response in preterm leukocytes. Likewise, pre-incubation with L-arginine had no impact on cell migration. Leukocytes of term-born infants and adults showed both an induction of transmigration with IL-8 and a reduction after incubation with L-arginine (Figure 3).




3.2. The Response of L-Arginine Does Not Depend on Clinical Characteristics at Birth and Throughout Neonatal Development


A subset of preterm infants of n = 17 was followed up after 28 days to assess the postnatal maturation of leukocyte recruitment. As expected, leukocyte adhesion correlates with gestational age and postnatal maturation (Figure 4). Next, we asked whether the responsiveness to L-arginine treatment was dependent on clinical characteristics such as the inflammatory status. We performed subgroup analyses for preterm infants on day 1 and day 28 depending on their L-arginine responsiveness assessed by cell adhesion in microflow chamber experiments. The mean reduction of adhesion/mm2 upon L-arginine treatment (delta of coated − L-arginine and coated + L-arginine) served as an arbitrary cut-off to define the group of “responders” and “non-responders” (Table 2). Surprisingly, except for differences in head circumference, no other differences in clinical parameters were seen between responders and non-responders both after birth and after 28 days. Perinatal factors, the use of antibiotics, nutrition, and inflammatory parameters such as CRP or WBC counts did not show any difference between subgroups. However, the responsiveness to L-arginine depends on the baseline adhesion capacity of leukocytes (Table 2, second row/coated chambers).




3.3. Expression of Arginase 1 and iNOS Is not Ontogenetically Regulated


We next asked whether a lack of L-arginine response in the recruitment of leukocytes from preterm infants originated from a lack of enzymatic machinery to process the amino acid (Figure 5). Flow cytometric analysis revealed stable and reproducible levels of both Arg-1 and iNOS on PMNs across all groups. In line with the previously described similar levels of leukocyte adhesion in the L-arginine-treated PMNs of all experimental groups (Figure 2), levels of iNOS and Arg-1 were almost identical among all age groups.





4. Discussion


Sepsis continues to be a major cause of mortality and morbidity in preterm infants [27]. L-arginine is an important amino acid in inflammatory disease due to immunomodulatory properties. Since L-arginine levels are low in preterm infants [17,18,28,29] and are known to drop during sepsis [19], it has been suggested to supplement L-arginine among the most vulnerable preterm population. This makes sense, as L-arginine depletion inhibits macrophages, as well as T- [30,31] and NK cells [12]. However, leukocyte recruitment has been shown to be dampened by L-arginine [14], which might be detrimental in sepsis. Therefore, we asked whether the effect of L-arginine on the leukocyte recruitment cascade was altered in preterm infants compared to leukocytes from term-born infants or adults. Our data show that the effect of L-arginine on leukocyte recruitment in our ex vivo assays greatly depends on gestational age.



As expected, we found leukocyte rolling, adhesion, and transmigration to be ontogenetically regulated. Further, leukocytes underwent a similar maturation process postnatally, as shown for a subgroup of preterm infants with sequential blood draws. Pre-incubation with 10 µg/mL L-arginine was roughly equivalent to physiological L-arginine plasma concentrations in infants of around 60 µmol/L, as reported previously [29]. However, at this concentration, leukocyte recruitment of the preterm subgroup remained unaffected. Leukocyte adhesion reached equal values among all experimental groups after L-arginine incubation, suggesting a similar machinery to process L-arginine in leukocytes from all age groups. Consequently, we found levels of Arg-1 and iNOS in peripheral PMNs to be almost identical. Using transcriptomics and functional pathway analysis, Raymond et al. unveiled iNOS signaling as one of three pathways that were critically impaired in neutrophils from preterm infants compared to term-borns [32]. As iNOS is involved in pro-inflammatory activation, this might partially explain a lack of responsiveness to L-arginine supplementation despite adequate levels of iNOS in the PMNs of preterm infants. Interestingly, both leukocyte rolling and adherence were dampened by L-arginine in term-born infants and adults. The question remains of how L-arginine affects leukocyte recruitment ex vivo. It was shown that the expression of integrins such as LFA-1, Mac-1 or VLA-4 as well as L-selectin remains unchanged after exposure to L-arginine [33]. Another target could be CD162 (PSGL-1), which binds to P-selectin and is known to be ontogenetically regulated [8]. PSGL-1 mediates leukocyte rolling and interacts with L-selectin to form the PSGL-1–L-selectin complex, which signals through Src family kinases to activate LFA-1, leading to firm arrest and adherence [34]. Modulation of this complex could account for both reduction in rolling and adherence. It remains an interesting biological phenomenon that L-arginine supplementation acts as a pro-inflammatory stimulus for most immune cells, whilst it reduces the activation of neutrophils. As neutrophils are among the first cells to arrive at the site of inflammation, they might act as regulatory cells. They have been shown to locally reduce L-arginine levels through Arginase-1 activity and thereby to suppress other immune cells [35]. As such, neutrophils may be important in the micro-regulation of inflammatory responses and an important player in the checks and balances of acute inflammation.



Many immunomodulatory effects of L-arginine converge on the production of NO. NO regulates functional attributes of neutrophils such as their chemotactic, phagocytic, migratory, and apoptotic activities through cGMP-dependent and independent pathways [36]. NO mediates neutrophil extracellular traps (NET) release at the site of inflammation. Increasing arginine availability not only restores nitric oxide production but it may also mitigate tissue necrosis by modulating hypoxia, inhibit platelet activation and leukocyte adherence, and increase free radical scavenging [37,38]. In turn, L-arginine availability is partially determined by the expression of enzymes that are involved in the biosynthesis of arginine such as CPS-1, OCT, P5CR, ASS or ASL, which are suppressed in preterm neonates [39,40]. Delayed hepatic maturation might also partially account for lower levels of L-arginine in preterm infants, as the largest amount of L-arginine is synthesized in the liver. Similarly, Robinson et al. showed in preclinical NEC models that enzymes for the synthesis of citrulline and arginine were lower in preterm infants, whereas the gene expression of enzymes that catabolize arginine did not differ [20].



It is pertinent to recognize some limitations of this study. The study was designed to address the effect of leukocytes ex vivo and independent of endothelial contribution. The effect of L-arginine metabolism of the liver was also omitted. In addition, transmigration above baseline along an IL-8 gradient was not detected for the leukocytes of preterm infants, despite similar CXCR-2 levels between preterm and term infants [8]. Potentially, the assay was not sensitive enough to detect transmigration in a setting of limited cell numbers, and more sensitive methods might have been more appropriate to rule out technical limitations [41,42]. The use of L-arginine as an immune modulator in preterm infants needs to be weighed against potential adverse effects on hemodynamic stability through increased NO synthesis, which is a question of debate [43,44,45]. Even in the case of NEC, where L-arginine supplementation has been widely discussed, a recent Cochrane analysis does not give a definitive recommendation due to the lack of clinical evidence [23].



This is to our knowledge the first systematic study on the effect of L-arginine on the leukocyte recruitment cascade in infants. Our data suggest that no relevant effect of L-arginine supplementation on leukocyte recruitment is seen in preterm infants; however, ontogenetic regulation suggests anti-inflammatory effects in term-born infants by suppressing leukocyte recruitment. There are two different translational deductions, which might be drawn from our study. On one hand, L-arginine supplementation in very preterm infants may support immune responses without negatively affecting recruitment of neutrophils. On the other hand, the potential of L-arginine to inhibit neutrophils during SIRS is limited and should be weighed carefully against potential hemodynamic complications as a result of NO production. The study highlights that immunomodulation in the newborn needs to be tailored to gestational age and the maturity of the immune system.







Author Contributions


Conceptualization, R.F., J.P., D.F. and H.H.; methodology and data acquisition, R.F., S.A.K., M.B., T.L., N.T.; formal analysis, R.F., S.A.K., N.K., M.B., T.L., N.T. and H.H.; writing—original draft preparation, R.F., T.L. and H.H.; writing—review and editing, R.F., T.L., S.A.K., M.B., N.T., N.K., D.F., J.P. and H.H.; visualization, T.L.; supervision, J.P. and H.H.; funding acquisition, R.F., D.F., J.P. and H.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the German Federal Ministry of Education and Research (BMBF), grant number 01GL1746E as part of the PRIMAL Consortium.




Acknowledgments


We would like to thank Britta Heckmann and Silvia Pezer for excellent technical and experimental assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Genzel-Boroviczény, M.O.; MacWilliams, S.; Von Poblotzki, M.; Zoppelli, L. Mortality and major morbidity in premature infants less than 31 weeks gestational age in the decade after introduction of surfactant. Acta Obstet. Gynecol. Scand. 2006, 85, 68–73. [Google Scholar] [CrossRef]

	



Fanaroff, A.A.; Stoll, B.J.; Wright, L.; Carlo, W.A.; Ehrenkranz, R.A.; Stark, A.R.; Bauer, C.R.; Donovan, E.F.; Korones, S.B.; Laptook, A.R.; et al. Trends in neonatal morbidity and mortality for very low birthweight infants. Am. J. Obstet. Gynecol. 2007, 196, 147.e1–147.e8. [Google Scholar] [CrossRef]

	



Camacho-Gonzalez, A.; Spearman, P.; Stoll, B.J. Neonatal infectious diseases: Evaluation of neonatal sepsis. Pediatr. Clin. N. Am. 2013, 60, 367–389. [Google Scholar] [CrossRef]

	



Muller, W.A. Getting Leukocytes to the Site of Inflammation. Veter Pathol. 2013, 50, 7–22. [Google Scholar] [CrossRef] [PubMed]

	



Ley, K. Molecular mechanisms of leukocyte recruitment in the inflammatory process. Cardiovasc. Res. 1996, 32, 733–742. [Google Scholar] [CrossRef]

	



Ley, K.; Laudanna, C.; Cybulsky, M.I.; Nourshargh, S. Getting to the site of inflammation: The leukocyte adhesion cascade updated. Nat. Rev. Immunol. 2007, 7, 678–689. [Google Scholar] [CrossRef] [PubMed]

	



Karenberg, K.; Hudalla, H.; Frommhold, D. Leukocyte recruitment in preterm and term infants. Mol. Cell. Pediatr. 2016, 3, 35. [Google Scholar] [CrossRef] [PubMed]

	



Nussbaum, C.; Gloning, A.; Pruenster, M.; Frommhold, D.; Bierschenk, S.; Genzel-Boroviczény, O.; Von Andrian, U.H.; Quackenbush, E.; Sperandio, M. Neutrophil and endothelial adhesive function during human fetal ontogeny. J. Leukoc. Biol. 2013, 93, 175. [Google Scholar] [CrossRef]

	



Nussbaum, C.; Sperandio, M. Innate immune cell recruitment in the fetus and neonate. J. Reprod. Immunol. 2011, 90, 74–81. [Google Scholar] [CrossRef]

	



Tcharmtchi, M.H.; Smith, C.W.; Mariscalco, M.M. Neonatal neutrophil interaction with P-selectin: Contribution of P-selectin glycoprotein ligand-1 and sialic acid. J. Leukoc. Biol. 2000, 67, 73–80. [Google Scholar] [CrossRef]

	



Buschmann, K.; Tschada, R.; Metzger, M.-S.; Braach, N.; Kuss, N.; Hudalla, H.; Poeschl, J.; Frommhold, D. RAGE controls leukocyte adhesion in preterm and term infants. BMC Immunol. 2014, 15, 53. [Google Scholar] [CrossRef] [PubMed]

	



Mieulet, V.; Yan, L.; Choisy, C.; Sully, K.; Procter, J.; Kouroumalis, A.; Krywawych, S.; Pende, M.; Ley, S.C.; Moinard, C.; et al. TPL-2-Mediated Activation of MAPK Downstream of TLR4 Signaling Is Coupled to Arginine Availability. Sci. Signal. 2010, 3, ra61. [Google Scholar] [CrossRef] [PubMed]

	



Munder, M.; Schneider, H.; Luckner, C.; Giese, T.; Langhans, C.-D.; Fuentes, J.M.; Kropf, P.; Mueller, I.; Kolb, A.; Modolell, M.; et al. Suppression of T-cell functions by human granulocyte arginase. Blood 2006, 108, 1627–1634. [Google Scholar] [CrossRef]

	



Oberlies, J.; Watzl, C.; Giese, T.; Luckner, C.; Kropf, P.; Müller, I.; Ho, A.D.; Munder, M. Regulation of NK Cell Function by Human Granulocyte Arginase. J. Immunol. 2009, 182, 5259–5267. [Google Scholar] [CrossRef]

	



Sato, H.; Zhao, Z.-Q.; Vinten-Johansen, J. L-Arginine inhibits neutrophil adherence and coronary artery dysfunction. Cardiovasc. Res. 1996, 31, 63–72. [Google Scholar] [CrossRef]

	



Adams, M.R.; Jessup, W.; Hailstones, D.L.; Celermajer, D.S. L-Arginine Reduces Human Monocyte Adhesion to Vascular Endothelium and Endothelial Expression of Cell Adhesion Molecules. Circulation 1997, 95, 662–668. [Google Scholar] [CrossRef]

	



Wilson, K.; Hawken, S.; Ducharme, R.; Potter, B.K.; Little, J.; Thébaud, B.; Chakraborty, P. Metabolomics of prematurity: Analysis of patterns of amino acids, enzymes, and endocrine markers by categories of gestational age. Pediatr. Res. 2013, 75, 367–373. [Google Scholar] [CrossRef]

	



Wu, G.; Jaeger, L.A.; Bazer, F.W.; Rhoads, J. Arginine deficiency in preterm infants: Biochemical mechanisms and nutritional implications. J. Nutr. Biochem. 2004, 15, 442–451. [Google Scholar] [CrossRef]

	



Davis, J.S.; Anstey, N.M. Is plasma arginine concentration decreased in patients with sepsis? A systematic review and meta-analysis. Crit. Care Med. 2011, 39, 380–385. [Google Scholar] [CrossRef]

	



Robinson, J.L.; Smith, V.; Stoll, B.; Agarwal, U.; Premkumar, M.H.; Lau, P.; Cruz, S.M.; Manjarin, R.; Olutoye, O.O.; Burrin, D.G.; et al. Prematurity reduces citrulline-arginine-nitric oxide production and precedes the onset of necrotizing enterocolitis in piglets. Am. J. Physiol. Liver Physiol. 2018, 315, G638–G649. [Google Scholar] [CrossRef]

	



Amin, H.J.; Zamora, S.A.; McMillan, D.D.; Fick, G.H.; Butzner, J.; Parsons, H.G.; Scott, R. Arginine supplementation prevents necrotizing enterocolitis in the premature infant. J. Pediatr. 2002, 140, 425–431. [Google Scholar] [CrossRef] [PubMed]

	



Polycarpou, E.; Zachaki, S.; Tsolia, M.; Papaevangelou, V.; Polycarpou, N.; Briana, D.D.; Gavrili, S.; Kostalos, C.; Kafetzis, D. Enteral L-Arginine Supplementation for Prevention of Necrotizing Enterocolitis in Very Low Birth Weight Neonates. J. Parenter. Enter. Nutr. 2013, 37, 617–622. [Google Scholar] [CrossRef]

	



Shah, P.S.; Shah, V.S.; Kelly, L.E. Arginine supplementation for prevention of necrotising enterocolitis in preterm infants. Cochrane Database Syst. Rev. 2017, 2017, CD004339. [Google Scholar] [CrossRef] [PubMed]

	



El-Shimi, M.S.; Awad, H.A.; Abdelwahed, M.A.; Mohamed, M.H.; Khafagy, S.; Saleh, G. Enteral L-Arginine and Glutamine Supplementation for Prevention of NEC in Preterm Neonates. Int. J. Pediatr. 2015, 2015, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Marißen, J.; Haiß, A.; Meyer, C.; Van Rossum, T.; Bünte, L.M.; Frommhold, D.; Gille, C.; Goedicke-Fritz, S.; Göpel, W.; Hudalla, H.; et al. Efficacy of Bifidobacterium longum, B. infantis and Lactobacillus acidophilus probiotics to prevent gut dysbiosis in preterm infants of 28+0-32+6 weeks of gestation: A randomised, placebo-controlled, double-blind, multicentre trial: The PRIMAL Clinical Study protocol. BMJ Open 2019, 9, e032617. [Google Scholar] [CrossRef]

	



Ruef, P.; Gehm, J.; Gehm, L.; Felbinger, C.; Pöschl, J.; Kuss, N. Determination of whole blood and plasma viscosity by means of flow curve analysis. Gen. Physiol. Biophys. 2014, 33, 285–293. [Google Scholar] [CrossRef]

	



Boghossian, N.S.; Page, G.P.; Bell, E.F.; Stoll, B.J.; Murray, J.C.; Cotten, C.M.; Shankaran, S.; Walsh, M.C.; Laptook, A.R.; Newman, N.S.; et al. Late-onset sepsis in very low birth weight infants from singleton and multiple-gestation births. J. Pediatr. 2013, 162, 1120. [Google Scholar] [CrossRef]

	



Burgess, L.; Morgan, C.; Mayes, K.; Tan, M. Plasma Arginine Levels and Blood Glucose Control in Very Preterm Infants Receiving 2 Different Parenteral Nutrition Regimens. J. Parenter. Enter. Nutr. 2013, 38, 243–253. [Google Scholar] [CrossRef]

	



Bulbul, A.; Okan, F.; Bulbul, L.; Nuhoglu, A.; Nuhoǧlu, A. Effect of low versus high early parenteral nutrition on plasma amino acid profiles in very low birth-weight infants. J. Matern. Neonatal Med. 2011, 25, 770–776. [Google Scholar] [CrossRef]

	



Mócsai, A. Diverse novel functions of neutrophils in immunity, inflammation, and beyond. J. Exp. Med. 2013, 210, 1283–1299. [Google Scholar] [CrossRef]

	



Müller, I.; Munder, M.; Kropf, P.; Hänsch, G.M. Polymorphonuclear neutrophils and T lymphocytes: Strange bedfellows or brothers in arms? Trends Immunol. 2009, 30, 522–530. [Google Scholar] [CrossRef] [PubMed]

	



Raymond, S.L.; Mathias, B.J.; Murphy, T.J.; Rincon, J.C.; López, M.C.; Ungaro, R.; Ellett, F.; Jorgensen, J.A.; Wynn, J.L.; Baker, H.V.; et al. Neutrophil chemotaxis and transcriptomics in term and preterm neonates. Transl. Res. 2017, 190, 4–15. [Google Scholar] [CrossRef] [PubMed]

	



Blum, A.; Hathaway, L.; Mincemoyer, R.; Schenke, W.H.; Kirby, M.; Csako, G.; Waclawiw, M.A.; Panza, J.A.; Cannon, R.O. Oral L-arginine in patients with coronary artery disease on medical management. Circulation 2000, 101, 2160–2164. [Google Scholar] [CrossRef] [PubMed]

	



Stadtmann, A.; Germena, G.; Block, H.; Boras, M.; Rossaint, J.; Sundd, P.; Lefort, C.; Fisher, C.I.; Buscher, K.; Gelschefarth, B.; et al. The PSGL-1–L-selectin signaling complex regulates neutrophil adhesion under flow. J. Cell Biol. 2013, 203, 2032OIA125. [Google Scholar] [CrossRef]

	



Badurdeen, S.; Mulongo, M.M.; Berkley, J.A. Arginine depletion increases susceptibility to serious infections in preterm newborns. Pediatr. Res. 2014, 77, 290–297. [Google Scholar] [CrossRef]

	



Saini, R.; Singh, S. Inducible nitric oxide synthase: An asset to neutrophils. J. Leukoc. Biol. 2018, 105, 49–61. [Google Scholar] [CrossRef]

	



Berchner-Pfannschmidt, U.; Yamac, H.; Trinidad, B.; Fandrey, J. Nitric Oxide Modulates Oxygen Sensing by Hypoxia-inducible Factor 1-dependent Induction of Prolyl Hydroxylase 2. J. Biol. Chem. 2006, 282, 1788–1796. [Google Scholar] [CrossRef]

	



Caplan, M.S.; Hedlund, E.; Hill, N.; MacKendrick, W. The role of endogenous nitric oxide and platelet-activating factor in hypoxia-induced intestinal injury in rats. Gastroenterology 1994, 106, 346–352. [Google Scholar] [CrossRef]

	



Dekaney, C.M.; Wu, G.; Jaeger, L.A. Ornithine Aminotransferase Messenger RNA Expression and Enzymatic Activity in Fetal Porcine Intestine. Pediatr. Res. 2001, 50, 104–109. [Google Scholar] [CrossRef]

	



Dekaney, C.M.; Wu, A.G.; Jaeger, L.A. Gene Expression and Activity of Enzymes in the Arginine Biosynthetic Pathway in Porcine Fetal Small Intestine. Pediatr. Res. 2003, 53, 274–280. [Google Scholar] [CrossRef]

	



Hoang, A.N.; Jones, C.N.; Dimisko, L.; Hamza, B.; Martel, J.; Kojic, N.; Irimia, D. Measuring neutrophil speed and directionality during chemotaxis, directly from a droplet of whole blood. Technology 2013, 1, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Jones, C.N.; Hoang, A.N.; Martel, J.M.; Dimisko, L.; Mikkola, A.; Inoue, Y.; Kuriyama, N.; Yamada, M.; Hamza, B.; Kaneki, M.; et al. Microfluidic assay for precise measurements of mouse, rat, and human neutrophil chemotaxis in whole-blood droplets. J. Leukoc. Biol. 2016, 100, 241–247. [Google Scholar] [CrossRef] [PubMed]

	



Luiking, Y.C.; Poeze, M.; Ramsay, G.; Deutz, N. The Role of Arginine in Infection and Sepsis. J. Parenter. Enter. Nutr. 2005, 29, S70–S74. [Google Scholar] [CrossRef] [PubMed]

	



Luiking, Y.C.; Poeze, M.; Deutz, N. Arginine infusion in patients with septic shock increases nitric oxide production without haemodynamic instability. Clin. Sci. 2014, 128, 57–67. [Google Scholar] [CrossRef]

	



Lopez, A.; Lorente, J.A.; Steingrub, J.; Bakker, J.; McLuckie, A.; Willatts, S.; Brockway, M.; Anzueto, A.; Holzapfel, L.; Breen, D.; et al. Multiple-center, randomized, placebo-controlled, double-blind study of the nitric oxide synthase inhibitor 546C88: Effect on survival in patients with septic shock. Crit. Care Med. 2004, 32, 21–30. [Google Scholar] [CrossRef]








[image: Jcm 09 02772 g001 550] 





Figure 1. Microflow chamber setup. Neutrophil adhesion of preterm, term infants, and adults was analyzed in dynamic microflow chamber experiments. To mimic blood flow conditions, a high-precision perfusion pump with a 1 dyn/cm2 wall shear rate and microglass capillaries, which were coated with P-Selectin, intercellular adhesion molecule 1 (ICAM-1), and IL-8 were used. The chambers were connected via PE tubing to a 1 mL syringe containing freshly isolated neutrophils. Permanent adhered cells were counted as neutrophil adhesion per field of view (FOV) after 15 min. 
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Figure 2. Leukocyte rolling and adhesion is decreased by L-arginine in term infants. Leukocyte rolling (A) and adhesion (B) of preterm and term infants and adults was analyzed in dynamic microflow chamber experiments. Neutrophil rolling and adhesion upon P-selectin, IL-8, and ICAM-1 coating was compared between the various age groups and to respective uncoated controls or cells that were incubated in 10 µg/mL L-arginine for 45 min. Results are presented as mean + SEM from at least 5 separate individuals/experiments per group. Statistical analysis was performed by two-way ANOVA and Tukey’s post hoc test. Significance was set at p < 0.05. * indicates significance compared to uncoated controls, # indicates significant downregulation compared to coated chambers, and § indicates significant differences to both preterm and adult coated chambers. 
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Figure 3. Leukocyte transmigration is decreased by L-arginine in term infants. Leukocyte transmigration of preterm and term infants and adults was analyzed in transmigration assays in the presence or absence of an IL-8 gradient and or incubation with 10 µg/mL L-arginine for 45 min. Results are presented as mean +  SEM from at least 5 separate individuals/experiments per group. Statistical analysis was performed by two-way ANOVA and Tukey’s post hoc analysis. Significance was set at p < 0.05. * indicates significance compared to controls (IL-8 (−), arginine (−)), # indicates significant downregulation of transmigration compared to IL-8 stimulated cells (IL-8 (+), arginine (−)) and § indicates significant differences to both preterm and adult IL-8 stimulated cells (IL-8 (+), arginine (−)). 
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Figure 4. Leukocyte adhesion correlates with postnatal development. Leukocyte adherence from microflow chamber experiments from the n = 17 preterm infants at day 1 and day 28 of life was correlated to gestational age (in days). Linear regression showed a significant correlation (Pearson r = 0.612). Data are presented as individual data points with linear regression (solid line) and 95% confidence intervals (dashed line). 
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Figure 5. Expression of Arginase 1 (Arg-1) and inducible nitric oxide synthase (iNOS) is not ontogenetically regulated. Expression of Arg-1 and iNOS on peripheral polymorphonuclear leukocytes (PMNs) were compared by flow cytometry. Representative histograms are shown for both Arg-1 (A) and iNOS (B). Quantification of mean fluorescence intensity (MFI) is shown for both Arg-1 (C) and iNOS (D). Data presented as mean + SEM from at least 5 separate experiments. No statistical differences were found by one-way ANOVA with Tukey’s post hoc analysis. Significance was set at p < 0.05. 
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Table 1. Basic and clinical characteristics of study population.
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Clinical Characteristics

	
Preterm Infants

	
Term Infants

	
p-Value




	
Day 1

	
Day 1




	
n = 44

	
n = 17






	
GA in weeks + days, mean ± SD

	
30 + 6 ± 1 + 3

	
38 + 3 ± 1 + 5

	
<0.0001




	
5 min APGAR, mean ± SD

	
8.0 ± 0.9

	
9.4 ± 0.9

	
<0.0001




	
10 min APGAR, mean ± SD

	
8.6 ± 0.7

	
9.8 ± 0.6

	
<0.0001




	
Male gender, n (%)

	
29 (66)

	
11 (65)

	
0.714




	
Weight in g, mean ± SD

	
1569 ± 355

	
3045 ± 464

	
<0.0001




	
Head circumference in cm, mean ± SD

	
28.8 ± 1.5

	
34.4 ± 1.5

	
<0.0001




	
Body length in cm, mean ± SD

	
41 ± 3

	
51 ± 3

	
<0.0001




	
Nutrition, n (%)




	
Breast milk exclusively

	
23 (52)

	
17 (100)

	
0.0004




	
Formula supplementation

	
21(48)

	
0

	




	
PROM, n (%)

	
10 (23)

	
0

	
0.032




	
Antibiotics, n (%)

	
39 (89)

	
0

	
<0.0001




	
Laboratory parameters on admission




	
Arterial pH, mean ± SD

	
7.3 ± 0.1

	
7.3 ± 0.1

	
0.483




	
CRP > 2 mg/L, n (%)

	
1 (2)

	
2 (12)

	
0.124




	
WBC count/nL, mean ± SD

	
10.1 ± 3.9

	
13.7 ± 4.9

	
0.004




	
I/T ratio > 0.25, n (%)

	
2 (4)

	
0

	
0.371








Categorical variables are reported as n (%) and continuous variables as mean with SD. Group comparison were performed using Chi-square for categorical variables and by Student’s t-test for continuous variables. p-values < 0.05 were considered statistically significant and are marked in bold. GA: gestational age; APGAR: appearance, pulse, grimace, activity und respiration score; PROM: Premature rupture of membranes; CRP: C-reactive protein; WBC count: white blood cell count; I/T ratio: immature/total neutrophil ratio.
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Table 2. Basic and clinical characteristics of preterm infants depending on L-arginine response at birth and on day 28. Subgroups are divided by the mean reduction in leukocyte adherence by L-arginine (L-arginine response) for each time point (day 1, 28). Categorical variables are reported as n (%) and continuous variables are reported as mean with SD. Group comparison were performed using Chi-square for categorical variables and by Student’s t-test for continuous variables. Adherence from microflow chamber experiments was compared by two-way ANOVA and Tukey’s post hoc analysis. p-values < 0.05 were considered statistically significant and are marked in bold.
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Flow Chamber, Adherence/mm2, Mean ± SD

	
Preterm Infants

Day 1

n = 17

	
Preterm Infants

Day 28

n = 17




	
L-Arginine Responder

n = 9

	
L-Arginine Non-Responder

n = 8

	
p-Value

	
L-Arginine Responder

n = 8

	
L-Arginine

Non-Responder

n = 9

	
p-Value






	
Uncoated

	
4.3 ± 2.7

	
2.0 ± 1.9

	
0.990

	
2.1 ± 1.6

	
3.0 ± 2.1

	
0.999




	
Coated − L-arginin

	
33.5 ± 9.4

	
14.3 ± 8.7

	
0.0001

	
36.7 ± 13.4

	
17.2 ± 12.0

	
0.001




	
Coated + L-arginin

	
18.3 ± 9.6

	
16.4 ± 10.1

	
0.996

	
11.3 ± 8.8

	
15.5 ± 10.7

	
0.938




	
Clinical characteristics




	
GA in weeks + days, mean ± SD

	
216.4 ± 9.8

	
215.0 ± 9.1

	
0.759

	
222.1 ± 5.5

	
216.3 ± 9.6

	
0.154




	
APGAR 5′, mean ± SD

	
6.4 ± 1.7

	
6.0 ± 1.6

	
0.947

	
8.4 ± 1.1

	
8.1 ± 0.8

	
0.565




	
APGAR 10′, mean ± SD

	
8.6 ± 0.9

	
8.5 ± 0.8

	
0.892

	
8.9 ± 0.6

	
8.8 ± 0.7

	
0.764




	
Male gender, n (%)

	
6 (66.7)

	
6 (75.0)

	
0.707

	
4 (50.0)

	
7 (77.8)

	
0.232




	
Weight in g, mean ± SD

	
1584.4 ± 367.9

	
1673.6 ± 173.5

	
0.541

	
2465.6 ± 263.8

	
2452.2 ± 315.9

	
0.926




	
Head circumference in cm, mean ± SD

	
29.1 ± 1.7

	
28.9 ± 0.8

	
0.751

	
31.5 ± 1.5

	
33.3 ± 1.4

	
0.020




	
Body length in cm, mean ± SD

	
41.4 ± 2.8

	
41.0 ± 2.3

	
0.735

	
45.0 ± 1.39

	
46.2 ± 2.6

	
0.247




	
Breast milk feeds, n (%)

	
9 (100.0)

	
7 (87.5)

	
0.274

	
8 (100.0.)

	
7 (77.8)

	
0.156




	
PROM, n (%)

	
2 (22.2)

	
2 (25.0)

	
0.893

	
3 (37.5)

	
1 (11.1)

	
0.200




	
Antibiotics, n (%)

	
8 (89)

	
7 (88)

	
0.929

	
2 (25)

	
2 (22)

	
0.893




	
Birth mode, n (%)




	
Vaginal spontanous

	
2 (22.2)

	
2 (25.0)

	
0.893

	
2 (25.0)

	
1 (11.1)

	
0.453




	
Caesarean Section

	
7 (77.8)

	
6 (75.0)

	

	
6 (75.0)

	
8 (88.9)

	




	
Laboratory parameters




	
Arterial pH, mean ± SD

	
7.3 ± 0.1

	
7.3 ± 0.1

	
0.954

	
7.3 ± 0.1

	
7.3 ± 0.1

	
0.203




	
CRP > 2 mg/L, n (%)

	
0

	
0

	

	
3 (37.5)

	
4 (44.4)

	
0.772




	
WBC count/nL, mean ± SD

	
11.4 ± 4.2

	
10.5 ± 5.0

	
0.573

	
9.3 ± 1.9

	
11.0 ± 2.7

	
0.159




	
I/T ratio > 0.25, n (%)

	
0

	
0

	

	
0

	
0

	








GA: gestational age; APGAR: appearance, pulse, grimace, activity und respiration score; PROM: Premature rupture of membranes; CRP: C-reactive protein; WBC count: white blood cell count; I/T ratio: immature/total neutrophil ratio.
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