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The consequences of systemic inflammation are a significant burden after traumatic brain injury (TBI), with almost all organs affected. This response consists of inflammation and concurrent immunosuppression after injury. One of the main immune regulatory organs, the spleen, is highly interactive with the brain. Along this brain–spleen axis, both nerve fibers as well as brain-derived circulating mediators have been shown to interact directly with splenic immune cells. One of the most significant comorbidities in TBI is acute ethanol intoxication (EI), with almost 40% of patients showing a positive blood alcohol level (BAL) upon injury. EI by itself has been shown to reduce proinflammatory mediators dose-dependently and enhance anti-inflammatory mediators in the spleen. However, how the splenic immune modulatory effect reacts to EI in TBI remains unclear. Therefore, we investigated early splenic immune responses after TBI with and without EI, using gene expression screening of cytokines and chemokines and fluorescence staining of thin spleen sections to investigate cellular mechanisms in immune cells. We found a strong FLT3/FLT3L induction 3 h after TBI, which was enhanced by EI. The FLT3L induction resulted in phosphorylation of FLT3 in CD11c+ dendritic cells, which enhanced protein synthesis, maturation process, and the immunity of dendritic cells, shown by pS6, peIF2A, MHC-II, LAMP1, and CD68 by immunostaining and TNF-α expression by in-situ hybridization. In conclusion, these data indicate that TBI induces a fast maturation and immunity of dendritic cells which is associated with FLT3/FLT3L signaling and which is enhanced by EI prior to TBI.
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Introduction

Traumatic injury to the brain has acute, large-scale systemic consequences (1) that affect almost all organs and may lead to a compromised function of the heart, lung, gastrointestinal tract, liver, kidney, bones, lymphoid organs, and others, without direct systemic injury or infection (2, 3). The systemic response to TBI is characterized by inflammation and, at the same time, a net systemic immunosuppression (4–6). Although brain injury results in a systemic increase of inflammatory mediators and cytokines in both patients (7–9) and rodent models of TBI (10–12), there remains ample evidence pointing toward systemic immunosuppression post-TBI, with a decrease in immune cells in the periphery (13–18). Generalized immunosuppression is highly relevant on clinical grounds, since it may contribute to an enhanced vulnerability to infections observed after severe tissue injury.

The spleen is one of the most important immune regulatory organs, involved not only in red blood cell clearance but also in the facilitation of interactions between antigen-presenting cells (APCs) and T and B lymphocytes (19). Prior investigation of the brain–spleen axis has revealed the interaction and regulation of splenic responses initiated by the central nervous system by either circulating mediators whose receptors are located on APCs (20) or by autonomic nerve fibers associated with splenic immune cells (21). There have been reports of sympathetic and parasympathetic fibers innervating dendritic cells (DCs) in the spleen (22). Furthermore, vagus nerve stimulation can reduce macrophage-induced TNF alpha release in the spleen through a so-called cholinergic anti-inflammatory pathway (23). However, it remains poorly understood whether the spleen is directly and rapidly involved in the early response to TBI.

Ethanol intoxication (EI) is a frequent comorbidity in brain injury, with almost 40% of patients showing a positive blood alcohol level (BAL) upon admission (24). Notably, the largest majority of patients showing EI in the context of TBI are not chronic alcohol consumers but rather young and often episodic weekend drinkers (the so-called “drink-and-drive” patients). Recent studies revealed that acute EI can have beneficial effects on the neuroimmunological response following experimental TBI (25–27), these findings have been supported by clinical evidence (28–30). However, some clinical studies have reported the opposite (31, 32). Animal models have demonstrated that high doses of EI reduce spleen size (33) and pro-inflammatory cytokines IL-1β and IL-6 but increase the anti-inflammatory cytokine IL-10 (34). Furthermore, EI has been shown to suppress antigen presentation by DCs (35), reflecting the immunosuppressive effects of ethanol intoxication on the spleen.

Is acute EI posited to interfere or rather to amplify the TBI-induced systemic immunoregulation, and in particular, is EI modulating TBI-induced immune reactions in the spleen? Given the high prevalence of EI in TBI patients, this question has direct clinical relevance. In this study, we investigated the effect of a single high-dose ethanol exposure prior to experimental TBI in adult mice with a focus on the immediate immunological responses in the spleen.



Material and Methods


Animals, Traumatic Brain Injury Model, and Ethanol Treatment

This study represents a post-hoc analysis of spleen samples obtained from previous studies (25, 26, 36, 37). Investigations with these samples have never been reported before, and this study was undertaken in accordance with the 3R principle, to reduce the number of mice in animal experimentation but increase the scientific output from animal sacrifice. These experiments have been approved by Ulm University Animal Experimentation Oversight Committee and by the Regierungspräsidium Tübingen (license number 1222). Male wild-type mice (B6-SJL) were bred locally under standard housing conditions (24°C, 60%–80% humidity, 12/12 light/dark cycle, with ad libitum access to food and water). TBI was performed on wild-type (WT) male mice aged p60–90, in agreement with epidemiological data in human TBI (38–40). Experimental TBI was performed as previously reported (25, 26, 36, 37). Briefly, mice were administered buprenorphine (0.1 mg/kg by subcutaneous injection) and anesthetized with sevoflurane (2.5% in 97.5% O2), after which the mice were subjected to a closed head weight drop TBI model. Animals were positioned in the weight-drop apparatus, and the TBI was delivered by a weight of 333 g free falling from a height of 2 cm, targeting the parietal bone (41). Directly after the TBI, mice were administered 100% O2, and apnea time was monitored. Control mice (sham group) had the same treatment and procedures (analgesia, anesthesia, skin incision, and handling), but without the trauma being administered. Ethanol treatment was performed as previously described (42, 43). Briefly, 100% synthesis grade ethanol was diluted in 0.9% NaCl saline to a final dilution of 32% volume/volume (32 µl of 100% ethanol and 68 µl of saline). Mice (20–25 g) were administered a volume of 400–500 µl of diluted ethanol (to obtain a concentration of 5 g/kg) by oral gavage 30 min before TBI. Four experimental groups were investigated: saline administered, subjected to sham surgery (saline-sham, SS); saline administered, subjected to TBI (saline-TBI, ST); ethanol administered, subjected to sham surgery (ethanol-sham, ES); and ethanol administered, subjected to TBI (ethanol-TBI, ET).



Tissue Isolation

Three hours post-trauma, mice were euthanized by cervical dislocation and organs were harvested for further processing. The spleen was dissected quickly and snap frozen in dry ice for further processing. Tissue was used for either RNA isolation and quantitative RT-PCR, for tissue sectioning and immunofluorescence staining.



RNA Isolation and Quantitative RT-PCR

RNA was isolated from the spleen using QIAzol (Qiagen, Germany) by disrupting and homogenizing the tissue in 1 ml QIAzol, after which 200 µl of chloroform was added and vortexed for 15 s. The samples were placed at RT for 10 min and centrifuged for 10 min 12,000×g at 4°C to achieve phase separation. The top layer (containing RNA) was moved to another tube and precipitated with the same amount of isopropanol. The samples were placed at RT for 10 min and centrifuged for 10 min 12,000×g at 4°C. The isopropanol was removed and 1 ml of 75% ethanol in DEPC-treated dH2O was added and mixed. The samples were centrifuged for 10 min 8,000×g at 4°C, ethanol was removed, and the samples were air dried. The RNA pellet was redissolved in 20 µl RNAse-free dH2O. RNA concentration was determined by NanoDrop. Reverse transcription was performed by adding 5 µl random hexamers (Biomers, Germany) to 0.75μg RNA (total volume 40 µl diluted in dH2O) and incubated for 10 min at 70°C. The samples were placed on ice and a master mix of 0.5µl reverse transcriptase (Promega, Germany), 0.5 µl RNase Inhibitor (RiboLock, Thermo Scientific, Germany), 2 µl dNTPs (Genaxxon, Germany), and 12 µl reverse transcriptase buffer (Promega, Germany). The samples were incubated for 10 min at RT and placed in a water bath for 45 min at 42°C. The samples were incubated for 3 min at 99°C, placed on ice, and frozen until further use.

The primers used in the present study were designed using the primer blast tool from NCBI (National Center for Biotechnology Information, USA), and sequences were found through the NCBI nucleotide search tool, GenBank. Sequences were copied into the primer blast tool and parameters were set to achieve the most optimal PCR product for the in-house lightcycler (Roche LightCycler 480 II). Briefly, the PCR product size was set from a minimum of 70 to a maximum of 140, the primer melting temperature (Tm) was set at 60°C ± 3°C, the exon junction span was set at no preference, and finally, the correct organism (Mus musculus) was set. The primer pair with the most optimal Tm, self-complementarity, and self-3′ complementarity was chosen. The chosen primer pairs were double-checked in the primer blast tool, to ensure specificity for the target gene. Primers were ordered from Biomers (Germany) and were validated, by performing a run on test samples together with the corresponding controls (samples without RNA and samples without reverse transcriptase) to verify the Ct value and thereby the selectivity and functioning of the primer before using them for the experiments. The detailed list of the primer sequences for each gene tested is reported in Supplementary Table 1.

qPCR was performed on the LightCycler 480 II (Roche) with the Power PCR TB green PCR master mix (Takara, Japan). Two microliters of sample cDNA was used in a total volume of 10 µl (3 µl primer mix and 5 µl of TB green) in a 96-well plate, all samples were duplicated, and the housekeeping gene GAPDH was used as a control (for a complete overview of cytokine sequences, see Supplementary Table 1). The Ct values obtained from the lightcycler were normalized according to the following equation: 2−ΔCt (ΔCt = Cttarget gene − CtGapdh) = relative mRNA.



Tissue Sectioning and Immunofluorescence Staining

Frozen spleen tissue was embedded in OCT (Tissue-Tek, The Netherlands), and 10 μm sections were cut with the cryostat and mounted on glass slides. Slides were stored for 24 h at −80°C and washed in 1× PBS, followed by a 10-min fixation step of the sections in 4% PFA. Target retrieval was performed in sodium citrate buffer pH 8.5, followed by blocking of the sections in blocking buffer (3% BSA, 0.3% Triton X-100; PBS) for 2 h at RT. The primary antibodies (for a complete overview of antibodies used, see Supplementary Table 2) were diluted in blocking buffer and incubated for 48 h at 4°C, followed by 3 × 30 min washes in PBS at RT. The secondary antibodies were diluted in blocking buffer and incubated for 2 h at RT, followed by 3 × 30 min washes in PBS, and the sections were mounted using Fluorogold prolong antifade mounting medium (Invitrogen, Germany).



Single mRNA In-Situ Hybridization

Fluorescence in-situ mRNA hybridization was used as previously reported (44) in agreement with the manufacturer’s instructions (ACDBio, RNAscope, Newark, CA, USA fluorescence in-situ hybridization for fresh frozen tissue, all reagents and buffers were provided by ACDBio), with small modifications (25). Briefly, frozen spleen tissue was embedded in OCT (Tissue-Tek, the Netherlands), and 10 μm sections were cut with the cryostat and mounted on Superfrost Plus glass slides. Slides were stored for 24 h at −80°C and fixed for 10 min in 4% PFA at 4°C. Sections were covered by protease IV and incubated for 30 min at 40°C followed by 2 × 2 min washing in PBS. Both probes (TNF-α and ADRB2) were added and incubated for 4.5 h at 40°C followed by 2 × 2 min washing step with wash buffer. Then, amplification 1 was added to the sections and incubated for 30 min at 40°C followed by 2 × 2 min washing step with wash buffer. Next, amplification 2 was added to the sections and incubated for 15 min at 40°C followed by 2 × 2 min washing step with wash buffer. As a final amplification step, amplification 3 was added and incubated for 30 min at 40°C followed by 2 × 2 min washing step with wash buffer. Finally, the detection step was performed by adding detection reagent 4A to the sections and incubated for 45 min at 40°C followed by 2 × 2 min washing step with wash buffer, and then, the sections were blocked in blocking buffer (3% BSA, 0.3% Triton X-100; PBS) for 1 h at RT followed by an overnight incubation with primary antibodies diluted in blocking buffer. The sections were washed 3 × 30 min in PBST and incubated with secondary antibodies diluted in blocking buffer for 2 h at RT. A final washing step 3 × 30 min in PBST was performed and the sections were counterstained with DAPI and mounted using Fluorogold prolong antifade mounting medium (Invitrogen, Germany).



Image Acquisition and Image Analysis

Immunofluorescence staining was imaged with a Keyence BZ-X800 microscope (Keyence, Japan) equipped with a ×100 oil objective, and a single optical section with 3 × 3 tile scan was made spanning an area covering a splenic follicle and the red pulp. Acquisition parameters were set to avoid hyper- or hyposaturation and kept constant for each experimental set. Images were merged with the BZ-II analyzer software (Keyence, Japan) and analyzed using the ImageJ software. Fluorescence intensity was assessed by manually tracing the CD11c+ cells and measuring the mean gray value. Density was assessed by using the ImageJ plugin cell counter. The analyzed marker was assessed as high or low expressing, by thresholding the signal. Each picture was analyzed by making a ratio between total CD11c+/CD45+ cells and the imaged marker or the ratio between CD11c−/CD45+ cells and the imaged marker.

Single mRNA in-situ hybridization images were acquired using an LSM-710 (Carl Zeiss, Germany) microscope with a ×40 oil objective with optical thickness fitted to the optimum value. A z-stack of 8 images were acquired at 1,024 × 1,024 pixel resolution and 16-bit depth. Acquisition parameters were set to avoid over- and undersaturation and kept the same for each experimental set. TNF-α and beta-2 adrenergic receptor (ADRB2) mRNA density in CD11c+ cells were assessed by using the ImageJ plugin cell counter.



Statistical Analysis

Statistical analysis for the gene expression data sets (Figures 1, 2) was performed using the IBM software suite, using a two-way multivariate ANOVA (with Wilk’s λ parameter), because the experiment included multiple dependent variables (cytokines or chemokines) and two independent variables (TBI and ethanol treatment). The post-hoc comparisons were performed with two-way ANOVA with Tukey’s post-hoc correction. All groups were tested for normality using the Shapiro–Wilk test. Correlation matrices of gene expression data were made with the Prism analysis suite (GraphPad Prism version 8), and Pearson r coefficient and p-values for every correlation were assessed. For the histological datasets, two-way ANOVA was performed with Tukey’s post-hoc comparison, since two independent treatments were done (saline/ethanol and sham/TBI). Statistical significance was set at p <0.05 after multiple-comparison correction.




Figure 1 | Ethanol intoxication (EI) enhances the selective cytokine expression after traumatic brain injury (TBI). Cytokine expression screening in the spleen of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–D) Bar plots show the relative expression of Th2 cell and anti-inflammatory markers: IL-13, IL-4, IL-10, and IL-19. IL-13 expression showed a significant downregulation after TBI (SS vs. ST; p < 0.0005); ethanol pretreatment did not alter the TBI-induced effect on IL-13 (ST vs. ET; p > 0.05). IL-4, IL-10, and IL-19 were not affected by any treatment. (E–H) Bar plots show the relative expression of Th1 cell and pro-inflammatory markers: IL-12, IL-17, IL-23a, and IFN-y. TBI with or without ethanol pretreatment showed no significant differences. (I–L) Bar plots show the relative expression of dendritic cell (DC)–monocyte-specific mediators: FLT3, FLT3R, CX3CL1, and CX3CR1. TBI resulted in a significant increase of FLT3 (SS vs. ST; p < 0.037), FLT3L (SS vs. ST; p < 0.045), and CX3CR1 (SS vs. ST; p < 0.01). Ethanol pretreatment resulted in a further significant enhancement of FLT3 (ST vs. ET; p < 0.026) and CX3CL1 (ST vs. ET; p < 0.006). Data shown as bar plots and individual data points. Group size: SS N = 8, ES N = 10, ST N = 14, ET N = 13. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.






Figure 2 | Splenic chemokine expression shows a fast response to TBI and EI. Chemokine expression data in the spleen of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–D) Bar plots show the relative expression of modulators of DC biology: CCL2, CCL3, CCL4, and CCL12. TBI resulted in a significant upregulation of CCL3 (SS vs. ST; p = 0.028), and ethanol pretreatment significantly reduced the TBI-induced CCL3 expression (ST vs. ET; p = 0.0006). Ethanol by itself resulted in a significant downregulation of CCL2, independent of TBI (SS vs. ES, p = 0.0021; ST vs. ET, p = 0.014). ET resulted in a significant upregulation of CCL4 compared with SS (SS vs. ET; p = 0.042). CCL12 expression was not affected by any treatment. (E–H) Bar plots show the relative expression of modulators of Th cells: CCL1, CCL22, CXCL10, and CCL20. TBI resulted in a significant upregulation of CCL1 (SS vs. ST; p = 0.019) and CCL22 (SS vs. ST; p = 0.039), and ethanol pretreatment significantly reduced the TBI-induced CCL1 expression (ST vs. ET; p = 0.037) but not for CCL22 (ST vs. ET; p = 0.35). ET resulted in a significant downregulation of CXCL10 compared with SS (SS vs. ET; p = 0.014). CCL10 expression was not affected by any treatment. (I–L) Bar plots show the relative expression of modulators of leukocytes and NK cells: CCL6, CCL24, CXCL3, and CXCL16. TBI with or without ethanol pretreatment showed no significant differences. Data shown as bar plots and individual data points. Group size: SS N = 8, ES N = 10, ST N = 14, ET N = 13. *p < 0.05; **p < 0.01; ***p < 0.001.






Results


TBI Induces a Rapid and Selective Induction of Cytokine Upregulation in the Spleen, Enhanced by Concomitant EI

Systemic immune functions are quickly modulated by the occurrence of neurological conditions through pathways conceptualized as the “brain–spleen axis” (45–47). We set out to verify if any rapid modification in the splenic immune responses would take place upon mild/moderate TBI and, most importantly, if the comorbidity of EI would significantly interact with such responses.

As an entry point, we screened the induction of the mRNA of several cytokines (with the acknowledged limitation that mRNA levels may not directly represent protein levels) in whole-spleen extracts obtained 3 h after TBI (or sham surgery), pretreated (30 min) either with saline or with ethanol (5 g/kg).

We considered three sets of cytokines: prototypical Th1-cellular-immunity-directed, pro-inflammatory mediators (IL-12, IL-17, IL-23a, and IFN-y); prototypical Th2-B-cell-directed, anti-inflammatory mediators (IL-4, IL-10, IL-13, and IL-19); and prototypical DC–monocyte mediators (FLT3, FLT3L, CX3CL1, and CX3CR1) (48–51). Surprisingly, we identified a significant effect of both the TBI itself and EI (two-way MANOVA; TBI: F = 7.379, Wilks’ λ = 0.253, p = 0.0001; EI: F = 4.599, Wilks’ λ = 0.352, p = 0.0001), and the interaction of the two parameters showed no significance in the two-way MANOVA (F = 1.801, Wilks’ λ = 0.581, p = 0.09). This could be attributed (two-way ANOVA, Tukey corrected) to the significantly increased expression of FLT3L upon TBI alone (F(3, 34) = 9.771; SS vs. ST; 100 ± 27 vs. 163 ± 44; p = 0.045; Figure 1I), FLT3 (F(3, 36) = 4.266; SS vs. ST; 100 ± 46 vs. 239 ± 119; p = 0.037; Figure 1J), and CX3CR1 (F(3, 41) = 6.825; SS vs. ST; 100 ± 16 vs. 134 ± 18; p = 0.01; Figure 1L), whereas IL-13 was significantly downregulated (F(3, 37) = 7.499; SS vs. ST; 100 ± 35 vs. 42 ± 16; p = 0.0005; Figure 1A). Ethanol intoxication before TBI resulted in a significant further enhancement of the expression of FLT3L (ST vs. ET; 163 ± 44 vs. 233 ± 56; p = 0.026; Figure 1I) and CX3CL1 (ST vs. ET; 98 ± 25 vs. 168 ± 53; p = 0.006; Figure 1K), whereas FLT3 and CX3CR1 were unaltered in ET compared with ST (FLT3: ST vs. ET, 239 ± 119 vs. 266 ± 124, p = 0.93, Figure 1J; CX3CR1: ST vs. ET, 134 ± 18 vs. 146 ± 34, p = 0.52, Figure 1L). Most notably, no effect was observed on any of the other cytokines considered.

These screening data not only point toward a rapid activation of splenic immune cells upon TBI but also reveal a pattern compatible with a selective effect on innate immunity.



Rapid Modulation of the Splenic Chemokine Pattern by TBI and by EI/TBI

We sought to confirm and further extend the rapid effect of TBI on splenic immune cells, particularly on DCs. We assessed the expression of a set of chemokines known to be strong modulators of innate immune responses (52, 53). The focus was set, particularly on DC biology (and other APCs: CCl2, CCL3, CCl4, and CCL12) (54–56), Th cells (CCL1, CCL20, CCL22, and CXCL10) (57–60), or leukocytes and NK cells (CCL6, CCl24, CXCL3, and CXCL16) (61–64). We could identify a significant effect of TBI (two-way MANOVA: F = 4.494, Wilks’ λ = 0.357, p = 0.0001) and EI (F = 4.956, Wilks’ λ = 0.335, p = 0.0001), and the interaction of the two parameters showed no significant effect in the two-way MANOVA (F = 1.776, Wilks’ λ = 0.585, p = 0.099). However, post-hoc analysis (Tukey corrected) showed that TBI alone significantly increased the expression of CCL3 (F(3, 37) = 8.910; SS vs. ST; 100 ± 13 vs. 161 ± 42; p = 0.028; Figure 2B), CCL1 (F(3, 39) = 4.156; SS vs. ST; 100 ± 63 vs. 244 ± 116; p = 0.019; Figure 2E), and CCL22 (F(3, 37) = 7.483; SS vs. ST; 100 ± 30 vs. 159 ± 47; p = 0.039; Figure 2F). On the other hand, concomitant EI significantly downregulated CCL3 (ST vs. ET; 161 ± 42 vs. 84 ± 42; p = 0.0006; Figure 2B) and CCL1 (ST vs. ET; 244 ± 116 vs. 134 ± 101; p = 0.037; Figure 2E), but CCL22 was unaffected by EI and remained upregulated (ST vs. ET; 159 ± 47 vs. 128 ± 50; p = 0.35; Figure 2F). The ET group presented a distinct chemokine profile: a significant upregulation of CCL4 was observed only in the ET group but not in the ST and ES groups alone (F(3, 39) = 6.093; SS vs. ET, 100 ± 35 vs. 155 ± 54, p = 0.042; Figure 2C). Conversely, the ET group displayed the downregulation of CXCL10 expression (F(3, 41) = 3.458; SS vs. ET; 100 ± 78 vs. 37 ± 18; p = 0.014; Figure 2G). Finally, ethanol exposure alone caused a downregulation of CCL2 in both sham and TBI groups (F(3, 36) = 9.679; SS vs. ES, 100 ± 61 vs. 29 ± 25, p = 0.0021; ST vs. ET, 66 ± 37 vs. 17 ± 8, p = 0.014; Figure 2A).

As an additional exploration of the complex immunological interactions taking place in the spleen upon TBI with or without concomitant EI, we performed a cross-correlation analysis of the expression levels of the tested cytokines and chemokines (Supplementary Data File 1). We detected a significant correlation among the expression levels of IL-17, IL-23, IL-19, and IFN-γ (known to constitute a unified pathway) (65, 66) in ST and ET samples, underscoring the relevance of this cytokine module in TBI. Interestingly, FLT3 and FLT3L expression was correlated in ET but not in ST samples. Furthermore, the expression levels of several chemokines (such as CCL2, CCL3, and CCL4 vs. CCL1, CCL20, and CCL24) were significantly correlated in ET but not in ST samples, further underscoring the peculiar immunological milieu determined by the concomitant TBI and EI.

These data not only confirm the rapid engagement of the brain–spleen axis upon TBI but also show that EI displays a substantial modulatory effect on innate and adaptive immunity, particularly on APCs.



TBI Induces the Phosphorylation of FLT3 and Its Downstream Signaling Partner BTK in DCs, Which Are Both Enhanced by EI

Our expression screening indicated a possible upregulation of FLT3 signaling in association with a cytokine pattern compatible with the involvement of DCs. Considering the well-known role of FLT3/FLT3L in regulating DC immunobiology (67), we sought direct confirmation of enhanced Flt3 engagement in splenic DCs upon TBI and ET. For this aim, we immunostained thin sections of the spleen from the four treatment groups for the pan-DC marker CD11c (21), for the pan-leukocyte marker CD45 (68), and phosphorylated FLT3 (pFLT3, Y589/591; Figure 3A). In agreement with the expression of CD45 in DC subpopulations (69), >95% of CD11c+ cells were also CD45+ (Supplementary Figures 1D, E). Phospho-FLT3 immunoreactivity was highly inhomogeneous in the spleen sections, with a comparatively small number of cells highly positive for pFLT3 localized around follicles and a minor number of cells with moderate pFLT3 immunoreactivity scattered in the parenchyma. Initial immunostainings revealed that CD11c density was not altered by TBI or concomitant EI (two-way ANOVA, F(3, 12) = 0.9360; p = 0.45; Supplementary Figures 1B, C). Co-immunostaining with CD11c and CD45 revealed that nearly all the pFLT3high cells (upon binning) were CD45+ (Supplementary Figures 1F, G). However, when investigating the density of pFLT3high cells in CD45+/CD11c− subpopulations (labeling leukocytes other than DC), we found no significant difference among treatment groups (two-way ANOVA, F(3, 12) = 0.8446; p = 0.50; Supplementary Figures 1F, G). Although the fluorescence intensity of pFLT3 in CD11c+ DCs was not altered across the four treatment groups (two-way ANOVA, F(3, 588) = 2.541; p = 0.06; Figure 3B), the number of pFLT3high/CD11c+ cells was significantly affected by TBI and treatment (two-way ANOVA, F(3, 12) = 45.84; p < 0.0001), and post-hoc comparison (Tukey corrected) revealed a significant increase in pFLT3high/CD11c+ cells after TBI alone (SS vs. ST; 20% ± 1% vs. 48% ± 4%; p < 0.0001; Figure 3C) and, interestingly, a substantial further enhancement in ET (ST vs. ET; 48 ± 4% vs. 65 ± 3%; p = 0.0061; Figure 3C), confirming that ST alone and, in particular, ET strongly induce FLT3 signaling in DCs. In order to verify that the phosphorylation of the FLT3 receptor corresponded to the functional engagement of signal transduction pathways, we monitored the phosphorylation of Bruton’s tyrosine kinase (BTK), an established downstream target of FLT3 (70). Immunostaining of thin spleen sections for phosphorylated BTK (pBTK, Y223; Figure 3D) revealed a pattern closely resembling that of pFLT3. The fluorescence intensity of pBTK in CD11c+ cells showed a significant difference between treatment groups (two-way ANOVA, F(3, 444) = 123.5; p < 0.0001), and a post-hoc comparison (Tukey corrected) showed a significant increase after TBI (SS vs. ST; 44 ± 9 vs. 48 ± 9; p = 0.0008; Figure 3E). ET resulted in a further increase of pBTK fluorescence intensity (ST vs. ET; 48 ± 9 vs. 62 ± 11; p < 0.0001; Figure 3E). Likewise, quantification of the number of pBTKhigh/CD11c+ cells revealed a significant effect in the treatment groups (two-way ANOVA, F(3, 12) = 68.07; p < 0.0001), due to the massive increase of pBTKhigh/CD11c+ cells in the ST compared with the SS group (Tukey’s post-hoc; SS vs. ST; 31% ± 6% vs. 58% ± 5%; p < 0.0001; Figure 3F), which was further increased in the ET group (ST vs. ET; 58% ± 5% vs. 67% ± 2%; p = 0.022; Figure 3F). Taken together, these data demonstrate that TBI causes fast (3 h) elevation of the phosphorylation of the FLT3 receptor (and its downstream target BTK) in splenic DCs and that this effect is substantially amplified by concomitant EI. Since CD11c+ cells were nearly always CD45+, we performed further investigations using the CD11c marker alone to identify DC.




Figure 3 | TBI induced the phosphorylation of FLT3 and the downstream signaling partner BTK is further enhanced by EI. Immunofluorescence staining of pFLT3 and pBTK with DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C) Immunofluorescence staining of pFLT3 colocalized with CD11c resulted in no significant difference in fluorescence intensity between treatment groups (p = 0.06). However, the amount of FLT3high/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p < 0.0001) and a further significant enhancement in the ET group (ST vs. ET; p = 0.006). (D–F) Immunofluorescence staining of pBTK colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p = 0.0008), with a further significant increase in the ET group (ST vs. ET; p = 0.006). Likewise, the number of BTKhigh/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p < 0.0001) with a further significant increase after ET (ST vs. ET; p < 0.0001). Data shown as scatter plots or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar overview: 50 µm; scale bar insert: 20 µm.





TBI and Concomitant EI–TBI Strongly Induce Protein Synthesis in Splenic DCs

Activation of DCs is characterized by a substantial remodeling of their metabolic rates and is particularly associated with the upregulation of protein synthesis (71) which, in turn, brings about the long-term adaptation of the cellular metabolism to the immune function (72). Since FLT3 is a strong regulator of mTor (73), a major driver of protein synthesis, we set out to determine if the upregulation of FLT3 signaling observed upon TBI, and enhanced by ET, was accompanied by the activation-associated increase in protein synthesis. First, we considered the levels of phosphorylated S6 ribosomal protein (pS6), a proxy of mTOR activation directly involved in increasing ribosomal translation of mRNA. Immunostaining of thin spleen sections for phosphorylated-S6 (pS6, S235/236; Figure 4A) revealed a diffuse immunopositivity in the cytoplasm in nearly every cell; however, upon TBI, CD11c+ cells stood out for having a massive increase in pS6 immunofluorescence intensity (two-way ANOVA, F(3, 465) = 418.3; p < 0.0001). The post-hoc comparison (Tukey corrected) showed a significant increase after TBI (SS vs. ST; 44 ± 6 vs. 70 ± 13; p < 0.0001; Figure 4B) and further enhanced in the ET group (ST vs. ET; 70 ± 13 vs. 98 ± 23; p < 0.0001; Figure 4B). This effect corresponded to the significant increase in the number of CD11c+ displaying high levels of pS6 (two-way ANOVA, F(3, 12) = 26.09; p < 0.0001) due to the substantial elevation of pS6 occurring after TBI (Tukey’s post-hoc; SS vs. ST; 32% ± 4% vs. 58% ± 8%; p = 0.0002; Figure 4C) but not further increased in ET compared with ST alone (ST vs. ET; 58% ± 8% vs. 65% ± 7%; p = 0.34; Figure 4C). Thus, ET magnifies the increased pS6 levels in all sensitive CD11c+ cells upon TBI but does not increase the number of cells responding to TBI itself.




Figure 4 | TBI induced the metabolic rate and protein synthesis is further enhanced by EI. Immunofluorescence staining of pS6-RP and peIF2A with DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C) Immunofluorescence staining of pS6-RP colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET group (ST vs. ET; p < 0.0001). The amount of pS6-RPhigh/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p < 0.0001), but no significant difference in the ET group (ST vs. ET; p = 0.34). (D–F) Immunofluorescence staining of peIF2A colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with no difference in the ET group (ST vs. ET; p = 0.78). The number of peIF2Ahigh/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p = 0.0001), with a further significant increase in the ET group (ST vs. ET; p = 0.0107). Data shown as scatter plots or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; ****p < 0.0001; ns, not significant. Scale bar overview: 50 µm; scale bar insert: 20 µm.



Furthermore, the levels of the cellular stress-related phospho-eIF2A (71, 74) show a significant difference in fluorescence intensity in CD11c+ cells within treatment groups (two-way ANOVA, F(3, 444) = 8.553; p < 0.0001, Figure 4D) due to a significant increase upon TBI (Tukey’s post-hoc; SS vs. ST; 48 ± 10 vs. 54 ± 10; p < 0.0001; Figure 4E), again with no difference between ET and ST (ST vs. ET; 54 ± 10 vs. 52 ± 11; p = 0.78; Figure 4E). Colocalization of peIF2Ahigh cells with CD11c+ cells reveals a significant difference within treatment groups (two-way ANOVA, F(3, 12) = 40.50; p < 0.0001). The post-hoc comparison (Tukey corrected) shows a significant increase after TBI (SS vs. ST; 39% ± 8% vs. 60% ± 4%; p = 0.0001; Figure 4F) with a further increase in ET compared with ST alone (ST vs. ET; 60% ± 4% vs. 67% ± 6%; p = 0.01; Figure 4F). Thus, TBI induces a substantial increase in protein synthesis, with some alteration of cap-dependent translation in DCs, and this effect is amplified by EI.



TBI and EI Cooperate to Enhance the Maturation of Splenic DCs

DC maturation occurs on stimulation with pathogen-associated molecular patterns or danger-associated molecular patterns (PAMPs or DAMPs) (75, 76). Maturation of DCs is accompanied by an increase of antigen presentation and by lysosomal activity. Antigen presentation of DCs (and macrophages) can be visualized by quantifying MHC-II expression in CD11c+ cells (77). Furthermore, enhanced antigen presentation in DC has been associated with increased phagocytic and lysosomal activity, and upregulation of lysosomal markers, including CD68 and LAMP1, has been associated with increased antigen presentation and induction of T-cell responses (78–81). We wondered if the signaling events and metabolic reprogramming observed in splenic DCs after TBI also corresponded to the appearance of a “mature” APC phenotype. Spleen sections were stained for MHC-II and CD11c (Figure 5A), which reveals a high amount of MHC-II in DCs upon TBI, resulting in a significant increase of fluorescence intensity within treatment groups (two-way ANOVA, F(3, 444) = 118.0; p < 0.0001). Post-hoc analysis (Tukey corrected) indicated a significant increase after TBI (SS vs. ST; 26 ± 9 vs. 41 ± 11; p < 0.0001; Figure 5B) with a further increase in the ET group (ST vs. ET; 41 ± 11 vs. 45 ± 13; p < 0.0001; Figure 5B). Furthermore, when assessing the density of colocalizing MHC-IIhigh with CD11c+ cells, we found a significant increase within treatment groups (two-way ANOVA, F(3, 12) = 60.83; p < 0.0001) due to a massive increase upon TBI (Tukey corrected; SS vs. ST; 44% ± 6% vs. 74% ± 5%; p < 0.0001; Figure 5C) and a further increase in the ET group (ST vs. ET; 74% ± 5% vs. 84% ± 4%; p = 0.045; Figure 5C). Thus, both the number of CD11c+ cells expressing MHC-II and the levels of such expression increase upon TBI and are further increased by EI.




Figure 5 | TBI induces antigen presentation on DCs, which is further enhanced by EI. Immunofluorescence staining of MHC-II with DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C) Immunofluorescence staining of MHC-II colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET group (ST vs. ET; p < 0.0001). Likewise, the amount of MHC-IIhigh/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET group (ST vs. ET; p = 0.045). Data shown as scatter plots or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; ****p < 0.0001. Scale bar overview: 50 µm; scale bar insert: 20 µm.



We also assessed the lysosomal activity of splenic DCs by investigating CD68 and LAMP1 in our samples (82, 83). Immunostaining of CD68 and CD11c (Figure 6A) on spleen sections revealed a significant difference in intensity within treatment groups (two-way ANOVA, F(3, 444) = 79.68; p < 0.0001) with a strong increase after TBI (Tukey corrected, SS vs. ST; 36 ± 13 vs. 51 ± 13; p < 0.0001; Figure 6B) and an even further enhancement in the ET group (ST vs. ET; 51 ± 13 vs. 63 ± 22; p < 0.0001; Figure 6B). When assessing the density of CD68high cells colocalized with CD11c+ DCs, the treatment resulted in a significant difference within groups (two-way ANOVA, F(3, 12) = 41.25; p < 0.0001) due to TBI which resulted in an increase in the amount of CD68high/CD11c+ cells in the spleen (SS vs. ST; 25% ± 9% vs. 36% ± 6%; p = 0.0007; Figure 6C) and a further significant increase in ET (ST vs. ET; 36% ± 6% vs. 46% ± 9%; p = 0.002; Figure 6C). Similarly, immunostaining of LAMP1 and CD11c (Figure 6D) on spleen sections revealed a significant effect on intensity within treatment groups (two-way ANOVA, F(3, 444) = 214.9; p < 0.0001) due to a significant increase upon TBI (Tukey corrected; SS vs. ST; 24 ± 6 vs. 38 ± 12; p < 0.0001; Figure 6E), and a further significant increase was detected in the ET group (ST vs. ET; 38 ± 12.3 vs. 49.2 ± 7.6; p < 0.0001; Figure 6E). The density of LAMP1high cells colocalized with CD11c+ cells exhibited a significant effect within the treatment groups (two-way ANOVA, F(3, 12) = 43.02; p < 0.0001). The post-hoc comparison within the treatment groups (Tukey corrected) showed a strong significant upregulation after TBI (SS vs. ST; 30% ± 4% vs. 54% ± 6%; p = 0.0007; Figure 6F) and a further significant enhancement in ET (ST vs. ET; 54% ± 6% vs. 67% ± 8%; p = 0.01; Figure 6F). The convergence of MHC-II, LAMP1, and CD68 upregulation indicates that upon TBI, APC functions are upregulated in splenic DCs and they are further enhanced by concomitant EI.




Figure 6 | Lysosomal activity in DCs is increased by TBI and further enhanced by EI. Immunofluorescence staining of CD68 and LAMP1 with DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C) Immunofluorescence staining of CD68 colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET group (ST vs. ET; p < 0.0001). The amount of CD68high/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p = 0.0007), with a significant enhancement in the ET group (ST vs. ET; p = 0.002). (D–F) Immunofluorescence staining of LAMP1 colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant increase in the ET group (ST vs. ET; p < 0.0001). The number of LAMP1high/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p = 0.0007), with a further significant increase in the ET group (ST vs. ET; p = 0.01). Data shown as scatter plots or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar overview: 50 µm; scale bar insert: 20 µm.





TBI Strongly Induces the Immunogenic Function of Splenic DCs

The increased antigen presentation and lysosomal activity on CD11c+ DC, shown by the increase in MHC-II, CD68, and LAMP1, strongly suggest that TBI and EI induce a rapid maturation of splenic DC. However, the functional aspects of these mature DCs after TBI remain unclear. Initial evidence suggested that immature DCs are tolerogenic to T cells and mature DCs increase T-cell response and immunity (84, 85); however, other evidence points toward mature DCs with tolerogenic function (86, 87). To further explore the immunostimulatory phenotype of splenic DC in trauma, we assessed the expression levels of TNF-α in CD11c+ DCs. TNF-α is upregulated in DC by interaction with antigens and by stimulation of TLRs, and it is a major inducer of T-cell responses (88–90). We also considered the expression of the beta-2 adrenergic receptor, a marker associated with tolerogenic DC (91–93), under the hypothesis that expression of beta-2 adrenergic receptor and TNF-α should be inversely correlated. Fluorescence single mRNA in-situ hybridization was performed on spleen sections for ADRB2 and TNF-α (Figure 7A). Density analysis of single mRNA TNF-α in CD11c+ DCs revealed a significant difference within treatment groups (two-way ANOVA, F(3, 267) = 79.5; p < 0.0001), due to a strong increase after TBI (Tukey corrected, SS vs. ST; 13 ± 6 vs. 22 ± 8; p < 0.0001; Figure 7B), with a further increase in the ET group (ST vs. ET; 22 ± 8 vs. 29 ± 10; p < 0.0001; Figure 7B). Furthermore, when assessing ADRB2 in CD11c+ DCs, density analysis revealed a significant difference within treatment groups (two-way ANOVA, F(3, 267) = 18.99; p < 0.0001), due to a significant decrease after TBI (Tukey corrected, SS vs. ST; 14 ± 5 vs. 10 ± 4; p < 0.0001; Figure 7C). Interestingly, the ET group showed a strong increase in ADRB2 compared with the ST group (ST vs. ET; 10 ± 4 vs. 16 ± 7; p < 0.0001; Figure 7C). These data suggest that TBI induces an increase in immunogenic function of splenic DCs, shown by the increased TNF-α expression and decreased ADRB2 expression. Upon EI, the immunogenic function is further enhanced, shown by the increased TNF-α expression; however, the increase of ADRB2 suggests a simultaneous high sensitivity to adrenergic dampening of inflammation after EI.




Figure 7 | TBI enhances TNF-α expression in splenic DCs and EI shows high sensitivity to adrenergic dampening. Fluorescence in-situ mRNA hybridization of TNF-α and beta-2 adrenergic receptor (ADRB2) with co-staining of DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A, B) Fluorescence in-situ hybridization of TNF-α resulted in a significant increase in mRNA density upon TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET group (ST vs. ET; p < 0.0001). (A–C) Fluorescence in-situ hybridization of ADRB2 resulted in a significant decrease in mRNA density upon TBI (SS vs. ST; p < 0.0001); however, ET shows a significant increase (ST vs. ET; p < 0.0001). Data shown as scatterplots. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. ****p < 0.0001. Scale bar overview: 50 µm; scale bar insert: 10 µm.






Discussion

Our data show that shortly (3 h) after TBI, splenic DCs undergo a maturation process that involves FLT3/FLT3L signaling, enhanced protein synthesis, increased phagocytotic and lysosome activity as well as upregulated expression of MHC-II, and finally, increased inflammatory properties, shown by TNF-α expression. Most notably, in the case of concomitant high-dose EI, the maturation process is enhanced, with increased expression of FLT3L and larger fractions of CD11c+ cells displaying elevated protein synthesis and signs of immune function activation, however with a simultaneous increased ADRB2 expression. Thus, not only does the TBI set in motion events that influence an important compartment of the systemic immune response, and even though concomitant EI is capable of substantially amplifying these cascades, it also simultaneously shows a rapid autonomic innervation.

Maturation of DCs is conceptualized as the phenotypic change from a state characterized by high endocytic capacity, low expression of co-stimulatory molecules and MHC-II, and weak induction of T-cell responses (immature dendritic cells) to a state of downregulated phagocytosis, high expression of MHC-I and MHC-II, and effective stimulation of naive T cells (77). Furthermore, maturation of DCs also involves a substantial remodeling of their metabolism, with increased mTOR-dependent protein synthesis (71, 73) and increased use of glycolytic pathways (94). DC maturation is also associated with a significant modification in the protein degradation flux, with upregulation of lysosomal markers such as LAMP3 (78) but reduced autophagy (95). Furthermore, the maturation process is intertwined with the upregulation of cytokine secretion such as TNF-α (88) and IL-12 (96). Therefore, with the demonstration of increased FLT3 phosphorylation, upregulation of protein synthesis markers, and increased expression of MHC-II and lysosomal proteins LAMP1 and CD68, we believe to provide substantial evidence to state that TBI induces a quick upregulation of the splenic DC maturation process, from steady-state cells to effective APCs. Several other markers are commonly applied to the study of DC maturation, such as CD40, CD80, and CD86 (97), which are often upregulated along with MHC-II [e.g., (98–100)]. These markers were not included in the present study and further characterization of the phenotype of splenic DC cells activated upon TBI may reveal their dynamics.

What drives such an induction of maturation? The maturation process of DCs is set in motion, among others, by PAMPs or DAMPs (75, 76), i.e., proteins released either by bacterial or viral pathogens, or by damaged tissue of the body. Indeed, the levels of brain tissue proteins and damaged markers are already elevated at 3 h in the serum of mice subject to TBI (including GFAP, NSE, S100B, and NFL) (37, 101). In particular, HMGB1, an alarmin located in the nucleus of neurons and glial cells and released upon brain tissue disruption (102, 103), is highly and rapidly elevated in serum after TBI (104, 105). Not only has HMGB1 been found to contribute to local neuroinflammation upon neurotrauma (106, 107), but also it is induced in non-cerebral tissues post-TBI and contributes to the subsequent systemic inflammation following TBI (10). Notably, HMGB1 is also a major inducer of DC maturation, an effect that appears to be relevant in the context of lung injury (through mTOR signaling) (108) and in liver injury (109). Nevertheless, recent evidence has demonstrated the strong involvement of the autonomic system in controlling splenic responses through adrenergic and cholinergic inputs (20, 22, 45, 110, 111). Moreover, the adrenergic activation of DCs is rather associated with limited expression of MHC-II and CD86 but strongly increases the secretion of IL-10 (112). Likewise, adrenergic stimulation of DCs substantially decreases the release of IL-12 and, in turn, suppresses the secretion of IFN-γ by Th1 lymphocytes (92). Thus, a role for the autonomic innervation in contributing to TBI-induced splenic DC maturation may take place along with the effect of systemic blood-borne cytokines.

What are the possible consequences of TBI-induced maturation of splenic DCs on local and systemic immune activation following brain injury? The net effect of the activation of the brain–spleen axis in TBI (either by circulating cytokines or by the dys-autonomia associated with TBI) seems to be detrimental, since immediate splenectomy results in an improved survival, reduced brain, and systemic cytokine response, ameliorated brain edema, and preservation of cognitive abilities in experimental rat TBI (4, 113). These effects were correlated with the decrease in NF-kB activation at the injury site (114). Similar beneficial effects of splenectomy have been reported in the context of spinal cord injury (SCI) (115) and stroke (20). However, the actual contribution of DC maturation may not necessarily be detrimental and may strongly depend on their activation status (immature, semi-mature, or mature) (77). It was shown that DCs pulsed with myelin-basic protein could drive a protective T-cell response in SCI (116); on the other hand, autoimmune responses following TBI are associated with detrimental outcomes (117). Interestingly, DC maturation is impaired in SCI patients (118). Thus, our findings suggest that TBI causes a rapid recruitment of DCs in the spleen. Given the central role of these cells as APCs, they may be substantial contributors to the systemic imbalance of immune functions following TBI.

What is the contribution of EI-driven enhanced DC maturation upon TBI? EI has been reported to be dose-dependently associated with a reduced inflammatory response (with decreased cellular inflammation and altered cytokine pattern) at the injury site (25–27) in murine TBI models. Importantly, EI also rapidly (already at 3 h) dampens the systemic inflammatory response triggered by TBI. In particular, in murine TBI, the levels of HMGB1 and IL-6 are decreased in the liver of mice subject to ET compared with TBI alone (but IL-1β is upregulated) (10). In contrast, in the lungs, EI decreases the levels of HMGB1, IL-6, IL-1β, and TNF-α, while it moderately increases IL-10 (10). In line with this evidence, EI is associated with reduced systemic IL-6 levels and less pronounced leukocytosis in human TBI patients (119) and in patients after major traumas (including TBI) (120), as well as increased levels of IL-10 (121). Our findings suggest that EI results in an increased number of splenic DCs undergoing a maturation process, driven by increased FLT3 phosphorylation and demonstrated by the larger fraction of CD11c+ cells displaying upregulated protein synthesis (pS6) and lysosomal markers (LAMP1, CD68) as well as the induction of high levels of TNF-α mRNA. It must be stressed that our model takes into consideration an acute consumption of a high dose of ethanol (“binge”), and therefore, our findings are not directly comparable with the reports of reduced DC ability to stimulate T cells upon chronic ethanol exposure (122, 123). Nevertheless, the combination of in-vitro and in-vivo data about the effects of EI on trauma-associated inflammation suggests an overall immunosuppressive effect of EI, in agreement with the impact of chronic ethanol on DC function. If this extrapolation is sound, then the enhanced maturation of splenic DCs seen in EI/TBI samples may result in a DC phenotype with inflammation-resolution properties. This hypothesis is supported by the observed upregulation of the beta-2 adrenergic receptor in DC. Nevertheless, the combination of increased TNF-α and ADRB2 mRNA (not previously described) may correspond to a peculiar state of activation characterized by high immune-stimulatory properties and, at the same time, quick dampening from autonomic innervation. Thus, the impact of EI-driven expansion of DC maturation may ultimately contribute to the reduced systemic immune reactivity seen in TBI upon ethanol intoxication.

The present work is not without limitations. First, the ultimate evaluation of the DC function would require an active immunization protocol in vivo or an ex-vivo naive T-cell stimulation assay, which was beyond the technical scope of the present project. Second, the use of CD11c+ marker does not distinguish the subpopulation of myeloid DC or the plasmacytoid DC; we have nevertheless maintained a consistent selection of the region of interest in correspondence of the marginal zone (124).

In conclusion, our findings show that induction of maturation markers in splenic DC takes place rapidly after TBI and is highly correlated with the phosphorylation of FLT3; we further demonstrate that concomitant EI amplifies the maturation process of splenic DC post-TBI. Thus, our findings identify DC as a new player in the immunomodulation occurring upon EI in TBI.
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Supplementary Figure 1 | CD11c+ DC density is unaffected by TBI and EI. FLT3 phosphorylation remains unaltered in CD45+/CD11c- cells. Immunofluorescence staining of thin spleen sections of saline-sham (SS), ethanol-sham (ES), saline-TBI (ST) and ethanol-TBI (ET). (A) Immunofluorescence staining of CD11c in control groups reveals inhomogeneous distribution in thin spleen sections. With a high localisation around the follicles. (B, C) Density of CD11c+ cells remain unaltered 3h between treatment groups (p = 0.45). (D, E) Immunofluorescence staining of CD11c and CD45 shows that 95.3% of CD11c+ cells are CD45+. (F, G) immunofluorescence staining of CD45, CD11c and pFLT3 reveals unaltered phosphorylation levels of FLT3 in CD45+/CD11c- cells between treatment groups (p = 0.50). Data shown as barplots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. Scale bar overview A: 200 µm; scale bar insert A: 50 µm; scale bar overview B and D: 50 µm; scale bar insert D: 20 µm; scale bar overview B: 50 μm; scale bar insert F: 20 μm.

Supplementary Table 1 | Primer sequences used for gene expression analysis (RT-qPCR).

Supplementary Table 2 | Primary and secondary antibodies used for immunostaining (IF).

Supplementary Data File 1 | Correlation matrices corresponding to Figures 1, 2. Correlation matrices to investigate possible correlation between cytokine and chemokine expression patterns within the treatment groups saline-sham (SS), ethanol-sham (ES), saline-TBI (ST) and ethanol-TBI (ET). A significant correlation in both ST and ET was detected between IL-19 and IL-17 (ST: p < 0.0001; ET: p < 0.0001), IL-19 and IL-23a (ST: p = 0.0011; ET: p < 0.0001), IL-19 and IFN-y (ST: p < 0.0001; ET: p < 0.0001), IL-17 and IL-23a (ST: p = 0.0002; ET: p < 0.0001), IL-17 and IFN-y (ST: p < 0.0001; ET: p < 0.0004) and between IL-23a and IFN-y (ST: p = 0.0011; ET: p = 0.0011). FLT3L was significantly correlated with FLT3 in the ET group, but not in the ST group (p = 0.0028). A significant correlation only in ET, but not ST, was detected between CCL2 and CCL1 (p = 0.012), CCL2 and CCL20 (p = 0.018), CCL3 and CCL1 (p = 0.0005), CCL3 and CCL22 (p = 0.049), CCL3 and CCL20 (p = 0.015), CCL4 and CXCL10 (p = 0.007), CCL4 and CCL20 (p = 0.044), CCL4 and CCL24 (p = 0.005). Data shown as correlation matrices with Pearson r coefficient and p-values for every correlation individually.



References

1. Sabet, N, Soltani, Z, and Khaksari, M. Multipotential and Systemic Effects of Traumatic Brain Injury. J Neuroimmunol (2021) 357:577619. doi: 10.1016/j.jneuroim.2021.577619

2. Rachfalska, N, Putowski, Z, and Krzych, ŁJ. Distant Organ Damage in Acute Brain Injury. Brain Sci (2020) 10:1–18. doi: 10.3390/brainsci10121019

3. Berthiaume, L, and Zygun, D. Non-Neurologic Organ Dysfunction in Acute Brain Injury. Crit Care Clin (2006) 22:753–66. doi: 10.1016/j.ccc.2006.09.002

4. Huber-Lang, M, Lambris, JD, and Ward, PA. Innate Immune Responses to Trauma Review-Article. Nat Immunol (2018) 19:327–41. doi: 10.1038/s41590-018-0064-8

5. Hanscom, M, Loane, DJ, and Shea-Donohue, T. Brain-Gut Axis Dysfunction in the Pathogenesis of Traumatic Brain Injury. J Clin Invest (2021) 131(12):e143777. doi: 10.1172/JCI143777

6. McDonald, SJ, Sharkey, JM, Sun, M, Kaukas, LM, Shultz, SR, Turner, RJ, et al. Beyond the Brain: Peripheral Interactions After Traumatic Brain Injury. J Neurotrauma (2020) 37:770–81. doi: 10.1089/neu.2019.6885

7. Sun, Y, Bai, L, Niu, X, Wang, Z, Yin, B, Bai, G, et al. Elevated Serum Levels of Inflammation-Related Cytokines in Mild Traumatic Brain Injury are Associated With Cognitive Performance. Front Neurol (2019) 10:3389/fneur.2019.01120. doi: 10.3389/fneur.2019.01120

8. Di Battista, AP, Rhind, SG, Hutchison, MG, Hassan, S, Shiu, MY, Inaba, K, et al. Inflammatory Cytokine and Chemokine Profiles are Associated With Patient Outcome and the Hyperadrenergic State Following Acute Brain Injury. J Neuroinflammation (2016) 13:40. doi: 10.1186/s12974-016-0500-3

9. Rael, LT, Bar-Or, R, Mains, CW, Slone, DS, Levy, AS, and Bar-Or, D. Plasma Oxidation-Reduction Potential and Protein Oxidation in Traumatic Brain Injury. J Neurotrauma (2009) 26:1203–11. doi: 10.1089/neu.2008.0816

10. Xu, B, Chandrasekar, A, Heuvel, FO, Powerski, M, Nowak, A, Noack, L, et al. Ethanol Intoxication Alleviates the Inflammatory Response of Remote Organs to Experimental Traumatic Brain Injury. Int J Mol Sci (2020) 21:1–15. doi: 10.3390/ijms21218181

11. Qian, Y, Gao, C, Zhao, X, Song, Y, Luo, H, An, S, et al. Fingolimod Attenuates Lung Injury and Cardiac Dysfunction After Traumatic Brain Injury. J Neurotrauma (2020) 37:2131–40. doi: 10.1089/neu.2019.6951

12. Villapol, S, Kryndushkin, D, Balarezo, MG, Campbell, AM, Saavedra, JM, Shewmaker, FP, et al. Hepatic Expression of Serum Amyloid A1 Is Induced by Traumatic Brain Injury and Modulated by Telmisartan. Am J Pathol (2015) 185:2641–52. doi: 10.1016/j.ajpath.2015.06.016

13. Kong, XD, Bai, S, Chen, X, Wei, HJ, Jin, WN, Li, MS, et al. Alterations of Natural Killer Cells in Traumatic Brain Injury. Neurosci Bull (2014) 30:903–12. doi: 10.1007/s12264-014-1481-9

14. Mrakovcic-Sutic, I, Tokmadzic, VS, Laskarin, G, Mahmutefendic, H, Lucin, P, Zupan, Z, et al. Early Changes in Frequency of Peripheral Blood Lymphocyte Subpopulations in Severe Traumatic Brain-Injured Patients. Scand J Immunol (2010) 72:57–65. doi: 10.1111/j.1365-3083.2010.02407.x

15. Schwulst, SJ, Trahanas, DM, Saber, R, and Perlman, H. Traumatic Brain Injury-Induced Alterations in Peripheral Immunity.  J Trauma Acute Care Surg (2013) 75:780–8. doi: 10.1097/ta.0b013e318299616a

16. Liao, Y, Liu, P, Guo, F, Zhang, ZY, and Zhang, Z. Oxidative Burst of Circulating Neutrophils Following Traumatic Brain Injury in Human. PloS One (2013) 8(7):e68963. doi: 10.1371/journal.pone.0068963

17. Vermeij, JD, Aslami, H, Fluiter, K, Roelofs, JJ, Van Den Bergh, WM, Juffermans, NP, et al. Traumatic Brain Injury in Rats Induces Lung Injury and Systemic Immune Suppression. J Neurotrauma (2013) 30:2073–9. doi: 10.1089/neu.2013.3060

18. Ritzel, RM, Doran, SJ, Barrett, JP, Henry, RJ, Ma, EL, Faden, AI, et al. Chronic Alterations in Systemic Immune Function After Traumatic Brain Injury. J Neurotrauma (2018) 35(13):1419–36. doi: 10.1089/neu.2017.5399

19. Lewis, SM, Williams, A, and Eisenbarth, SC. Structure and Function of the Immune System in the Spleen. Sci Immunol (2019) 4(33):eaau6085. doi: 10.1126/sciimmunol.aau6085

20. Ajmo, CT, Collier, LA, Leonardo, CC, Hall, AA, Green, SM, Womble, TA, et al. Blockade of Adrenoreceptors Inhibits the Splenic Response to Stroke. Exp Neurol (2009) 218:47–55. doi: 10.1016/j.expneurol.2009.03.044

21. Hu, D, Al-Shalan, HAM, Shi, Z, Wang, P, Wu, Y, Nicholls, PK, et al. Distribution of Nerve Fibers and Nerve-Immune Cell Association in Mouse Spleen Revealed by Immunofluorescent Staining. Sci Rep (2020) 10(1):9850. doi: 10.1038/s41598-020-66619-0

22. Takenaka, MC, Guereschi, MG, and Basso, AS. Neuroimmune Interactions: Dendritic Cell Modulation by the Sympathetic Nervous System. Semin Immunopathol (2017) 39:165–76. doi: 10.1007/s00281-016-0590-0

23. Wang, H, Yu, M, Ochani, M, Amelia, CA, Tanovic, M, Susarla, S, et al. Nicotinic Acetylcholine Receptor α7 Subunit is an Essential Regulator of Inflammation. Nature (2003) 421:384–8. doi: 10.1038/nature01339

24. Bjarkø, VV, Skandsen, T, Moen, KG, Gulati, S, Helseth, E, Nilsen, TIL, et al. Time of Injury and Relation to Alcohol Intoxication in Moderate-To-Severe Traumatic Brain Injury: A Decade-Long Prospective Study. World Neurosurg (2019) 122:e684–9. doi: 10.1016/j.wneu.2018.10.122

25. Olde Heuvel, F, Holl, S, Chandrasekar, A, Li, Z, Wang, Y, Rehman, R, et al. STAT6 Mediates the Effect of Ethanol on Neuroinflammatory Response in TBI. Brain Behav Immun (2019) 81:228–46. doi: 10.1016/j.bbi.2019.06.019

26. Chandrasekar, A, olde Heuvel, F, Palmer, A, Linkus, B, Ludolph, AC, Boeckers, TM, et al. Acute Ethanol Administration Results in a Protective Cytokine and Neuroinflammatory Profile in Traumatic Brain Injury. Int Immunopharmacol (2017) 51:66–75. doi: 10.1016/j.intimp.2017.08.002

27. Goodman, MD, Makley, AT, Campion, EM, Friend, LAW, Lentsch, AB, and Pritts, TA. Preinjury Alcohol Exposure Attenuates the Neuroinflammatory Response to Traumatic Brain Injury. J Surg Res (2013) 184:1053–8. doi: 10.1016/j.jss.2013.04.058

28. Brigode, W, Cohan, C, Beattie, G, and Victorino, G. Alcohol in Traumatic Brain Injury: Toxic or Therapeutic?  J Surg Res (2019) 244:196–204. doi: 10.1016/j.jss.2019.06.043

29. Raj, R, Mikkonen, ED, Siironen, J, Hernesniemi, J, Lappalainen, J, and Skrifvars, MB. Alcohol and Mortality After Moderate to Severe Traumatic Brain Injury: A Meta-Analysis of Observational Studies. J Neurosurg (2016) 124:1684–92. doi: 10.3171/2015.4.JNS141746

30. Brennan, JH, Bernard, S, Cameron, PA, Rosenfeld, JV, and Mitra, B. Ethanol and Isolated Traumatic Brain Injury. J Clin Neurosci (2015) 22:1375–81. doi: 10.1016/j.jocn.2015.02.030

31. Shandro, JR, Rivara, FP, Wang, J, Jurkovich, GJ, Nathens, AB, and MacKenzie, EJ. Alcohol and Risk of Mortality in Patients With Traumatic Brain Injury. J Trauma - Inj Infect Crit Care (2009) 66:1584–90. doi: 10.1097/TA.0b013e318182af96

32. Yue, JK, Ngwenya, LB, Upadhyayula, PS, Deng, H, Winkler, EA, Burke, JF, et al. Emergency Department Blood Alcohol Level Associates With Injury Factors and Six-Month Outcome After Uncomplicated Mild Traumatic Brain Injury. J Clin Neurosci (2017) 45:293–8. doi: 10.1016/j.jocn.2017.07.022

33. Liu, X, Connaghan, KP, Wei, Y, Yang, Z, Li, MD, and Chang, SL. Involvement of the Hippocampus in Binge Ethanol-Induced Spleen Atrophy in Adolescent Rats. Alcohol Clin Exp Res (2016) 40:1489–500. doi: 10.1111/acer.13109

34. Liu, X, Mao, X, and Chang, SL. Altered Gene Expression in the Spleen of Adolescent Rats Following High Ethanol Concentration Binge Drinking. Int J Clin Exp Med (2011) 4:252–7.

35. Eken, A, Ortiz, V, and Wands, JR. Ethanol Inhibits Antigen Presentation by Dendritic Cells. Clin Vaccine Immunol (2011) 18:1157–66. doi: 10.1128/CVI.05029-11

36. Chandrasekar, A, Aksan, B, olde Heuvel, F, Förstner, P, Sinske, D, Rehman, R, et al. Neuroprotective Effect of Acute Ethanol Intoxication in TBI is Associated to the Hierarchical Modulation of Early Transcriptional Responses. Exp Neurol (2018) 302:34–45. doi: 10.1016/j.expneurol.2017.12.017

37. Chandrasekar, A, Olde Heuvel, F, Wepler, M, Rehman, R, Palmer, A, Catanese, A, et al. The Neuroprotective Effect of Ethanol Intoxication in Traumatic Brain Injury Is Associated With the Suppression of ERBB Signaling in Parvalbumin-Positive Interneurons. J Neurotrauma (2018) 35:2718–35. doi: 10.1089/neu.2017.5270

38. Faul, M, and Coronado, V. Epidemiology of Traumatic Brain Injury. In: Handb. Clin. Neurol.  London, England: Elsevier B.V. (2015). p. 3–13. doi: 10.1016/B978-0-444-52892-6.00001-5.

39. Peeters, W, van den Brande, R, Polinder, S, Brazinova, A, Steyerberg, EW, Lingsma, HF, et al. Epidemiology of Traumatic Brain Injury in Europe. Acta Neurochir (Wien) (2015) 157:1683–96. doi: 10.1007/s00701-015-2512-7

40. Iaccarino, C, Carretta, A, Nicolosi, F, and Morselli, C. Epidemiology of Severe Traumatic Brain Injury. J Neurosurg Sci (2018) 62:535–41. doi: 10.23736/S0390-5616.18.04532-0

41. Flierl, MA, Stahel, PF, Beauchamp, KM, Morgan, SJ, Smith, WR, and Shohami, E. Mouse Closed Head Injury Model Induced by a Weight-Drop Device. Nat Protoc (2009) 4:1328–37. doi: 10.1038/nprot.2009.148

42. Franz, N, Dieteren, S, Köhler, K, Mörs, K, Sturm, R, Marzi, I, et al. Alcohol Binge Reduces Systemic Leukocyte Activation and Pulmonary PMN Infiltration After Blunt Chest Trauma and Hemorrhagic Shock. Inflammation (2019) 42:690–701. doi: 10.1007/s10753-018-0927-z

43. Wagner, N, Franz, N, Dieteren, S, Perl, M, Mörs, K, Marzi, I, et al. Acute Alcohol Binge Deteriorates Metabolic and Respiratory Compensation Capability After Blunt Chest Trauma Followed by Hemorrhagic Shock—A New Research Model. Alcohol Clin Exp Res (2017) 41:1559–67. doi: 10.1111/acer.13446

44. Wang, F, Flanagan, J, Su, N, Wang, LC, Bui, S, Nielson, A, et al. RNAscope: A Novel in Situ RNA Analysis Platform for Formalin-Fixed, Paraffin-Embedded Tissues. J Mol Diagn (2012) 14:22–9. doi: 10.1016/j.jmoldx.2011.08.002

45. Zhang, X, Lei, B, Yuan, Y, Zhang, L, Hu, L, Jin, S, et al. Brain Control of Humoral Immune Responses Amenable to Behavioural Modulation. Nature (2020) 581:204–8. doi: 10.1038/s41586-020-2235-7

46. Carnevale, D. Neural Control of Immunity in Hypertension: Council on Hypertension Mid Career Award for Research Excellence, 2019. Hypertension (2020) 76:622–8. doi: 10.1161/HYPERTENSIONAHA.120.14637

47. Wei, Y, Chang, L, and Hashimoto, K. Molecular Mechanisms Underlying the Antidepressant Actions of Arketamine: Beyond the NMDA Receptor. Mol Psychiatry (2021) 1–15. doi: 10.1038/s41380-021-01121-1

48. Guermonprez, P, Helft, J, Claser, C, Deroubaix, S, Karanje, H, Gazumyan, A, et al. Inflammatory Flt3l is Essential to Mobilize Dendritic Cells and for T Cell Responses During Plasmodium Infection. Nat Med (2013) 19:730–8. doi: 10.1038/nm.3197

49. Waskow, C, Liu, K, Darrasse-Jèze, G, Guermonprez, P, Ginhoux, F, Merad, M, et al. The Receptor Tyrosine Kinase Flt3 is Required for Dendritic Cell Development in Peripheral Lymphoid Tissues. Nat Immunol (2008) 9:676–83. doi: 10.1038/ni.1615

50. Papadopoulos, EJ, Sassetti, C, Saeki, H, Yamada, N, Kawamura, T, Fitzhugh, DJ, et al. Fractalkine, a CX3C Chemokine, is Expressed by Dendritic Cells and is Up-Regulated Upon Dendritic Cell Maturation. Eur J Immunol (1999) 29:2551–9. doi: 10.1002/(SICI)1521-4141(199908)29:08<2551::AID-IMMU2551>3.0.CO;2-T

51. Łyszkiewicz, M, Witzlau, K, Pommerencke, J, and Krueger, A. Chemokine Receptor CX3CR1 Promotes Dendritic Cell Development Under Steady-State Conditions. Eur J Immunol (2011) 41:1256–65. doi: 10.1002/eji.201040977

52. Hughes, CE, and Nibbs, RJB. A Guide to Chemokines and Their Receptors. FEBS J (2018) 285:2944–71. doi: 10.1111/febs.14466

53. Arolin, DC, Palomino, T, and Avalheir, LC. Marti, Chemokines and Immunity. Einstein (Sao Paulo) (2015) 13:469–73. doi: 10.1590/S1679-45082015RB3438

54. Castellino, F, Huang, AY, Altan-Bonnet, G, Stoll, S, Scheinecker, C, and Germain, RN. Chemokines Enhance Immunity by Guiding Naive CD8+ T Cells to Sites of CD4+ T Cell-Dendritic Cell Interaction. Nature (2006) 440:890–5. doi: 10.1038/nature04651

55. Fujimura, N, Xu, B, Dalman, J, Deng, H, Aoyama, K, and Dalman, RL. CCR2 Inhibition Sequesters Multiple Subsets of Leukocytes in the Bone Marrow. Sci Rep (2015) 5:1–13. doi: 10.1038/srep11664

56. Mikami, N, Sueda, K, Ogitani, Y, Otani, I, Takatsuji, M, Wada, Y, et al. Calcitonin Gene-Related Peptide Regulates Type IV Hypersensitivity Through Dendritic Cell Functions. PloS One (2014) 9:86367. doi: 10.1371/journal.pone.0086367

57. Barsheshet, Y, Wildbaum, G, Levy, E, Vitenshtein, A, Akinseye, C, Griggs, J, et al. CCR8+FOXp3+ Treg Cells as Master Drivers of Immune Regulation. Proc Natl Acad Sci U S A (2017) 114:6086–91. doi: 10.1073/pnas.1621280114

58. Yamazaki, T, Yang, XO, Chung, Y, Fukunaga, A, Nurieva, R, Pappu, B, et al. CCR6 Regulates the Migration of Inflammatory and Regulatory T Cells. J Immunol (2008) 181:8391–401. doi: 10.4049/jimmunol.181.12.8391

59. Piseddu, I, Röhrle, N, Knott, MML, Moder, S, Eiber, S, Schnell, K, et al. Constitutive Expression of CCL22 Is Mediated by T Cell–Derived GM-CSF. J Immunol (2020) 205:2056–65. doi: 10.4049/jimmunol.2000004

60. Wildbaum, G, Netzer, N, and Karin, N. Plasmid DNA Encoding IFN-γ-Inducible Protein 10 Redirects Antigen-Specific T Cell Polarization and Suppresses Experimental Autoimmune Encephalomyelitis. J Immunol (2002) 168:5885–92. doi: 10.4049/jimmunol.168.11.5885

61. Coelho, AL, Schaller, MA, Benjamim, CF, Orlofsky, AZ, Hogaboam, CM, and Kunkel, SL. The Chemokine CCL6 Promotes Innate Immunity via Immune Cell Activation and Recruitment. J Immunol (2007) 179:5474–82. doi: 10.4049/jimmunol.179.8.5474

62. Li, H, Meng, YH, Shang, WQ, Liu, LB, Chen, X, Yuan, MM, et al. Chemokine CCL24 Promotes the Growth and Invasiveness of Trophoblasts Through ERK1/2 and PI3K Signaling Pathways in Human Early Pregnancy. Reproduction (2015) 150:417–27. doi: 10.1530/REP-15-0119

63. Sokulsky, LA, Garcia-Netto, K, Nguyen, TH, Girkin, JLN, Collison, A, Mattes, J, et al. A Critical Role for the CXCL3/CXCL5/CXCR2 Neutrophilic Chemotactic Axis in the Regulation of Type 2 Responses in a Model of Rhinoviral-Induced Asthma Exacerbation. J Immunol (2020) 205:2468–78. doi: 10.4049/jimmunol.1901350

64. Veinotte, L, Gebremeskel, S, and Johnston, B. CXCL16-Positive Dendritic Cells Enhance Invariant Natural Killer T Cell-Dependent Ifnγ Production and Tumor Control. Oncoimmunology (2016) 5(6):e1160979. doi: 10.1080/2162402X.2016.1160979

65. Wang, R, and Maksymowych, WP. Targeting the Interleukin-23/Interleukin-17 Inflammatory Pathway: Successes and Failures in the Treatment of Axial Spondyloarthritis. Front Immunol (2021) 12:3389/FIMMU.2021.715510. doi: 10.3389/FIMMU.2021.715510

66. Witte, E, Kokolakis, G, Witte, K, Philipp, S, Doecke, WD, Babel, N, et al. IL-19 is a Component of the Pathogenetic IL-23/IL-17 Cascade in Psoriasis. J Invest Dermatol (2014) 134:2757–67. doi: 10.1038/JID.2014.308

67. Cueto, FJ, and Sancho, D. The Flt3l/Flt3 Axis in Dendritic Cell Biology and Cancer Immunotherapy. Cancers (Basel) (2021) 13(7):1525. doi: 10.3390/cancers13071525

68. Rheinländer, A, Schraven, B, and Bommhardt, U. CD45 in Human Physiology and Clinical Medicine. Immunol Lett (2018) 196:22–32. doi: 10.1016/j.imlet.2018.01.009

69. Merad, M, Sathe, P, Helft, J, Miller, J, and Mortha, A. The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and Their Subsets in the Steady State and the Inflamed Setting. Annu Rev Immunol (2013) 31:563–604. doi: 10.1146/ANNUREV-IMMUNOL-020711-074950

70. Oellerich, T, Mohr, S, Corso, J, Beck, J, Döbele, C, Braun, H, et al. FLT3-ITD and TLR9 Use Bruton Tyrosine Kinase to Activate Distinct Transcriptional Programs Mediating AML Cell Survival and Proliferation. Blood (2015) 125:1936–47. doi: 10.1182/blood-2014-06-585216

71. Lelouard, H, Schmidt, EK, Camosseto, V, Clavarino, G, Ceppi, M, Hsu, HT, et al. Regulation of Translation is Required for Dendritic Cell Function and Survival During Activation. J Cell Biol (2007) 179:1427–39. doi: 10.1083/JCB.200707166

72. Jovanovic, M, Rooney, MS, Mertins, P, Przybylski, D, Chevrier, N, Satija, R, et al. Dynamic Profiling of the Protein Life Cycle in Response to Pathogens. Sci (80-) (2015) 347(6226):1259038. doi: 10.1126/science.1259038

73. Sathaliyawala, T, O’Gorman, WE, Greter, M, Bogunovic, M, Konjufca, V, Hou, ZE, et al. Mammalian Target of Rapamycin Controls Dendritic Cell Development Downstream of Flt3 Ligand Signaling. Immunity (2010) 33:597–606. doi: 10.1016/j.immuni.2010.09.012

74. Mendes, A, Gigan, JP, Rodrigues, CR, Choteau, SA, Sanseau, D, Barros, D, et al. Proteostasis in Dendritic Cells is Controlled by the PERK Signaling Axis Independently of ATF4. Life Sci Alliance (2021) 4(2):e202000865. doi: 10.26508/LSA.202000865

75. Fang, H, Ang, B, Xu, X, Huang, X, Wu, Y, Sun, Y, et al. TLR4 is Essential for Dendritic Cell Activation and Anti-Tumor T-Cell Response Enhancement by DAMPs Released From Chemically Stressed Cancer Cells. Cell Mol Immunol (2014) 11:150–9. doi: 10.1038/cmi.2013.59

76. Oth, T, Vanderlocht, J, Van Elssen, CHMJ, Bos, GMJ, and Germeraad, WTV. Pathogen-Associated Molecular Patterns Induced Crosstalk Between Dendritic Cells, T Helper Cells, and Natural Killer Helper Cells Can Improve Dendritic Cell Vaccination. Mediators Inflamm (2016) 2016:5740373. doi: 10.1155/2016/5740373

77. Tan, JKH, and O’Neill, HC. Maturation Requirements for Dendritic Cells in T Cell Stimulation Leading to Tolerance Versus Immunity. J Leukoc Biol (2005) 78:319–24. doi: 10.1189/jlb.1104664

78. De Saint-Vis, B, Vincent, J, Vandenabeele, S, Vanbervliet, B, Pin, JJ, Aït-Yahia, S, et al. A Novel Lysosome-Associated Membrane Glycoprotein, DC-LAMP, Induced Upon DC Maturation, is Transiently Expressed in MHC Class II Compartment. Immunity (1998) 9:325–36. doi: 10.1016/S1074-7613(00)80615-9

79. Trombetta, ES, Ebersold, M, Garrett, W, Pypaert, M, and Mellman, I. Activation of Lysosomal Function During Dendritic Cell Maturation. Science (2003) 299:1400–3. doi: 10.1126/SCIENCE.1080106

80. Arruda, LB, Sim, D, Chikhlikar, PR, Maciel, M, Akasaki, K, August, JT, et al. Dendritic Cell-Lysosomal-Associated Membrane Protein (LAMP) and LAMP-1-HIV-1 Gag Chimeras Have Distinct Cellular Trafficking Pathways and Prime T and B Cell Responses to a Diverse Repertoire of Epitopes. J Immunol (2006) 177:2265–75. doi: 10.4049/JIMMUNOL.177.4.2265

81. Bettiol, E, Van De Hoef, DL, Carapau, D, and Rodriguez, A. Efficient Phagosomal Maturation and Degradation of Plasmodium-Infected Erythrocytes by Dendritic Cells and Macrophages. Parasite Immunol (2010) 32:389–98. doi: 10.1111/J.1365-3024.2010.01198.X

82. Chistiakov, DA, Killingsworth, MC, Myasoedova, VA, Orekhov, AN, and Bobryshev, YV. CD68/macrosialin: Not Just a Histochemical Marker. Lab Investig (2017) 97:4–13. doi: 10.1038/labinvest.2016.116

83. Saftig, P, and Klumperman, J. Lysosome Biogenesis and Lysosomal Membrane Proteins: Trafficking Meets Function. Nat Rev Mol Cell Biol (2009) 10:623–35. doi: 10.1038/nrm2745

84. de Heusch, M, Oldenhove, G, Urbain, J, Thielemans, K, Maliszewski, C, Leo, O, et al. Depending on Their Maturation State, Splenic Dendritic Cells Induce the Differentiation of CD4(+) T Lymphocytes Into Memory and/or Effector Cells In Vivo. Eur J Immunol (2004) 34:1861–9. doi: 10.1002/EJI.200424878

85. Dhodapkar, MV, Steinman, RM, Krasovsky, J, Munz, C, and Bhardwaj, N. Antigen-Specific Inhibition of Effector T Cell Function in Humans After Injection of Immature Dendritic Cells. J Exp Med (2001) 193:233–8. doi: 10.1084/JEM.193.2.233

86. Menges, M, Rößner, S, Voigtländer, C, Schindler, H, Kukutsch, NA, Bogdan, C, et al. Repetitive Injections of Dendritic Cells Matured With Tumor Necrosis Factor Alpha Induce Antigen-Specific Protection of Mice From Autoimmunity. J Exp Med (2002) 195:15–21. doi: 10.1084/JEM.20011341

87. Stoitzner, P, Holzmann, S, McLellan, AD, Ivarsson, L, Stössel, H, Kapp, M, et al. Visualization and Characterization of Migratory Langerhans Cells in Murine Skin and Lymph Nodes by Antibodies Against Langerin/CD207. J Invest Dermatol (2003) 120:266–74. doi: 10.1046/J.1523-1747.2003.12042.X

88. Lehner, M, Kellert, B, Proff, J, Schmid, MA, Diessenbacher, P, Ensser, A, et al. Autocrine TNF Is Critical for the Survival of Human Dendritic Cells by Regulating BAK, BCL-2, and FLIP L. J Immunol (2012) 188:4810–8. doi: 10.4049/jimmunol.1101610

89. Durães, FV, Carvalho, NB, Melo, TT, Oliveira, SC, and Fonseca, CT. IL-12 and TNF-Alpha Production by Dendritic Cells Stimulated With Schistosoma Mansoni Schistosomula Tegument is TLR4- and MyD88-Dependent. Immunol Lett (2009) 125:72–7. doi: 10.1016/J.IMLET.2009.06.004

90. Doxsee, CL, Riter, TR, Reiter, MJ, Gibson, SJ, Vasilakos, JP, and Kedl, RM. The Immune Response Modifier and Toll-Like Receptor 7 Agonist S-27609 Selectively Induces IL-12 and TNF-Alpha Production in CD11c+CD11b+CD8- Dendritic Cells. J Immunol (2003) 171:1156–63. doi: 10.4049/JIMMUNOL.171.3.1156

91. Helbig, C, Weber, F, Andreas, N, Herdegen, T, Gaestel, M, Kamradt, T, et al. The IL-33-Induced P38-/JNK1/2-Tnfα Axis is Antagonized by Activation of β-Adrenergic-Receptors in Dendritic Cells. Sci Rep (2020) 10(1):8152. doi: 10.1038/S41598-020-65072-3

92. Takenaka, MC, Araujo, LP, Maricato, JT, Nascimento, VM, Guereschi, MG, Rezende, RM, et al. Norepinephrine Controls Effector T Cell Differentiation Through β 2 -Adrenergic Receptor–Mediated Inhibition of NF-κb and AP-1 in Dendritic Cells. J Immunol (2016) 196:637–44. doi: 10.4049/jimmunol.1501206

93. Nijhuis, LE, Olivier, BJ, Dhawan, S, Hilbers, FW, Boon, L, Wolkers, MC, et al. Adrenergic β2 Receptor Activation Stimulates Anti-Inflammatory Properties of Dendritic Cells In Vitro. PloS One (2014) 9(1):e85086. doi: 10.1371/journal.pone.0085086

94. Everts, B, Amiel, E, Huang, SCC, Smith, AM, Chang, CH, Lam, WY, et al. TLR-Driven Early Glycolytic Reprogramming via the Kinases TBK1-Ikkϵ Supports the Anabolic Demands of Dendritic Cell Activation. Nat Immunol (2014) 15:323–32. doi: 10.1038/ni.2833

95. Sukhbaatar, N, Hengstschläger, M, and Weichhart, T. mTOR-Mediated Regulation of Dendritic Cell Differentiation and Function. Trends Immunol (2016) 37:778–89. doi: 10.1016/j.it.2016.08.009

96. Nagayama, H, Sato, K, Kawasaki, H, Enomoto, M, Morimoto, C, Tadokoro, K, et al. IL-12 Responsiveness and Expression of IL-12 Receptor in Human Peripheral Blood Monocyte-Derived Dendritic Cells. J Immunol (2000) 165:59–66. doi: 10.4049/jimmunol.165.1.59

97. Bhatia, S, Edidin, M, Almo, SC, and Nathenson, SG. B7-1 and B7-2: Similar Costimulatory Ligands With Different Biochemical, Oligomeric and Signaling Properties. Immunol Lett (2006) 104:70–5. doi: 10.1016/J.IMLET.2005.11.019

98. Pollack, KE, Meneveau, MO, Melssen, MM, Lynch, KT, Koeppel, AF, Young, SJ, et al. Incomplete Freund’s Adjuvant Reduces Arginase and Enhances Th1 Dominance, TLR Signaling and CD40 Ligand Expression in the Vaccine Site Microenvironment. J Immunother Cancer (2020) 8(1):e000544. doi: 10.1136/JITC-2020-000544

99. Wang, C, Liu, S, Xu, J, Gao, M, Qu, Y, Liu, Y, et al. Dissolvable Microneedles Based on Panax Notoginseng Polysaccharide for Transdermal Drug Delivery and Skin Dendritic Cell Activation. Carbohydr Polym (2021) 268:118211. doi: 10.1016/J.CARBPOL.2021.118211

100. Praveen, C, Bhatia, SS, Alaniz, RC, Droleskey, RE, Cohen, ND, Jesudhasan, PR, et al. Assessment of Microbiological Correlates and Immunostimulatory Potential of Electron Beam Inactivated Metabolically Active Yet Non Culturable (MAyNC) Salmonella Typhimurium. PloS One (2021) 16(4):e0243417. doi: 10.1371/JOURNAL.PONE.0243417

101. Li, Z, Zhang, J, Halbgebauer, S, Chandrasekar, A, Rehman, R, Ludolph, A, et al. Differential Effect of Ethanol Intoxication on Peripheral Markers of Cerebral Injury in Murine Blunt Traumatic Brain Injury. Burns Trauma (2021) 9:tkab027. doi: 10.1093/burnst/tkab027

102. Paudel, YN, Shaikh, MF, Chakraborti, A, Kumari, Y, Aledo-Serrano, Á., Aleksovska, K, et al. HMGB1: A Common Biomarker and Potential Target for TBI, Neuroinflammation, Epilepsy, and Cognitive Dysfunction. Front Neurosci (2018) 12:3389/fnins.2018.00628. doi: 10.3389/fnins.2018.00628

103. Parker, TM, Nguyen, AH, Rabang, JR, Patil, AA, and Agrawal, DK. The Danger Zone: Systematic Review of the Role of HMGB1 Danger Signalling in Traumatic Brain Injury. Brain Inj (2017) 31:2–8. doi: 10.1080/02699052.2016.1217045

104. Webster, KM, Sun, M, Crack, PJ, O’Brien, TJ, Shultz, SR, and Semple, BD. Age-Dependent Release of High-Mobility Group Box Protein-1 and Cellular Neuroinflammation After Traumatic Brain Injury in Mice. J Comp Neurol (2019) 527:1102–17. doi: 10.1002/cne.24589

105. Au, AK, Aneja, RK, Bell, MJ, Bayir, H, Feldman, K, Adelson, PD, et al. Cerebrospinal Fluid Levels of High-Mobility Group Box 1 and Cytochrome C Predict Outcome After Pediatric Traumatic Brain Injury. J Neurotrauma (2012) 29:2013–21. doi: 10.1089/neu.2011.2171

106. Yang, L, Wang, F, Yang, L, Yuan, Y, Chen, Y, Zhang, G, et al. HMGB1 a-Box Reverses Brain Edema and Deterioration of Neurological Function in a Traumatic Brain Injury Mouse Model. Cell Physiol Biochem (2018) 46:2532–42. doi: 10.1159/000489659

107. Laird, MD, Shields, JS, Sukumari-Ramesh, S, Kimbler, DE, Fessler, RD, Shakir, B, et al. High Mobility Group Box Protein-1 Promotes Cerebral Edema After Traumatic Brain Injury via Activation of Toll-Like Receptor 4. Glia (2014) 62:26–38. doi: 10.1002/glia.22581

108. Li, R, Zou, X, Huang, H, Yu, Y, Zhang, H, Liu, P, et al. HMGB1/PI3K/Akt/mTOR Signaling Participates in the Pathological Process of Acute Lung Injury by Regulating the Maturation and Function of Dendritic Cells. Front Immunol (2020) 11:3389/fimmu.2020.01104. doi: 10.3389/fimmu.2020.01104

109. Chen, Y, Zhang, W, Bao, H, He, W, and Chen, L. High Mobility Group Box 1 Contributes to the Acute Rejection of Liver Allografts by Activating Dendritic Cells. Front Immunol (2021) 12:3389/fimmu.2021.679398. doi: 10.3389/fimmu.2021.679398

110. Kooijman, S, Meurs, I, van Beek, L, Khedoe, PPSJ, Giezekamp, A, Pike-Overzet, K, et al. Splenic Autonomic Denervation Increases Inflammatory Status But Does Not Aggravate Atherosclerotic Lesion Development. Am J Physiol - Heart Circ Physiol (2015) 309:H646–54. doi: 10.1152/ajpheart.00787.2014

111. Rosas-Ballina, M, and Tracey, KJ. The Neurology of the Immune System: Neural Reflexes Regulate Immunity. Neuron (2009) 64:28–32. doi: 10.1016/j.neuron.2009.09.039

112. Wu, H, Chen, J, Song, S, Yuan, P, Liu, L, Zhang, Y, et al. β2-Adrenoceptor Signaling Reduction in Dendritic Cells is Involved in the Inflammatory Response in Adjuvant-Induced Arthritic Rats. Sci Rep (2016) 6:24548. doi: 10.1038/srep24548

113. Li, M, Li, F, Luo, C, Shan, Y, Zhang, L, Qian, Z, et al. Immediate Splenectomy Decreases Mortality and Improves Cognitive Function of Rats After Severe Traumatic Brain Injury. J Trauma - Inj Infect Crit Care (2011) 71:141–7. doi: 10.1097/TA.0b013e3181f30fc9

114. Chu, W, Li, M, Li, F, Hu, R, Chen, Z, Lin, J, et al. Immediate Splenectomy Down-Regulates the MAPKYNF-JB Signaling Pathway in Rat Brain After Severe Traumatic Brain Injury. J Trauma Acute Care Surg (2013) 74:1446–53. doi: 10.1097/TA.0b013e31829246ad

115. Blomster, LV, Brennan, FH, Lao, HW, Harle, DW, Harvey, AR, and Ruitenberg, MJ. Mobilisation of the Splenic Monocyte Reservoir and Peripheral CX3CR1 Deficiency Adversely Affects Recovery From Spinal Cord Injury. Exp Neurol (2013) 247:226–40. doi: 10.1016/j.expneurol.2013.05.002

116. Hauben, E, Gothilf, A, Cohen, A, Butovsky, O, Nevo, U, Smirnov, I, et al. Vaccination With Dendritic Cells Pulsed With Peptides of Myelin Basic Protein Promotes Functional Recovery From Spinal Cord Injury.  J Neurosci (2003) 23:8808–19. doi: 10.1523/jneurosci.23-25-08808.2003

117. Needham, EJ, Stoevesandt, O, Thelin, EP, Zetterberg, H, Zanier, ER, Al Nimer, F, et al. Complex Autoantibody Responses Occur Following Moderate to Severe Traumatic Brain Injury. J Immunol (2021) 207:90–100. doi: 10.4049/jimmunol.2001309

118. Picotto, G, Morse, LR, Nguyen, N, Saltzman, J, and Battaglino, R. TMEM176A and TMEM176B Are Candidate Regulators of Inhibition of Dendritic Cell Maturation and Function After Chronic Spinal Cord Injury. J Neurotrauma (2020) 37:528–33. doi: 10.1089/neu.2019.6498

119. Wagner, N, Akbarpour, A, Mörs, K, Voth, M, Störmann, P, Auner, B, et al. Alcohol Intoxication Reduces Systemic Interleukin-6 Levels and Leukocyte Counts After Severe TBI Compared With Not Intoxicated TBI Patients. Shock (2016) 46:261–9. doi: 10.1097/SHK.0000000000000620

120. Relja, B, Menke, J, Wagner, N, Auner, B, Voth, M, Nau, C, et al. Effects of Positive Blood Alcohol Concentration on Outcome and Systemic Interleukin-6 in Major Trauma Patients. Injury (2016) 47:640–5. doi: 10.1016/j.injury.2016.01.016

121. Wagner, N, Dieteren, S, Franz, N, Köhler, K, Perl, M, Marzi, I, et al. Alcohol-Induced Attenuation of Post-Traumatic Inflammation is Not Necessarily Liver-Protective Following Trauma/Hemorrhage. Int J Mol Med (2019) 44:1127–38. doi: 10.3892/ijmm.2019.4259

122. Fan, J, Edsen-Moore, MR, Turner, LE, Cook, RT, Legge, KL, Waldschmidt, TJ, et al. Mechanisms by Which Chronic Ethanol Feeding Limits the Ability of Dendritic Cells to Stimulate T-Cell Proliferation. Alcohol Clin Exp Res (2011) 35:47–59. doi: 10.1111/j.1530-0277.2010.01321.x

123. Siggins, RW, Bagby, GJ, Molina, P, Dufour, J, Nelson, S, and Zhang, P. Alcohol Exposure Impairs Myeloid Dendritic Cell Function in Rhesus Macaques. Alcohol Clin Exp Res (2009) 33:1524–31. doi: 10.1111/j.1530-0277.2009.00980.x

124. Hey, YY, and O’Neill, HC. Murine Spleen Contains a Diversity of Myeloid and Dendritic Cells Distinct in Antigen Presenting Function. J Cell Mol Med (2012) 16:2611–9. doi: 10.1111/j.1582-4934.2012.01608.x




Conflict of Interest: 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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Li, Chandrasekar, Li, Ludolph, Boeckers, Huber-Lang, Roselli and olde Heuvel. 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) and the copyright owner(s) 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.


OEBPS/Images/fimmu-13-824459-g007.jpg
Saiine sham _ _Ethanolsham _ _Saline T8I Ethano 51

NFa
rex
i
—

lIIE e
PR YA






OEBPS/Images/fimmu-13-824459-g005.jpg
Saline sham

Ethanol sham

Saline T8I

Ethanol 81

MHCHI

*rrx
[atdan!

MHCHI 5
[eda!






OEBPS/Images/fimmu-13-824459-g002.jpg
ccL4 o ccLiz
— 2007

SSES STET SSES STET  SSES STET  SSES STET
ceLzz o oXcL1o W CCL20
N 400
—
. 300 .

i 1004

SSES STET  SSES STET SES STET  SSES STET
e . ocLes « oxoLs . oxcLis
2007 300 3001 3007
180 e 25 2254 © 28] % .

1009

% of S$

STET  SSES STET SSES STET

SSES STET





OEBPS/Images/fimmu-13-824459-g004.jpg
Saline sham _ _Ethanol sham _ __Saline TBI__ _Ethanol T8I

SS Es ST ET
ps6
ns

SS Es ST ET

PEIF2a
ns
wank 1

Fluorescentinten:






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Fast Maturation of Splenic Dendritic Cells Upon TBI Is Associated With FLT3/FLT3L Signaling

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Animals, Traumatic Brain Injury Model, and Ethanol Treatment

          



          		

            Tissue Isolation

          



          		

            RNA Isolation and Quantitative RT-PCR

          



          		

            Tissue Sectioning and Immunofluorescence Staining

          



          		

            Single mRNA In-Situ Hybridization

          



          		

            Image Acquisition and Image Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            TBI Induces a Rapid and Selective Induction of Cytokine Upregulation in the Spleen, Enhanced by Concomitant EI

          



          		

            Rapid Modulation of the Splenic Chemokine Pattern by TBI and by EI/TBI

          



          		

            TBI Induces the Phosphorylation of FLT3 and Its Downstream Signaling Partner BTK in DCs, Which Are Both Enhanced by EI

          



          		

            TBI and Concomitant EI–TBI Strongly Induce Protein Synthesis in Splenic DCs

          



          		

            TBI and EI Cooperate to Enhance the Maturation of Splenic DCs

          



          		

            TBI Strongly Induces the Immunogenic Function of Splenic DCs

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.824459_cover.jpg
, frontiers
in Immunology

Fast Maturation of Splenic Dendritic
Cells Upon TBI Is Associated With
FLT3/FLT3L Signaling





OEBPS/Images/fimmu-13-824459-g001.jpg
J IL-13 4 % iL-10 cd IL-19
3007

SSES STET SSES STET SSES STET SSES STET

IL-12 Foo7 IL-23a " IFN-y
3007 4007 5007 3007

225 300

200

100

SSES STET ~ SSES STET  SSES STET  SSES STET
; FLT3L Y RT3 % cxsct1 - CX3CR1
* _ns 3007
—r
T s

150

i 757

“SSES STET  SSES STET

oSS ES STET SSES STET





OEBPS/Images/fimmu-13-824459-g006.jpg
Ethanol sham _ _ Saline TBI Ethanol T8I

Ethanolsham






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-824459-g003.jpg
Saline sham _ _Ethanol s Saline T8l Ethanol TBI

ES ST ET
PBTK 4
[eecdanl

SS ES ST ET





