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Explosive devices, either conventional or improvised, are common sources of injuries during combat, civil unrest, and terror attacks, resulting in trauma from exposure to blast. A blast wave (BW), a near-instantaneous rise in pressure followed by a negative pressure, propagates through the body in milliseconds and can affect physiology for days/months after exposure. Epidemiological data show that blast-related casualties result in significantly higher susceptibility to wound infections, suggesting long-lasting immune modulatory effects from blast exposure. The mechanisms involved in BW-induced immune changes are poorly understood. We evaluated the effects of BW on the immune system using an established murine model. Animals were exposed to BWs (using an Advanced Blast Simulator), followed by longitudinally sampling for 14 days. Blood, bone marrow, and spleen were analyzed for changes in the 1) complete blood count (CBC), and 2) composition of bone marrow cells (BMC) and splenocytes, and 3) concentrations of systemic cytokines/chemokines. Our data demonstrate that BW results in transient bone marrow failure and long-term changes in the frequency and profile of progenitor cell populations. Viability progressively decreased in hematopoietic stem cells and pluripotent progenitor cells. Significant decrease of CD4+ T cells in the spleen indicates reduced functionality of adaptive immune system. Dynamic changes in the concentrations of several cytokines and chemokines such as IL-1α and IL-17 occurred potentially contributing to dysregulation of immune response after trauma. This work lays the foundation for identifying the potential mechanisms behind BW’s immunosuppressive effects to inform the recognition of this compromised status is crucial for the development of therapeutic interventions for infections to reduce recovery time of wounded patients injured by explosive devices.
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INTRODUCTION
Wound infections are an enduring threat to Warfighters, as well as civilians caught in war, public unrest, and terror attacks. Injuries to extremities accounted for 65% of the wounds to soldiers in Operation Iraqi Freedom and Operation Enduring Freedom (Murray, 2008). The majority of these injuries were sustained from explosive devices (e.g., improvised explosive device (IED), mortars, and grenades) (Dougherty et al., 2009). Shrapnel wounds from the explosions are often compounded and further complicated by environmental debris that contains various microbes which, when embedded in a penetrating wound, cause infection. Explosion-related injuries are complex in nature, characterized by large tissue defects and deep embedding of bacterial contaminants within the soft tissues (Melvin et al., 2010; Rozen and Lerner, 2011). However, the increase in initial survival and the penetrating nature of injuries has given rise to the development of delayed pathologies and morbidities. Wound infections occurred in approximately 25–30% of wounded soldiers and presented a major source of morbidity and mortality in injured service members (Sheppard et al., 2010; Hospenthal et al., 2011; Hospenthal and Murray, 2011). Incidence of infections and sepsis is expected to be an even greater concern in future joint domain operations threat scenarios (Army, 2018). In these threat scenarios, deployment of IEDs and conventional explosives are and will continue to be the most common cause of injury, requiring prolonged field care. With limited access to medevac, robust rear element medical care infrastructures are anticipated to be the norm in future threat scenarios for military casualties (Army, 2018). Limited data are available on the effect of blast exposure on wound healing/wound infection, and our lack of understanding of blast-related wounds/wound infections likely results in sub optimal care for blast-related injuries.
Explosion-related BW exposure lasts in the order of milliseconds. However, its effects on the body can last for long after exposure and involve interlinked mechanisms of systemic, local and cerebral responses. It has been well documented that BW exposure leads to air embolism (Kirkman and Watts, 2011; van H. Mason et al., 1971), activation of the autonomic nervous system (ANS) (Cernak et al., 1996; Tümer et al., 2013), compromised blood flow throughout the body (Health, 2014), blood brain barrier disruption (Kuriakose et al., 2018), systemic inflammation (Surbatovic et al., 2007; Cernak, 2010), along with damage to the lungs (Elsayed and Gorbunov, 2007; Koliatsos et al., 2011; Sajja et al., 2020) and intestines (Cripps and Cooper, 1997; Bala et al., 2008). As the BW propagates through the entire body and all the tissues, it triggers numerous biochemical and physiological changes, such as the release of reactive oxygen species (ROS) and subsequent damage to proteins (Cho et al., 2013), damage associated molecular patterns (DAMPs) released from necrotic cells, general tissue hypoxia due to compromised blood flow, and immunological changes both locally and systemically (Thompson et al., 2019). Several reports have associated blast wounds with a higher likelihood of infection development without providing mechanistic insights (Blyth et al., 2015; Burns et al., 2012; D'Alleyrand et al., 2015; office, 2016). In the study performed by the Trauma Infection disease Outcome Study (TIDOS) program, infection was more than twice as likely to develop in blast-exposed casualties compared with those possessing similar injuries but without concomitant blast exposure (Stewart et al., 2019). The increase in infection susceptibility described in these reports leads us to hypothesize that blast exposure results in the long-term changes in the immune system at a phenotypic level at the bone marrow. Moreover, a recently published review on the tiered consequences of blast injuries acknowledged the long-term impact on both innate and adaptive immunity (Thompson et al., 2019). Despite the significant challenges they pose to military and civilian medicine, the deleterious effects of BW on the immune system is a surprisingly understudied area.
The main objective of the present study was to identify changes in the immune system caused by BW and take the first steps in understanding potential mechanisms responsible for those observed changes in immune responses. The results of this study strongly imply that BW causes broad-range of changes that resonate throughout the immune system that may contribute to the development and prolongation of wound infections in explosion-related casualties.
MATERIALS AND METHODS
Ethical Consideration
All animal experiments were conducted at Walter Reed Army Institute of Research (an AAALAC International accredited research facility) in accordance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals. The animal use protocols were approved by the Institutional Animal Care and Use Committee at the Walter Reed Army Institute of Research [Assurance number D16-00596 (A4117-01)] and adhered to principles stated in the Guide for the Care and Use of Laboratory Animals (NRC Publication, 2011 edition) using an Institutional Animal Care and Use Committee approved protocol (18-BRD-16S).
Animals and Housing
For this study 8–12 week old male BALB/c mice (Jackson Laboratories, USA) were used and housed at 20–22°C (12-h light/dark cycle). Mice were provided food (Prolab IsoPro RMH3000 from LabDiet, St. Louis, MO) and water ad libitum.
Experimental Groups
Animals were randomly assigned to three experimental groups (n = 6 mice per group and time point) and samples collected in parallel: (Group 1) Sham-treatment. Animals were subjected to isoflurane anesthesia, loaded into the ABS, and underwent recovery procedures as the BW group; (Group 2) BW treatment; (Group 3) Cyclophosphamide (CP) treatment. The impact of BW was assessed by euthanizing cohorts of mice at various time points (Day 0–7, Day 14) to generate longitudinal data sets. CP-treated mice were used as positive control to emulate immunosuppression as it induces neutropenia and enables infection establishment (Jacobs et al., 2014; Thompson et al., 2014; Thompson et al., 2015). Pretreatment with CP results in severe but transient neutropenia which resolves in 3–5 days depending on the dose and route of administration (Huyan et al., 2011). CP-treated positive controls were used for direct comparison to BW-exposed animals to emulate transient changes (3–5 days) similar to the time-course of infections in combat operations. CP was used to serve as end-state neutropenia control to understand the extent of BW effects on circulating blood cells.
Blast Wave Exposure
Animals were exposed to BW at 19 psi according to our published procedure, which constitutes non-lethal pressure. Animals were anesthetized using isoflurane (5% isoflurane, 8 min) (Antonic et al., 2020). Thereafter, animals were positioned in side-on position inside the advanced blast simulator (Patent US20130042665A1) and exposed to a single ∼19 psi BW with an impulse of ∼29.87 psi*msec.
Sample Collection
Cohorts of animals (n = 4–6/group and time point) were euthanized daily on days 1–7 and day 14 after blast exposure. At the time of euthanasia, blood was collected via cardiac puncture and 200 µl aliquots were transferred into purple top EDTA tubes. The remaining blood was used for serum collection. Femurs were dissected and bone marrow cells were isolated according to the published protocol (Liu and Quan, 2015). Spleens were removed and minced through a sterile 70 µm nylon filter (BD Falcon, Franklin Lakes, NJ) to obtain a single cell suspension, washed, and cell pellets resuspended in a cryopreservative medium (90% FBS/10% DMSO) and frozen for later analysis.
Differential Whole Blood Cell Count
Whole blood was collected by cardiac puncture into EDTA tubes. Complete blood cell count was analyzed using an automated cell counter according to the manufacturer’s instructions (HemaVet950, Drew Scientific, USA). Serum was collected and stored at−80°C until further analysis.
Inflammatory Mediators
Serum cytokine/chemokine concentrations were assayed using a cytokine premixed 25 panel magnetic immunology assay (Luminex, USA) or a 29-plex u-plex electro-chemiluminescence based multiplex platform (MesoScale Discovery, USA) in accordance with manufacturer’s protocol (Kaba et al., 2018). The factors quantified were: (a) chemokines: IP-10, MIP-1α, MCP-1, MIP-2, MIP-3α, (b) pro-inflammatory factors: IL-1β, IL-6, KC/GRO, IL-22, (c) Th1: IL2, IL-15, IL-12p70, IFN-α, TNF-α, (d) Th2: IL-4, IL-5, IL-31, (e) Th17: IL-23, IL-17A, IL-17C, IL-17E, IL-17F, and (f) regulatory cytokines: IL-9, IL-10, IL-21, IL-27, IL-33.
Flow Cytometry
Phenotyping of Bone Marrow Cells
Characterization of the phenotype and frequency of hematopoietic stem and progenitor cells (HSPCs) from bone marrow was determined through multi-parametric flow cytometry (Technology, 2018). Cryopreserved HSPCs were thawed, washed twice and counted (LUNA-FL cell counter, Logos Biosystems, Annandale, VA) in cRPMI [RPMI 1640 containing 25 mM HEPES, with 1% MEM NEAA, 1% Sodium Pyruvate, 1% Penicillin/Streptomycin mixture, 2 mM l-glutamine (Quality Biology, Gaithersburg, MD), 0.05 mM ß-mercaptoethanol (Thermofisher Scientific, Waltham, MA), and 10% fetal calf serum (Thermofisher Scientific)]. Cells from treated animals were recovered after freezing at the same rate as cells from control animals, indicating that treatment does not alter the viability of cell populations during cryopreservation. After adjusting the cell concentration, cells were washed twice with FACS buffer [1X PBS (Thermofisher scientific), 0.05% sodium azide (Ricca Chemical Company, Arlington, TX), and 1% rat serum (BioVT, Westbury, NY)]. CD16/CD32 (mouse BD Fc block, clone 2.4G2, BD Biosciences, San Jose, CA), was added to the cells at 1 μg/ml in FACS buffer, incubated for 10 min at 4°C. Cells were washed twice with FACS buffer. The panels consisted of:
The mouse LSK phenotyping panel: CD3 (FITC, clone 145-2C11), CD11b (FITC, clone M170), CD45R (FITC, clone RA3-6B2), Gr-1 (FITC, clone RB6-8C5), TER119 (FITC, clone TER119), c-Kit (PE, clone 2B8) and Sca1 (APC, clone E13-161.7).
The mouse LSK/SLAM phenotyping panel: CD3 (FITC, clone 145-2C11), CD11b (FITC, clone M170), CD45R (FITC, clone RA3-6B2), Gr-1 (FITC, clone RB6-8C5), TER119 (FITC, clone TER119), c-Kit (PE, clone 2B8), CD48 (APC, clone HM48-1), CD150 (PECy7, clone TC15-12F12.2) Sca1 (Biotin, clone E13-161.7) and Sca1 (Streptavidin BV 421, clone B316686).
The mouse ESLAM phenotyping panel: CD45 (Alexa Four 488, clone 30-F11), CD48 (APC, clone HM48-1), CD150 (PECy7, clone TC15-12F12.2) and EPCR (PE, clone RMEPCR1560).
All antibodies were obtained from Stemcell Technologies, Cambridge, MA except Sca1 BV421, which was obtained from Biolegend, San Diego, CA. For each panel, the antibodies were added to the cells and incubated for 30 min at room temperature. The cells were washed twice and re-suspended in FACS buffer. Fifteen minutes prior to acquisition, 1 μg/ml of 7-AAD (Thermofisher Scientific) was added to all samples to detect cell viability. The samples were acquired using the Miltenyi Biotec MACSQuant Analyzer 10, in the ImmunoCore facility using the MACSQuantify software 2.6 (Technology, 2018) and analyzed using FlowJo 10.4 software (see Supplementary Figure S1 for gating strategy).
Phenotyping of Splenocytes
Cryopreserved splenocytes were thawed, washed with FACS buffer, and cell counts determined as described for bone marrow. CD16/CD32 (mouse BD Fc block, clone 2.4G2, BD Biosciences, San Jose, CA), was added to the cells at 1 μg/ml in FACS buffer, incubated for 10 min at 4°C. Cells were washed twice with FACS buffer. A cocktail of the following antibodies was added to the cells: CD3 (AF, clone 17A2), CD4 (PerCP-Cy5.5, clone RM4-5), CD8 (PE-Cy7, clone 53–6.7). 7-AAD was added 15 min prior to sample acquisition on a MACSQuant Analzyer 10 as described above.
Statistics
Statistically significant differences between time points were identified by two-way ANOVA after testing for equal variance and normal distribution. Significant differences between discrete time points and controls (sham-treated animals) were determined by Dunnett’s tests (Minitab 18, State College, PA, USA).
RESULTS
The current study sought to determine the cause for increased susceptibility to infections after BW. The first step was to assess changes in the frequency and composition of cell populations in peripheral blood of mice after receiving a single BW, then monitor the dynamic changes in the spleen and bone marrow of BW-exposed mice. Treatment of the mice with cyclophosphamide (CP), an immunosuppressive drug that produces well-established and reproducible effects on CBC, was used as a positive control.
Blast Wave Exposure Results in Changes in the Frequency and Composition of Circulating Immune Cells
Measuring the blood cell populations longitudinally following BW revealed a significant reduction in the absolute numbers of circulating immune cells up to 14 days post exposure (Figure 1). In addition, significant decreases were measured in the number of red blood cells and consequent hematocrit were observed throughout the follow up period. Even though the absolute number of different cell types changed, the composition of these cell types in the blood were not significantly altered by the BW exposure (data not presented).
[image: Figure 1]FIGURE 1 | Blast exposure significantly alters number of circulating blood cells throughout the 14 days follow up. Data expressed as cell count per microliter peripheral blood and are representative of three independent experiments (n = 6 mice/group/time point). Green diamonds- Sham Controls, Blue squares–BW, Red triangles–CP treatment (positive control). Asterisk indicates statistical significance (p < 0.05, ANOVA and Dunnett’s post-test with sham treated mice as control group).
Changes in Viability of Cells in Primary and Secondary Immune Organs
The next step was to identify potentially affected organs that may have contributed to the change in the absolute cell numbers in the blood. We speculate the potential explanations are phenotypic shift resulting from the pressure of the BW, apoptosis, or migration of cells from the blood into tissues. To assess cell viability, we examined the bone marrow, the primary immune organ, and the spleen, a secondary immune organ, where leukocytes will regularly pass through (Figure 2). Reflecting the decrease in the number of leukocytes in the blood on Day 1 and 2, we observed a significant decrease in viability in both splenocytes and bone marrow cells (p < 0.05). Viability in the bone marrow is significantly reduced on Day 2 (p = 0.002, Dunnett’s test), recovering to levels of sham animals on Day 3. The viability of splenocytes increased significantly on Day 2 and reaches a peak on Day 3 suggesting the induction of anti-apoptotic genes. There was another significant drop in viability on Day 7 (p = 0.01). Viability in the bone marrow was significantly reduced on Day 2 (p = 0.002, Dunnet’s test), recovering to levels of sham animals on Day 3.
[image: Figure 2]FIGURE 2 | Changes in viability of cells in primary and secondary immune organs. The viability of bone marrow cells (A) and splenocytes (B) was assessed by staining cells with the viability dye 7-AAD and analyzing by flow cytometry. Data expressed as percentage viable cells within cell suspension (data representative of three separate experiments, n = 6 mice/group/time point). Blue = BW, green = sham control.
Blast Wave Exposure Results in Changes in the T-Helper Compartment of the Spleen
The spleen is the main immune organ for the induction of humoral immune responses, especially those directed against bacteria (Leitner et al., 1994) and, therefore, changes induced by BW may have had significant impact on potential wound infections. The drop in the peripheral blood WBC count was paralleled by an initial drop in the total frequency of leukocytes in the spleen (Figure 3). This drop was significant for CD3+ and CD4+ T cells for the first 2 days after BW (p < 0.001, Dunnett’s test), recovering to the levels of sham mice thereafter. However, no changes were observed in CD8+ T cells (Figure 3B).
[image: Figure 3]FIGURE 3 | Changes in the frequency of leukocytes and T cell subsets in the spleen induced by BW. Frequency of viable leukocytes (A) and T cell subsets (B) was assessed by flow cytometry. Data from sham-treated animals were plotted as reference for each time point. Data representative of three experiments (n = 5 mice/group/time point).
Blast Wave Exposure Alters Viability of Hematopoietic Cells in the Bone Marrow
To assess the impact of BW on the bone marrow, based upon the changes observed in the peripheral blood, we used flow cytometric panels that differentiate between hematopoietic stem cells (HSC) [32, 33] and various multipotent progenitor cells (Table 1). Cohorts of animals were euthanized at the established longitudinal time points and bone marrow cells were isolated and analyzed.
TABLE 1 | Flow cytometric panel for the identification of hematopoietic bone marrow populations.
[image: Table 1]Viability assessment demonstrated the impact of BW on total BMCs (Figure 4). Viability progressively decreased in HSC and pluripotent progenitor cells (Figure 4A, B). While there was an initial decrease in the viability of multi-potent progenitor cells (LSK) on Day 2 and 3 after BW, there was a significant increase in viability by Day 4 (Figure 4C).
[image: Figure 4]FIGURE 4 | Impact of blast overpressure on viability of bone marrow populations. Viability of hematopoietic cells (A), pluripotent progenitor cells (LSK/SLAM), (B), and multi-potent bone marrow cells (LSK), (C) assessed longitudinally after BW using flow cytometry. Data expressed as mean viability ±SD of six mice/group/time point and representative of two separate experiments. Dotted line indicates viability of cell population in sham control mice. Asterisk indicates statistical significance (p < 0.05, ANOVA and Dunnett’s post-test with sham treated mice as control group).
Blast Wave Exposure Results in Changes in the Frequency and Composition of Hematopoietic Cells in the Bone Marrow
To assess whether there is a general or selective impact on HSC and pluri-/multi-potent progenitor cell subsets in the bone marrow, three distinct flow cytometric panels (Table 1) were applied for the in-depth analysis (Figure 5). BW differentially affects these cell populations in the following manner: First, the frequency of CD45+EPCR+ HSC decreased significantly on Days 3–6 (p < 0.001 Dunnett’s test) and slowly increased again to reach the levels of sham mice by Day 14 (Figure 5A). Second, the frequency of ESLAM+ HSC increased significantly after BW compared to the levels in bone marrow of sham mice, after which a significant drop in the frequency was observed starting on Day 6. A continued decline was observed lasting until the end of the experiment (Day 14). Third, changes in the LSK/SLAM subset were less pronounced except for significant decreases in the frequencies on day 5 and Day 14 (Figure 5C). Forth, the frequency of the LSK subset showed slight decreases in the initial days after BW preceding a marked increase on Day 4 that reached statistical significance on Days 5–7 (Figure 5D). We conclude that the impact of BW differed depending on the commitment level of the progenitor cells and subsets of HSC at the time of exposure, and also potentially involves altered phenotypical response from the exposure. It also becomes apparent that even after 14 days, there are still cellular changes occurring and the down-stream impact on the functionality and the homeostasis within the bone marrow remains unclear.
[image: Figure 5]FIGURE 5 | BW causes changes in the frequencies of hematopoietic stem cells (HSC) and progenitor cells. Data expressed as mean frequency of hematopoietic stem cells (A), ESLAM + HSC (B), LSK/SLAM cell subset (C), and LSK cell subset (D) within parental bone marrow cells (Table 1). Representative experiment (n = 4 mice/group/time point, n = 8 sham control mice) of two separate experiments. Asterisk indicates statistical significance (p < 0.05, ANOVA and Dunnett’s post-test with sham treated mice as control group).
Blast Wave Exposure Results in Sub-Acute Changes in the Cytokine/Chemokine Profile.
Profiling of BW-induced changes was extended to assessments of the concentrations of cytokines and chemokines in serum of treated mice. IL-1α is one of the early pro-inflammatory cytokines and has an important role in the recruitment of immune cells to the injury site. Our results revealed that IL-1α was significantly reduced up to 14 days post blast, such that its concentration was 5–20 times lower in BW group than the sham controls (p < 0.05, t-test, Figure 6). IL-1α findings prompted an in-depth longitudinal analysis of cytokine profiles in mice exposed to BW compared to sham controls. Cytokine profiles in sera are summarized in Supplementary Table S1.
[image: Figure 6]FIGURE 6 | Changes in systemic IL-1α after BW. IL-1α was measured in sera from mice either sham or exposed to BW using a quantitative ELISA. Data expressed as mean pg/ml ± SD of n = 4 mice/group/time point. Asterisk indicates statistical significance (p < 0.05, ANOVA and Dunnett’s post-test with sham treated mice as control group).
The statistical analysis comparing serum factor levels in BW-treated vs. sham-treated control mice (Figure 7) unveiled the following findings: 1) BW induced a largely pro-inflammatory milieu with significant increases of IL-6 IL-12, and KC/GRO on Day 1 and IL-22 on Days 2, 3, 5, 6, 7 (p < 0.001). Interestingly, IL-1β was significantly lower in the BW-treated animals on Days 2, 3, 5–14. Th1-cytokines remained un-affected by BW except for IL-12 on Day 1 and IFN-γ on Day 6 where a significant spike in serum cytokine levels was observed. 2) Th2- cytokines in serum were not impacted by BW. 3) Th-17 serum cytokines, namely IL-17F and IL-23 were significantly reduced after BW and there was a spike in IL-17A on Day 6. 4) The serum levels of regulatory IL-21 were significantly lower after BW except for the spike on Day 3. 5) The impact of serum levels of chemokines was surprisingly moderate: levels of IP-10 were significantly higher compared to controls on Day 4, and the levels of MCP-1 and MIP-3α were significantly lower on Day 6 and Days 4, 5, and 7, respectively.
[image: Figure 7]FIGURE 7 | Significant changes in serum cytokine/chemokine levels after blast overpressure. Statistical differences (ANOVA, Dunnett’s test) between the serum concentrations of BW-treated vs. sham-treated mice are presented as heat map: significantly higher cytokine/chemokine levels in the BW group compared to control are indicated in red, significantly lower cytokine/chemokine levels are indicated in blue.
DISCUSSION
The current study is, to the best of our knowledge, the first study to investigate long-term effects of blast overpressure on the immune system in peripheral blood, spleen, and at the bone marrow level. Our results suggest that BW exposure causes changes in the viability and frequency of bone marrow hematopoietic cells that translate into decreases in the number of peripheral white blood cells, red blood cells, and platelets. Such changes in the frequencies of innate and adaptive immune cells may be at least in part responsible for the reported susceptibility to wound infections and therefore impact health outcomes after blast-induced injuries. We observed changes in concentrations of cytokines and chemokines involved in the regulation of wound healing and inflammation as well as those that have important roles in infection/infection progression and hemorrhage control. Our results indicate that BW exposure leads to reduced functionality of the innate immune system and include significant reductions of (a) total WBC count including neutrophils, eosinophils and monocytes; (b) platelets which may have an impact if there are open injuries; (c) serum levels of chemokines (e.g. IL-1α,MIP-3α, MCP-1), which are necessary for the recruitment of immune cells fighting pathogens that enter the site through injury.
WBCs are critical to protect against infections (Shi and Pamer, 2011; Rosenberg et al., 2013; Rosales, 2018). Decreases in the frequencies of these cell populations as result of BW may be a significant pre-disposing factor for development of post-traumatic infections. Moreover, thrombocytopenia is another pre-disposing factor to infections as thrombocytes can fight infections alone or via interaction with other immune cells such as neutrophils and monocytes/macrophages (Martinod and Deppermann, 2021). Indeed, blast-related combat casualties showed very high occurrence of wide-spectrum wound infections (Thompson et al., 2019). Importantly, blast injury was highly coincidental with emergence of invasive fungal infections (IFIs) that caused high morbidity and mortality of combat casualties - 98% of all patients with IFIs were injured by blast (Warkentien et al., 2012; Tribble and Rodriguez, 2014; Ganesan et al., 2019). Our data also show a significant neutropenia, which is one of the major risk factors for development of IFI such as mucormycosis and other infections. IL-1α is one of the early pro-inflammatory cytokines that is involved in recruitment of immune cells to the site of infection and it is important in protection against various pathogens (Malik and Kanneganti, 2018). This cytokine has been shown to be critical for resistance to and clearance of highly virulent P. aeruginosa (Al Moussawi and Kazmierczak, 2014) and A. fumigatus strains (Caffrey-Carr et al., 2017) in animal models of lung infections. In addition to immune cell recruitment, cytokines also show direct antimicrobial effects; notably, MIP-3α (Yang et al., 2003) and other cytokines have been shown to kill various bacterial and fungal pathogens in vitro.
There is a clear indication of reduced functionality of the adaptive immune system due to a significant reduction of the frequency of CD4+ T cells in the spleen. The spleen is an important organ for the induction of humoral responses, especially against bacteria. CD4+ T cells are required in most cases to start an efficacious adaptive immune response by fully activating CD8+ T cells and B-cells (Han et al., 2008; Vitry et al., 2014; Loomis et al., 2020). Our data demonstrate a reduced viability of cell populations in the spleen and bone marrow after BW. There was a clear distinction between the various bone marrow cell populations at the level of the HSC and pluripotent progenitor cells with distinct patterns in the changes of the frequencies induced by BW. The question remains whether the reduction in cell numbers within the various BM populations is associated with apoptosis or with altered differentiation/commitment to specific lineages. If the reduction/depletion of stem cells and pluripotent progenitor cells is due to BW-induced differentiation of these cells into blood cells with limited life spans then this will ultimately lead to immunodeficiency, as peripheral immune cells cannot be replenished. This needs to be further investigated with transcriptomic studies and understand if this shift is transient or permanent. While the effects of a single BW exposure will lead to the reduction of hematopoietic stem and progenitor cells, it remains to be seen what the long-term effects are on the immune system and its fitness. Future work will conduct functional assays to assess the ability to fight wound infections and to determine how far these BW-induced deficiencies reach.
Early events after injury involve the recruitment of cells involved in wound healing through production of IL-1α,IL-1β, IL-6, and TNF-α (Wahl, 1994; Braddock, 2001; Gillitzer and Goebeler, 2001; Heldin and Birkhauser, 2001; Prince et al., 2020). Potential impediment of the immune system and wound healing may be forecasted by the cytokine profiles we observed, since serum levels of IL-1α and IL-1β were statistically significantly lower following blast exposure. The higher levels of IL-6 and KC/GRO may be triggered through the decrease of blood cells in the periphery and in the spleen in an effort to achieve homeostasis.
Restoration of damaged tissue and wound healing is mediated by the Th17 cytokine group, which recruit immune cells and granulocytes (McCartney-Francis et al., 2001). Th17 cytokines are significantly lower throughout the time points, potentially preventing proper healing since the inflammation may not be mitigated to physiological levels to establish a regenerating milieu. Lower levels of IL-21 may account for the persistence of the pro-inflammatory milieu.
One aspect of the study was to determine whether changes in systemic cytokines could be correlated with changes in the frequencies of different immune cell and bone marrow populations. The dependence of granulocytes such as neutrophils on IL-17A for functionality has been described (Liu et al., 2016). Our data raise the question whether the significant reduction in IL-17 contributes to the significantly lower frequencies of neutrophils and eosinophils in peripheral blood (Figure 1). Future work will determine whether cytokine treatment after BW could stabilize the frequency of granulocytes in the blood as a first approach to identify interventions.
A crucial role of IL-17 in hematopoiesis has been described (Krstic et al., 2012; Mojsilović et al., 2015) and a decrease in the systemic concentration of Th17 cytokines could explain the reduction in the frequencies of ESLAM, LSK/SLAM, and LSK subpopulations. Th2 cytokines such as IL-4 affect the maturation of certain immune cell populations (Wang et al., 2015); since no changes in the systemic levels of these Th2 cytokines was induced by BW, we do not anticipate that the maturation of cell populations such as dendritic cells would be impaired. These differential changes in systemic cytokine levels suggest a target cell specific response of immune cells to BW. Future studies will dissect the impact of BW on the functionality of various immune cells and the resulting ability to fight infections.
The unique changes in the profile serum cytokine levels caused by BW are not unexpected considering the diverse functions of the respective cytokines and their role in immune defense against various pathogens. To our knowledge this study establishes for the first time the impact of a non-infectious stimulus, i.e., BW, on serum cytokine profiles. Similar to immunoprofiling responses to pathogens, the cellular source of the cytokines/chemokines remains elusive. While it would be desirable to identify the sources of these factors, identifying the triggers for these changes may be more attainable. Such triggers could be extensive cell death releasing DAMPs (Li et al., 2020), stress factors and/or hormones (Baxter et al., 2013), or triggering pressure sensing receptors (e.g. piezo-1 and piezo-2 receptors) (Keating and Cullen, 2021) in an attempt to unveil treatment targets.
The BW propagates throughout the entire body, inducing a wide myriad of changes in different organ systems and tissues (Cernak and Kobeissy, 2015). Taking this into account, there are several pathways that could potentially have roles in the observed effects of BW on the immune system and cause direct damage to the bone marrow cells and lymphoid organs. However, BW can also result in generation of free oxygen and nitrogen radicals throughout the body, including in tissues of the immune system, that can lead to damage to the immune cells and consequent changes in CBC and concentrations of cytokines and chemokines. Furthermore, a connection between the immune and nervous systems is well established (Maryanovich et al., 2018) and can be another means by which BW affects the immune system. Exposure to BW leads to varied degrees of traumatic brain injury and more specifically to changes in vagus nerve output. N. vagus has an essential role in innervation of the spleen (Bassi et al., 2020), immune cells in the gut (Matteoli and Boeckxstaens, 2013; Bonaz et al., 2017) and bone marrow (Maryanovich et al., 2018) and changes in vagus nerve output can be readily envisioned to contribute to the observed effects on the periphery such as recruitment and migration of immune cells. Moreover, we recently demonstrated that BW results in changes in the pharmacokinetics of cefazolin, first line of defense antibiotic in military patients, resulting in retention of antibiotic in liver and plasma and decreased concentration in target skin tissue (Antonic et al., 2020; Selig et al., 2021). Combined, these effects can lead to increased infection susceptibility and other complications.
In conclusion, we provided, to the best of our knowledge, results of the first study of long term effects of BW on the immune system and a potential mechanism of correlating of blast exposure to increased infection susceptibility. Our data suggest that BW exposure can directly and indirectly contribute to infection development through prolonged immune changes alongside altered pharmacokinetics of applied antibiotics by disturbing and dysregulating compartments of the immune system. Further analysis is needed to derive strong conclusions of immune compromise with techniques such as transcriptomic and mechanisms of cell death.
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