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Abstract


Global fire activities, which are getting worse due to climate change, cause both environmental and human health hazards. Firefighters, being the first responders, are frequently exposed to heat which may impact their immune system and overall health. However, the nature of the impact of chronic heat exposure on immune function has not been studied in-depth in firefighters. In this study, 22 firefighters exposed to “heavy-smoke fires (structural fires)”, categorized as the “high-exposure group” (>0.15 structural fires/week) and “low-exposure group” (<0.15 structural fires/week), were sampled. Peripheral blood was examined for immune cell profile based on total and differential cell counts, immune function based on the transcriptional expression of drivers of innate and adaptive immunity and key inflammation mediators, and heat stress marker HSP70. The white blood cell (WBC) count, mean corpuscular volume, mean corpuscular hemoglobin, and absolute and segmented neutrophil counts decreased below the normal range in both exposure groups. The gene transcript levels for toll-like receptors (TLR2, TLR4, but not TLR7) and their adaptor protein MYD88 were lower whereas those for T-cell transcription factors (RORC/RORγ, FoxP3) and inflammatory mediators (TNF-α, Granzyme-B) were higher in the “high-exposure group”, indicating mixed response; however, the ratios between pro-inflammatory and anti-inflammatory transcription factors of adaptive immunity, namely T-bet/FoxP3 (Th1/Treg) and RORC/FoxP3 (Th17/Treg), were lower. Collectively, decreased immune cell landscape, downregulated key innate immunity receptors, and Tregs’ dominance suggested that chronic heat exposure in firefighters dysregulated innate and adaptive immunity, skewed towards an overall immunosuppressive condition with inflammation.
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1. Introduction


Fire activities are showing an increasing global trend, coinciding with escalating climate change patterns, causing hazardous environmental conditions for the public and first responders. Firefighting is an extremely strenuous occupation due to the repeated exposure of firefighters to harmful environmental conditions such as heat, toxic chemicals, biological agents, and a variety of mechanical hazards [1,2]. Heat exposure and stresses in the workplace environment have been linked to physiological impairments in firefighters [3,4,5] and various acute and chronic illnesses such as sudden cardiac arrest, diabetes, cancer, hypertension, and neuromotor dysfunction, leading to high mortality [1,6,7]. In particular, occupational exposure to extreme heat in firefighters may possibly exacerbate the underlying immunological factors [8,9] contributing to their propensity for immune-mediated diseases including cancer and infections [10,11,12].



Deleterious effects of heat stress on immunity have been explored in animals [13,14,15,16]. However, there are limited human studies on the effects of heat stress on immunity [8,9], especially on the role of occupational chronic heat exposure in immune dysfunction [17]. For instance, in experimental mouse models, chronic heat exposure was shown to reduce the local respiratory tract immunity via epithelial cell necrosis and reduced tracheal and mucosal epithelial cell number, red blood cell infiltration in tracheal tube, reduced alveolar macrophage count, reduced expression of dendritic cell maturation markers major histocompatibility complex class II (MHC-II), cluster of differentiation 40 (CD40), CD80 and CD86, and regulation of cytokines including downregulation of interleukin-6 (IL-6) and interferon-β (IFN-β) and upregulation of IL-10, leading to higher H5N1 influenza virus infection [16]. Studies on dairy cattle showed that heat stress reduces the level of anti-inflammatory cytokines such as IL-4 and IL-10 [13]. Calves exposed to chronic heat during gestation and early post-natal period had either dysregulated immune systems or significantly delayed development of their immune system [13,18]. Heat stress in calves impacted peripheral blood mononuclear cells (PBMCs) by reducing neutrophils, eosinophils, and lymphocytes, and their stimulation with lipopolysaccharide (LPS) increased serotonin secretion [18] which is known to modulate adaptive immune response [19]. The impact of heat stress on immune system dysregulation is also supported by recent epidemiological studies. Heat stress during physical activities affects human immunity via activation of the innate immune response [20]. A decline in the percentage of T-helper cells and an increased percentage of natural killer (NK) cells were reported in heat-stroke patients as compared to healthy controls [21]. Male bakers exposed to high heat showed reduced count and cytotoxic activity of NK cells [17]. Immune system dysregulation may increase the risk of developing chronic allergic and/or inflammatory diseases as well as susceptibility to infections. In this context, studies have reported that exposure to extreme heat is associated with higher hospitalization rates related to asthma and chronic kidney disease and increased plasma osmolality [21,22,23].



Dysregulation of immune function may occur at the level of innate and/or adaptive immunity. Among the innate immunity mediators, toll-like receptors (TLRs) expressed by both the immune and non-immune cells sense the conserved pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). They bind to conserved motifs and non-specifically trigger the innate immune response for eventual activation of the adaptive immune cells. While cell surface TLRs (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10) bind to extracellular floating ligands, intracellular TLRs (TLR3, TLR7, TLR8, TLR9) bind to cytoplasmic DAMPs such as heat shock protein (HSP), altered self-peptides, mitochondrial DNA (hypomethylated CpG DNA motifs), among other ligands. Among the cell surface TLRs, TLR2 binds to microbial products and ligands released from stressed tissue including heat shock proteins (HSPs). TLR2 signaling is known to induce the expression of cytochrome P450 1A1 (CYP1A1) gene that mediates detoxification of carcinogenic polycyclic aromatic hydrocarbons (PAHs) such as benzo(a)pyrene [24] that are commonly associated with fire emissions. This is significant considering that downregulation of TLR2 has been associated with neoplasia [25]. TLR4 binds to microbial endotoxins, and DAMPs like high mobility group box protein 1 (HMGB1), HSP70, hyaluronans, and histone proteins [26,27]. DMAPs-driven TLR4 signaling leading to the secretion of inflammatory cytokines was required for tissue repair in the lungs due to hyaluronan exposure [27]. Among the intracellular TLRs, TLR7 recognizes the single-stranded RNA genome of viruses and its upregulation is associated with the formation of higher intensity of cytokines and auto-antibodies leading to auto-immune diseases such as rheumatoid arthritis [28]. TLR9 recognizes the hypomethylated DNA of bacteria as well as mitochondria and triggers pro-inflammatory responses. Heat stress in mitochondria reduces its biogenesis and enhances reactive oxygen species formation and spills of CpG-rich mitochondrial DNA in the extracellular matrix, leading to the secretion of cytokines [29].



Innate immune mediators activate adaptive immune responses including antibody response (by B-cells) or cell-mediated response (by T-cells). In the presence of a predominant local cytokines milieu, activated T-cell subsets arising from the naïve CD4+ T-cell lineage differentiate either in pro-inflammatory T-helper (Th) cell subsets such as Th1, Th17 or in anti-inflammatory T-regulatory (Treg) cell subset [30,31,32]. Specific T-cell lineage commitments driven by cytokine signaling result from the induction of cell-specific transcription factor expressions. The presence of IL-12 leads to T-bet expression and Th1 cell development, IL-6 plus transforming growth factor-β (TGF-β) leads to Th17 cell development, and TGF-β leads to Treg cell development [31]. The T-helper cell subsets Th1 and Th17 secrete cytokines, leading to an inflammatory response whereas the Treg subset inhibits the inflammatory cells to maintain immune homeostasis [30]. Cytotoxic T-lymphocytes (CTLc) arising from activation of CD8+ T cell lineage release granzyme-B which cleaves the extracellular matrix, cytoskeleton proteins such as nuclear lamins, and mitochondrial membrane and activates the release of protein-bound pro IL-1 and pro TGF-β into their active forms resulting in inflammation and fibrosis [27,33], causing immune dysfunction.



There is a paucity of information on immune dysfunction in firefighters. As firefighters are occupationally exposed to extreme heat conditions, our working hypothesis is that firefighters experience compromised innate and adaptive immunity due to heat stress. Thus, our goal was to investigate the direct impacts of heat stress on innate and adaptive immune cells and their responses in firefighters differentially exposed to occupational heat stress conditions.




2. Materials and Methods


2.1. Study Design


In this pilot study, duly approved by the Institutional Review Board (IRB 2016-2342), 22 medically fit employer-recommended professional firefighters with matching age and BMI were recruited between 1 January 2019 to 30 April 2020. Firefighters with current smoking history or any underlying medical complications were excluded. Their demographic and service-associated details were collected as listed in Table 1. Firefighters were categorized into “low-exposure group” (n = 14) and “high-exposure group” (n = 8). Low exposure and high exposure were defined as exposure to <0.15 and >0.15 structural firefighting/week, respectively. Structural firefighting/week was determined by the total number of fires fought in a year divided by 52 weeks and a cut-off value of 0.15 was selected for grouping to compare the high versus low exposure as per the previous part of this pilot study on postural stability [34]. Each firefighter was informed about the study in advance and signed a written consent form before donating blood samples for the study. Venous blood samples were collected by a trained phlebotomist and subjected to initial immune cell profiling by complete blood cell count (CBC) with differential analysis. Innate and adaptive immune responses were evaluated by measuring gene expression levels of inflammatory mediators, toll-like receptors (TLRs) and their adaptive protein myeloid differentiation primary response protein-88 (MyD88), and T-cell subset-specific transcription factors. Heat exposure marker HSP70 protein level was measured in blood plasma.




2.2. Blood Sample Collection and Processing


For plasma separation and whole blood immune cell profiling, venous blood samples were collected in 10 mL- and 2-mL lavender-capped collection tubes containing dipotassium ethylene diamine tetra acetic acid (K2EDTA), respectively; the samples were mixed properly by repeated inversions. For total RNA isolation, another venous blood sample was collected in a 2 mL-PAXgene tube (Pre-Analytix, GmbH, Hombrechtikon, Germany) and mixed properly by shaking followed by incubation for 2–3 h at room temperature.



Blood from the 10 mL-K2EDTA vials was used for the plasma separation. Plasma was separated after centrifugation of blood at 1500 RPM for 5 min and stored at −80 °C until the analysis was completed. The 2 mL-lavender capped vial of blood with K2EDTA was used for the complete blood cell count (CBC) analysis at the Cincinnati Children’s Hospital Medical Center hematology lab using the Cell-Dyn Sapphire (Abbott, Diagnostics, IL, USA) hematology analyzer. The 2 mL-PAXgene tube was processed for RNA extraction.




2.3. RNA Isolation


Total RNA was isolated from the PAXgene blood sample using the PAXgene blood RNA isolation kit according to the manufacturer’s instructions (Qiagen, GmbH Germany). Briefly, the tube was centrifuged at 3000× g for 10 min to pellet cells. The resulting pellet was washed (2×) with RNAase-free water (4 mL) by vertexing and centrifugation (3000× g for 10 min). The washed pellet was dissolved in 350 µL Buffer BR1 by vertexing. The solution was transferred to a new 1.5-mL microfuge tube and 300 µL of Buffer BR2 and 40 µL of proteinase K were added and mixed by vertexing for 5 s. The mixture was incubated at 55 °C for 10 min for cell lysis. The lysate was passed through a shredder spin column placed in a 2-mL microfuge tube by centrifugation at 15,000× g for 3 min. The eluate was transferred to a new 1.5-mL microfuge tube and 350 µL of absolute ethanol was added and mixed by vertexing. The mixture was passed through a PAXgene RNA spin column by centrifugation at 15,000× g for 1 min. The spin column was placed in a new 2-mL tube and washed with 350 µL Buffer BR3 by centrifugation (15,000× g for 1 min). The washed column was transferred to a new 1.5-mL microfuge tube and 80 µL of DNase-I diluted in RDD buffer was poured into the column followed by incubation at room temperature for 15 min. The column was further washed with 350 µL Buffer BR3 by centrifugation (15,000× g for 1 min), placed in a new 2-mL microfuge tube, and washed with 500 µL Buffer BR4 by centrifugation (15,000× g for 1 min). An additional 500 µL Buffer BR4 was added, and the column was re-washed by centrifugation (15,000× g for 3 min). The PAXgene column was then placed in a new 1.5-mL microfuge tube and RNA was eluted (2×) with 40 µL Buffer BR5 by centrifugation (15,000× g for 1 min). The eluted RNA was incubated at 65 °C for 5 min and chilled on ice. The quantity and quality of RNA were analyzed using Nanodrop (Thermofisher Scientific, Bend, OR, USA).




2.4. Gene Expression Analysis


A 10 ng aliquot of total RNA was used for quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) based gene expression analysis using one-step Brilliant-III Ultra-Fast SYBER Green qRT-PCR Master Mix (Agilent technology, Santa Clara, CA, USA). Gene-specific primers synthesized by Integrated DNA technology (IDT, San Diego, CA, USA) were used for the analysis of the following targets: housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the genes encoding transcription factors T-box transcription factor (TBX21 or T-bet in Th1 cells), Retinoic acid receptor-related orphan receptor-C (RORC encoding RORγt protein in Th17 cells), and Forehead box P3 (FoxP3 in Treg cells), toll-like receptors TLR 2, TLR4, TLR7, and TLR9, Granzyme-B (for NK cells and Cytotoxic T cells), the adaptor protein MyD88, and the typical proinflammatory cytokine TNF-α. For each target gene, one step qRT-PCR reaction (10 µL reaction volume) was performed in triplicate on the real-time thermocycler ABI 7500 (Applied Biosystems, Foster, CA, USA). The cycling conditions were as follows: reverse transcription step at 50 °C for 10 min followed by denaturation step at 94 °C for 10 min, and 35 cycles of amplification (each cycle involving denaturation at 94 °C for 5 s followed by annealing and amplification at optimized target-specific annealing temperature (Ta) for 60 s). Primer sequences and annealing temperatures used were those described elsewhere [35,36]. Melting curve analysis was performed using a ramp rate of 0.5 °C/10 s between 65 to 95 °C. Delta Ct was calculated as Cttarget gene − Ctgapdh. Fold-change compared to the endogenous housekeeping control gene GAPDH was calculated using the 2−Δct method [37]. The ratio between the fold-change values for the high-exposure group versus the low-exposure group (2−Δct of higher exposure/2−Δct of lower exposure) implied the following status of differential gene regulation in the high-exposure group: >1, upregulation; <1, downregulation; 1, no difference in gene expression. The downregulation was then expressed as a negative reciprocal of the fold-change ratio.




2.5. Plasma HSP70 Protein Analysis (ELISA)


Plasma derived from the K2EDTA-containing blood was used for measuring the heat stress marker HSP70 using a Duo set ELISA kit (R&D system, Minneapolis, MN, USA; Catalog Number DYC1663-2), following the manufacturer’s instructions. Briefly, the plate was coated with capture antibody (100 µL) overnight in the dark at room temperature. After aspiration, the wells were washed (3×) with 400 µL of wash buffer and non-specific binding sites were blocked with block buffer (1% BSA, 0.05% NaN3 in PBS) for 1 h at room temperature. The wells were then loaded with 100 µL of either the standard or sample plasma solution (diluted 1:100 in diluent containing 1 mM EDTA, 0.5% Triton™ X-100 in PBS) and incubated for 2 h at room temperature. The wells were washed (3×) with wash buffer and loaded with 100 µL of detection antibody followed by incubation for 1 h. The wells were further washed and loaded with Streptavidin-conjugated horseradish-peroxidase (HRP-streptavidin) solution and incubated for 20 min. After further washing (5×) with wash buffer, the wells were loaded with 100 µL of 3,3,5,5 tetra-methyl benzidine substrate solution (TMB) and incubated for 20 min. The reaction was stopped with 50 µL of 2N H2SO4 solution. The optical density of the color product developed was measured at 450 nm and 540 nm wavelengths on a Bio-Tek Epoch microplate reader (Agilent Technology, Santa Clara, CA, USA). The analyte concentration was calculated by computer-generated plotting of a 4-parameter logistic curve between standard concentrations and their respective optical density values. The minimum detection limit for the HSP70 kit was 156 pg/mL.




2.6. Statistical Analysis


Data were compared between the two groups, i.e., low-exposure versus high-exposure groups, using independent t-tests assuming non-equal standard deviation (Welch correction) on GraphPad Prism version 8.0 for Windows (GraphPad Software, La Jolla, CA, USA). Results were expressed as mean ± standard error of the mean (SEM). p ≤ 0.05 was considered statistically significant.





3. Results


3.1. Demographic Profiles and Exposure Grouping of Study Subjects


The demographic profiles of firefighter participants in terms of age, body mass index (BMI), and total years of firefighting service were similar between the low- and high-exposure groups (Table 1). While the high-exposure group had more experience working with structural heavy smoke fires, other parameters namely, average hours worked over the last month, average shift hours per year, and total working shift hours throughout the career were significantly higher in the low-exposure group (Table 1).




3.2. Blood Immune Cell Landscape


Complete blood cell count (CBC) profile was deranged in all firefighters when compared with the normal range recommended for adult healthy individuals but was similar between the low- and high-exposure groups (Table 2). Likewise, white blood cell (WBC) count, mean corpuscular volume (MCV)/hemoglobin (MCH), and absolute neutrophil count and segmented neutrophil percentage were lower in firefighters in comparison with the normal recommended range for healthy adults, suggesting suppression of hematopoiesis in firefighters (Table 2).




3.3. Dysregulation of Immune Functions


Transcriptional expression of genes associated with innate and adaptive immune responses was used to assess the status of immune function (Table 3). Among the innate immunity drivers/mediators, mRNA levels of toll-like receptor TLR2 and adapter protein MyD88 for this and other receptors in the NF-kB pathway showed a downward trend whereas TLR4 showed significant downregulation (p = 0.041) in the high-exposure group (2.21-fold). However, the genes for intracellular receptor TLR7 (1.85-fold) and the proinflammatory cytokine TNF-α were upregulated in the high-exposure group as compared to the low-exposure group (Table 3 and Figure 1A).



Among the adaptive immunity mediators, expression of the transcription factor T-bet (for Th1 cells) was similar between the two exposure groups. The transcription factors RORC (for Th17 cells) and FoxP3 (for Treg cells) showed higher expression levels in the high-exposure group (1.69-fold and 3.52-fold, respectively). However, the quantitative ratios between the pro-inflammatory and anti-inflammatory transcription factors, namely T-bet/FoxP3 (Th1/Treg) and RORC/FoxP3 (Th17/Treg), were lower in the high-exposure group. Expression of the cytolytic protease Granzyme-B (secreted from the NK and Cytotoxic T-cells) was upregulated in the high-exposure group (Figure 1B).



Plasma levels of HSP protein were above the normal reference range (5–15 ng/mL) for both the exposure groups. The median HSP protein level in plasma was higher in the high-exposure group (35.7 ng/mL) as compared to the low-exposure group (14.2 ng/mL), though there was a large inter-individual variability (Figure 2).





4. Discussion


The results showed a deranged blood immune cell profile, dysregulated innate and adaptive immune response mediators, and altered ratios between T-helper cells and regulatory T-cells along with elevated plasma heat shock protein in firefighters, as elaborated in the following discussion. This implied that role of chronic heat exposure in skewing immune homeostasis may be the underlying cause of immune-mediated diseases such as cancer, cardiometabolic syndrome, neurological conditions, and higher infections commonly experienced by firefighters [16].



Elevated blood HSP70 protein levels as compared to the normal reference range (5–15 ng/mL) in both exposure groups of firefighters indicated heat stress response. Higher median plasma HSP70 levels in the high-exposure group in our study coincided with greater exposure to structural/high smoke fires by this group. However, there was a high inter-individual variability in both groups which may be due to exhaustion or tolerance of body cells to respond further to heat stress and diminished compensating capacity and/or temporal instability of HSP70 protein in prolonged exposures. In fact, an animal study reported that acute heat exposure can lead to an increased level of HSP70 in the early days of exposure with a return to normal level after 21 days of chronic exposure [16]. HSP70 is a molecular chaperone protein that mitigates heat-induced stress by renaturing the denatured proteins [38]. HSP has also been reported to reduce cellular apoptosis in cardiomyocytes and neuronal cells [39], implying its significance in cardiac function; however, prolonged heat exposure may skew physiological and immune homeostasis leading to adverse cardiac and other consequences usually experienced by firefighters.



The most striking impact of chronic heat stress on firefighters was a significant reduction in the absolute count of circulating immune cells in peripheral blood. An overall lower CBC count in all firefighters as compared to the recommended normal healthy range suggested a suppressive effect of heat exposure on the proliferation and differentiation of different immune cell lineages. This is in agreement with the findings of other studies on dairy cattle and bakery workers that reported curtailed mesenchymal stem cell proliferation and differentiation due to heat stress, leading to reduced numbers and altered immunophenotype of blood cells [40,41].



The differential cell count analysis showed a reduction in the WBC and RBC counts, mean corpuscular volume (MCV), mean hematocrit value (MHV), and mean corpuscular hemoglobin (MCH). WBCs being critical immune cells required for eliminating pathogens, reduced WBC count implies susceptibility to infections. Decreased RBC count and hemoglobin content may trigger the development of anemia and chronic fatigue, the health conditions often experienced by firefighters [42,43]. We also observed that segmented and absolute counts of neutrophils in firefighters were lower than the normal reference range. This observation is in agreement with the previous study that reported lower neutrophil count in blood samples of bakery workers frequently exposed to chronic heat stress [16,22]. Neutrophils are the most abundant leukocytes patrolling the tissues and are the first responders to pathogen attacks. A diminished neutrophil count (neutropenia) can cause delayed viral clearance, arthritis, inflammatory bowel disease, and non-Hodgkin’s lymphoma. Recent studies documented a higher prevalence of these conditions in firefighters [44,45,46]. A higher count of immature granulocytes and a lower absolute count of neutrophils in the high-exposure group (Table 2), suggested an impairment of granulocyte differentiation into mature neutrophils due to heat stress [41,42].



Myeloid lineage monocytes differentiated into macrophages and dendritic cells (DCs) are required for phagocytosis and antigen presentation to lymphoid cells (T and B lymphocytes) for triggering the adaptive immune response. These antigen-presenting cells (APCs) express different types of toll-like receptors (TLRs) that are involved in triggering the immune response against extracellular stimuli including heat stress and coordinate with the adaptive immune response. Heat stress leads to tissue injury and the release of DAMPs such as HSP70, which are sensed by TLR4 expressed on DCs and macrophages [47]. Higher expression levels of TLR4 in the low-exposure group of firefighters suggest a responsiveness of immune cells to other stresses such as endotoxins that might have been experienced more by this group (Table 3). TLR binding of DAMP ligands triggers the NF-kB pathway eventually leading to the release of inflammatory cytokines such as TNF-α [48]. In our study, the TNF-α gene was 2.52-fold upregulated in the high-exposure group. In contrast, mRNA levels of TLR2, TLR4, and MyD88 were decreased in this group. Downregulation of TLRs and MyD88 may be an indication of compromised ability to trigger innate immune response due to prolonged exposure in firefighters, which may be the cause for delayed pathogen clearance as observed in animal studies [15].



We also observed decreased lymphocyte count in the high-exposure group as compared to the normal reference range (Table 2), consistent with a previous study on heat stroke patients that reported a low abundance of CD3+ and CD4+ T-helper cells [49]. A dysregulation of lymphoid cell lineages is associated with various metabolic disorders frequently reported in human and animal studies [6,14,17,50]. Dysregulation of lymphocyte subpopulations of T, B and NK cells may adversely affect the pathogen-specific adaptive immunity. Based on transcriptional expression levels of T-cell subset-specific transcription factors, we observed a dysregulation of T-helper (Th) cell subsets in firefighters. The high-exposure group showed greater activation of Th17 (RORC) and Treg (FoxP3) subsets and lower activation of the Th1 (T-bet) subset, measured in terms of the respective transcription factor genes shown in parenthesis; this suggested a skewed T-cell balance towards Th17 and Treg cells. Th17 cells secrete cytokines (IL-17, IL-21, IL-22) that protect from extracellular pathogens such as Candida and Klebsiella. IL-21 is required for B cell maturation and antibody formation. IL-17 has been associated with lung pathologies including fibrosis. IL-17A also induces expression of CXCL8 and granulocyte colony-stimulating factors (G-CSF) from epithelial cells and helps in neutrophil infiltration at the inflammation site [51]. Furthermore, the active ingredients of fire smoke such as polycyclic aromatic hydrocarbons (PAHs), dioxins, monocyclic hydrocarbons (benzene, toluene, styrene), and metals, may serve as receptor ligands and trigger the aryl hydrocarbon receptor (AHR) signaling that promotes Th17 cell differentiation and inflammatory IL-17 secretion but inhibits the Th1-driven IFN-ϒ pathway [52]. This is consistent with the decreased expression of T-bet, the transcription factor for IFN-ϒ-producing Th1 cells, in the current study. The inflammatory diseases in firefighters may be driven by Th17 cells and their cytokines. In this regard, a higher incidence of inflammatory interstitial lung diseases has been reported in firefighters [11]. Additionally, the survivors exposed to the 9/11 attack involving heat exposure experienced a higher incidence of auto-immune diseases like arthritis, scleroderma, myositis, and connective tissue diseases [10].



In terms of the Treg subset, we observed upregulation of its transcription factor FoxP3 in the high-exposure group. FoxP3-positive Treg cells normally secrete the anti-inflammatory cytokine IL-10 which attenuates the overactivation of inflammatory cells. In this context, previous animal studies have reported that chronic heat exposure induces Treg differentiation, increases IL-10 cytokine levels in circulation [38,53] and suppresses the antigen-specific Th1 and Th2-mediated immune responses. This eventually leads to an immunosuppressive profile, which may partially explain the higher susceptibility of firefighters to chronic infections and malignancy [7]. However, it is also reported that, under inflammatory cytokines milieu, Treg cells may become functionally impaired and convert into inflammatory Th17 cell phenotypes and become less suppressive to the inflammatory cells [54]. A higher frequency and functional activity of Treg cells was associated with acute myeloid leukemia [55]. Under certain cellular microenvironments, Tregs can also secrete granzyme B, a cytotoxic mediator normally produced by CD8+ T cells and NK cells, which regulates proinflammatory responses. Notably, we observed a 4.5-fold higher expression of granzyme-B in the high-exposure group. Granzyme-B activates pro-IL-1α into mature IL-1α, and degrades extracellular matrix proteins, cleaves mitochondrial membrane, facilitates reactive oxygen species (ROS) formation, thereby leading to systemic inflammation, apoptosis, microvascular injury and various inflammatory diseases, as commonly observed in firefighters [56,57].



Notably, the ratio of T-helper cells (Th1 or Th17) to Tregs was lower in the high-exposure group. This suggests the immunosuppressive nature of adaptive immune response in firefighters [50]. Such immunocompromised status may favor various immune-mediated conditions such as the poor defense against pathogens leading to infections or the unhindered proliferation of malignant cells leading to cancer.



Limitation of the study: The study data largely suggest that chronic heat stress in firefighters disrupts normal immune function and causes immunosuppressive conditions in the backdrop of the inflammatory response, which may be the underlying cause for the propensity for higher infection and cancer risks in firefighters. However, this being a pilot study is limited in terms of sample size and inability to control the other fire-associated chemicals, gases, biological hazards generated, and other environmental exposures experienced by firefighters.




5. Conclusions


Taken together, our results suggest that chronic heat stress in firefighters induces a non-linear impact on immune cell differentiation and function and a skewed immune response. Specifically, prolonged exposure to heat led to a decreased immune cell landscape in terms of WBC, MCV, MCH, absolute and segmented neutrophils and lymphocytes in firefighters when compared to the recommended normal ranges of these measurements in healthy individuals. While the immune response included increase in certain proinflammatory T-cell subsets (as indicated by higher RORC of Th17 cells and Granzyme-B of cytotoxic T-cells) and secreted cytokines (TNF-α), the overall milieu remained immunosuppressive, as indicated by downregulated innate immunity receptors (TLRs) and a lower quantitative ratio of T-helper cells (Th1 or Th17) to Tregs in the high-exposure group
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Figure 1. Gene expression levels of the inflammatory mediators TNF-α (A) and Granzyme-B (B) in the low-exposure group versus the high-exposure group of firefighters, measured in peripheral blood. 
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Figure 2. Plasma levels of heat shock protein-70 (HSP-70) in low exposure group versus high exposure group of firefighters. 
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Table 1. Demographic and exposure profiles of firefighter subjects exposed to low versus high “heavy smoke fires (Structural fires)” per week (Low-exposure group: <0.15/week or high-exposure group: >0.15/week).
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	Firefighter Characteristics
	Low-Exposure Group

N = 14

(Mean ± SE)
	High-Exposure Group

N = 8

(Mean ± SE)
	p-Value





	Age (Years)
	36.42 ± 1.13
	34.25 ± 1.56
	0.27



	BMI (kg/m2)
	28.96 ± 0.92
	29.04 ± 0.80
	0.95



	Structure fires/week (number of heavy smoke conditions or structure fires in previous year ÷ number of weeks in the year)
	0.10 ± 0.017
	0.26 ± 0.094
	0.051



	Number of times total in the last year worked in a structure fire or heavy smoke conditions
	5.50 ± 0.92
	13.50 ± 4.90
	0.051



	Years of full-time firefighter work
	10.10 ± 1.80
	8.1 ± 2.4
	0.52



	Additional years worked as a part-time firefighter
	5.64 ± 0.94
	4.75 ± 1.47
	0.60



	Total Years as firefighter (full-time + part-time)
	15.75 ± 1.33
	12.87 ± 2.53
	0.28



	Average hours per week worked as a firefighter over the past 6 months
	60.43 ± 2.43
	41.62 ± 4.47
	0.001



	Average shiftwork hours/year (per week × 52 weeks)
	3141.98 ± 122.55
	2164.50 ± 232.95
	0.001



	Average shiftwork hours/month (per week × 52 weeks)/12
	261.83 ± 10.21
	180.37 ± 19.41
	0.001



	Career shift work (hours/year × years as firefighter)
	49,539.65 ± 4429.48
	28,236.0 ± 6876.90
	0.013



	On average, number of EMS runs per week over the past 6 months
	14.78 ± 3.10
	15.87 ± 5.37
	0.852







BMI—Body mass index, EMS—Emergency medical service.













 





Table 2. Complete blood count (CBC) with differential cellular profiles of firefighter subjects exposed to low versus high “heavy smoke fires (Structural fires)” per week (Low-exposure group: <0.15/week or High-exposure group: >0.15/week).
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	CBC Parameters *
	Low-Exposure Group

N = 14

(Mean ± SE)
	High-Exposure Group

N = 8

(Mean ± SE)
	p-Value
	Reference Range ϒ

(Normal Value)





	WBC (k/mcl)
	6.8 ± 0.47
	6.07 ± 0.89
	0.29
	9.00–30.00



	RBC(m/mcl)
	5.18 ± 0.08
	5.07 ± 0.14
	0.48
	3.90–5.50



	HGB (gm/dcl)
	15.40 ± 0.23
	14.98 ± 0.23
	0.25
	13.5–19.5



	HCT (%)
	46.19 ± 0.62
	44.61 ± 060
	0.11
	42.0–60.0



	MCV (fL)
	89.18 ± 0.74
	86.96 ± 0.94
	0.08
	98.0–118



	MCH (pg)
	29.73 ± 0.23
	29.18 ± 0.28
	0.16
	31.0–37.0



	MCHC (gm/dL)
	33.34 ± 0.25
	33.56 ± 0.22
	0.56
	30.0–36.0



	RDWCV (%)
	14.18 ± 1.91
	12.43 ± 0.14
	0.50
	NA



	Platelets(k/mcl)
	264.78 ± 11.56
	253.25 ± 12.35
	0.52
	135–466



	MPV (fL)
	10.22 ± 0.22
	10.43 ± 0.29
	0.56
	10.2–11.9



	SEGS (%)
	58.73 ± 1.66
	61.11 ± 3.69
	0.50
	67.0–87.0



	Lymphocyte (%)
	30.55 ± 1.60
	28.18 ± 3.04
	0.45
	28.0–34.0



	Monocyte (%)
	7.8 ± 0.36
	8.13 ± 0.66
	0.63
	0.0–12.0



	Eosinophils (%)
	1.88 ± 0.33
	1.51 ± 0.31
	0.46
	0.0–4.0



	Basophils (%)
	0.43 ± 0.09
	0.76 ± 0.08
	0.025
	0.0–1.0



	Immature granulocyte (%)
	0.25 ± 0.034
	0.52 ± 0.28
	0.21
	NA



	Neutrophils absolute (K/mcl)
	4.05 ± 0.35
	3.76 ± 0.40
	0.60
	6.00–28.00



	Lymphocyte absolute (K/mcl)
	3.70 ± 1.67
	1.67 ± 0.15
	0.38
	2.00–11.00



	Monocyte absolute (K/mcl)
	0.86 ± 0.32
	0.52 ± 0.05
	0.43
	0.00–2.20



	Eosinophils absolute counts (K/mcl)
	0.47 ± 0.25
	0.08 ± 0.01
	0.27
	0.00–1.20



	Basophils absolute counts (K/mcl)
	0.06 ± 0.026
	0.046 ± 0.003
	0.68
	0.00–0.10



	Immature Granulocyte absolute counts
	0.099 ± 0.033
	0.033 ± 0.023
	0.17
	0.0–0.7







* Abbreviations: WBC (White blood cells); RBC (Red blood cells); HGB (Hemoglobin); HCT (Hemocrit); MCV (Mean corpuscular volume); MCH (Mean corpuscular hemoglobin): MCHC (Mean corpuscular hemoglobin concentration); RDWCV (Red cell distribution width); MPV (Mean platelets volume); SEGS (Segmented neutrophils). ϒ Normal reference range accepted for clinical diagnosis in the US healthy population. NA means the normal range value is ‘Not Available’.













 





Table 3. Gene expression levels for Innate and adaptive immune targets in firefighter subjects exposed to low versus high heavy smoke fires/Structural fires (Low exposure group: <0.15/week versus High exposure group: >0.15/week).
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Target Gene/Protein

	
Fold-Change (FC) Relative to House-Keeping Gene

	
Fold-Difference




	
Low-Exposure Group

N = 14

(Mean ± SE)

	
High-Exposure Group

N = 8

(Mean ± SE)

	
(high-Exposure FC/Low-Exposure FC)






	
TLR2

	
0.48 ± 0.09

	
0.31 ± 0.12

	
−1.51




	
TLR4

	
0.44 ± 0.09

	
0.20 ± 0.07

	
−2.21




	
TLR7

	
0.088 ± 0.036

	
0.16 ± 0.12

	
1.58




	
TLR9

	
0.15 ± 0.05

	
0.15 ± 0.10

	
−1.03




	
MYD88

	
0.40 ± 0.10

	
0.27 ± 0.11

	
−1.48




	
T-bet (Th1)

	
5.46 ± 2.12

	
5.58 ± 2.65

	
−1.19




	
RORC (Th17)

	
54.86 ± 17.21

	
92.78 ± 68.47

	
1.69




	
FoxP3 (Treg)

	
(0.03 ± 0.006) × 10−2

	
(0.12 ± 0.07) × 10−2

	
3.52




	
T-bet/FoxP3 (Th1/Treg)

	
(15.64 ± 4.02) × 103

	
(11.9 ± 5.93) × 103

	
−1.31




	
RORC/FoxP3 (Th17/Treg)

	
(180.6 ± 53.3) × 103

	
(102.6 ± 3.5) × 103

	
−1.76
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