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Macrophages play a pivotal role in tissue homeostasis, pathogen defense, and inflammation resolution. M1 and M2 macrophage phenotypes represent two faces in a spectrum of responses to microenvironmental changes, crucial in both physiological and pathological conditions. Neuraminidase 1 (Neu1), a lysosomal and cell surface sialidase responsible for removing terminal sialic acid residues from glycoconjugates, modulates several macrophage functions, including phagocytosis and Toll-like receptor (TLR) signaling. Current evidence suggests that Neu1 expression influences M1/M2 macrophage phenotype alterations in the context of cardiovascular diseases, indicating a potential role for Neu1 in macrophage polarization. For this reason, we investigated the impact of Neu1 deficiency on macrophage polarization in vitro and in vivo. Using bone marrow-derived macrophages (BMDMs) and peritoneal macrophages from Neu1 knockout (Neu1−/−) mice and wild-type (WT) littermate controls, we demonstrated that Neu1-deficient macrophages exhibit an aberrant M2-like phenotype, characterized by elevated macrophage mannose receptor 1 (MMR/CD206) expression and reduced responsiveness to M1 stimuli. This M2-like phenotype was also observed in vivo in peritoneal and splenic macrophages. However, lymph node (LN) macrophages from Neu1−/− mice exhibited phenotypic alterations with reduced CD206 expression. Further analysis revealed that peripheral LNs from Neu1−/− mice were highly fibrotic, with overexpression of transforming growth factor-beta 1 (TGF-β1) and hyperactivated TGF-β signaling in LN macrophages. Consistently, TGF-β1 was found to alter M1/M2 macrophage polarization in vitro. Our findings showed that Neu1 deficiency prompts macrophages towards an M2 phenotype and that microenvironmental changes, particularly increased TGF-β1 in fibrotic tissues such as peripheral LNs in Neu1−/− mice, further influence M1/M2 macrophage polarization, highlighting its sensitivity to the local microenvironment. Therapeutic interventions targeting Neu1 or TGF-β signaling pathways may offer the potential to regulate macrophage behavior across different diseases.
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1 Introduction

Macrophages are myeloid immune cells present in all mammalian tissues (1). Most tissue-resident macrophages arise from embryonic precursors that infiltrate tissues during prenatal stages, while the rest are derived from circulating precursors from the bone marrow (monocyte-derived macrophages), during inflammation or tissue repair (2, 3). Macrophages are one of the first lines of defense, acting as professional phagocytes and antigen-presenting cells under conditions of tissue infection, necrosis, or injury through the activation of pattern recognition receptors, such as Toll-like receptors (TLRs) or damage-associated molecular pattern receptors, among other receptors (4, 5). To initiate the immune response, macrophages respond to environmental stimuli, undergoing phenotypic changes to fulfill local requirements through a process known as macrophage polarization. Although macrophages exhibit wide heterogeneity and plasticity, they are typically referred to as classically activated macrophages (M1 phenotype) or alternatively activated macrophages (M2 phenotype), when they display an inflammatory state or play a role in tissue repair, respectively (6). Imbalance in macrophage polarization has significant impacts on the development of many pathologies, including cancer (7), cardiovascular diseases (8), autoimmune disorders, obesity, and inflammatory diseases (9). However, the mechanisms underlying macrophage polarization are still not fully understood.

Sialidases are enzymes that can selectively hydrolyze terminal sialic acid residues of glycoproteins or glycolipids (10, 11). To date, four types of mammalian sialidase isoforms, also known as neuraminidases, have been identified: Neuraminidase 1 (Neu1), Neu2, Neu3 and Neu4 (12). These neuraminidase isoforms differ in their cellular localization, chromosomal location, stability, optimal pH, and substrates (10). Among these, Neu1 is mainly found on lysosomal and cell surface membranes and plays a crucial role in macrophage function (11, 13). For instance, Neu1 is the major isoform contributing to sialidase activity and surface desialylation of monocytes during their differentiation into macrophages (13–16). Additionally, desialylation and Neu1 overexpression are linked to the secretion of pro-inflammatory cytokines in human monocytes (17, 18). Also, Neu1 is essential for macrophage phagocytosis, by removing sialic acid from the Fc gamma receptor 1 (FcγR1) and CD36 receptor (19, 20). Additionally, Neu1 modulates TLR-4 signaling, promoting the inflammatory response (21, 22). Recently, Wang et al. described that Neu1-deficient vascular macrophages exhibit an altered phenotype in an aortic dissection mouse model, switching to an anti-inflammatory phenotype (23). A similar finding was reported by Heimerl et al., where Neu1-deficient cardiac macrophages showed a less inflammatory phenotype in a model of ischemia/reperfusion injury (24). Although Neu1 has been shown to be upregulated in M1 and M2 macrophages (17), whether Neu1 has a direct effect on macrophage polarization has not yet been evaluated.

In this study, we tested whether Neu1-deficient macrophages could undergo normal polarization to M1 or M2 phenotypes. In addition, we studied the M1/M2 phenotype of resident macrophages in Neu1-/- mice and WT littermate controls. We found an abnormal M1/M2 phenotype in vitro in Neu1-deficient macrophages with main features of M2-like macrophages and increased M2-like macrophages in the spleen and the peritoneal cavity of Neu1-/- mice. Interestingly, M1 and M2 markers were reduced in macrophages from peripheral lymph nodes (pLNs) of Neu1-/- mice, which was associated with fibrosis and hyperactivated Transforming Growth Factor-β1 (TGF-β1) signaling. This microenvironment limited the response of Neu1-/- LN macrophages to inflammatory stimulus. Accordingly, TGF-β1 altered M1/M2 in vitro polarization. Our results suggest that the lack of Neu1 in macrophages skews these cells towards an M2 phenotype both in vitro and in vivo, but fibrosis and increased TGF-β signaling in pLNs of Neu1-/- mice further affect M1/M2 phenotype, decreasing pro- and anti-inflammatory macrophages, highlighting the importance of the microenvironment in modulating macrophage polarization.




2 Materials and methods



2.1 Animals

Neu1+/− mice used in this study were kindly gifted by Dr. Alessandra d’Azzo (St Jude Children´s Research Hospital, USA). Heterozygous males and females were crossed to generate null mice (Neu1-/-) and Neu1+/+ littermate controls (herein WT mice). All animals were maintained on a C57Bl/6 background. Four to five-month-old mice were used in this study, and all mice were kept in a conventional animal facility with temperature- and light-controlled rooms, maintained on a 12-hour light/12-hour dark cycle, and received water and food ad libitum. All animal procedures and experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at Universidad Autónoma de Chile (protocol codes BE 05-21 and BS 04-21). Animals were maintained according to the “Guide to Care and Use of Experimental Animals, Canadian Council on Animal Care” and the study was conducted and reported in accordance with the ARRIVE Essential 10 guidelines.




2.2 Macrophages isolation, culture, and in vitro polarization

Bone marrow-derived macrophages (BMDMs) cultures were obtained as described previously (25, 26). Briefly, bone marrow cells were flushed from femurs and tibias with cold RPMI-1640 medium (HyClone, Utah, USA) and passed repeatedly through a 25-gauge needle until a homogenous suspension was observed. Red blood cells were lysed using Ammonium-Chloride-Potassium (ACK) lysing buffer (Gibco, NY, USA) for 3 minutes on ice. Cell viability was determined by trypan blue dye exclusion, and 2 × 10 5 cells/well were seeded in 24-well plates in RPMI medium supplemented with 10% heat-inactivated fetal bovine serum (FBS, Corning, NY, USA), 100 U/ml penicillin-100 μg/ml streptomycin (HyClone), and 100 ng/ml macrophage colony-stimulating factor (M-CSF; Cat No. 576404, BioLegend, San Diego, CA, USA) and cultured at 37°C and 5% CO2. On day 4, an additional 100 ng/ml M-CSF was added. After 7 days, cultures contained >97% CD11b+F4/80+ macrophages as observed by FACS. Peritoneal macrophages (PMs) were obtained from the abdominal cavity of mice by repeated washing with 7 mL cold phosphate-buffered saline 1X (PBS) + FBS 3%, using a 21-G needle (27). Cell viability was evaluated by trypan blue dye exclusion, and cell characterization was performed by flow cytometer. Then, 8 x 105 cells were seeded in 24-well plates to obtain macrophage-rich cultures, and peritoneal cells were incubated (37°C, 5% CO2) in RPMI alone for 90 minutes, washed extensively twice with pre-warmed RPMI, and the remaining adherent cells were incubated at 37°C and 5% CO2 in RPMI supplemented with 1% penicillin/streptomycin and 10% FBS. After 24 hours of culture, PMs were used for polarization assays. In vitro polarization of macrophages was performed by adding 100 ng/ml lipopolysaccharide (LPS, E. Coli O111:B4, Sigma-Aldrich, Saint Louis, USA), 100 ng/ml interferon-gamma (IFN-γ; Cat No. 575306, BioLegend) or 100 ng/ml LPS + 10 ng/ml IFN-γ to stimulate M1 polarization. For M2 polarization, we added 100 ng/ml interleukin-4 (IL-4; Cat No. 574304, BioLegend) or 20 ng/ml IL-4 + 10 ng/ml IL-13 (Cat No. 575902, BioLegend). Unstimulated macrophages were used as M0 macrophages (resting, control group). In some experiments, 20 ng/mL TGF-β1 (Cat No. 763102, BioLegend) or vehicle were added (28). M1 and M2 macrophage polarization was assessed by flow cytometry after 24 hours of BMDMs stimulation and after 24 or 48 hours of PMs polarization induction to analyze M1 and M2 macrophages, respectively. Cells were mechanically detached, washed, and resuspended in PBS + FBS 2%. M1 macrophages population was defined as live (7AAD-), F4/80+CD11b+CD86+CD206-, M2 macrophages were defined as F4/80+CD11b+CD86-CD206+, double positive macrophages (DP) were defined as F4/80+CD11b+CD86+CD206+ and double negative macrophages (DN) were defined as F4/80+CD11b+CD86-CD206-.




2.3 Flow cytometry

To detect macrophages, cells were stained with FITC-conjugated anti-F4/80 (Clone BM8.1, Cat No. 35-4801-U500, TONBO Biosciences, CA, USA) and Violet Fluor 500-conjugated anti-CD11b (Clone M1/70, Cat No. 85-0112-U100, TONBO biosciences). Additionally, APC/Cyanine7-conjugated anti-CD11c (Clone N418, Cat No. 117324, BioLegend) was used to exclude CD11chigh cells from secondary lymphoid organs (SLOs) analysis. For M1 macrophage staining, Brilliant Violet 421-conjugated anti-CD86 (Clone GL-1, Cat No. 105032, BioLegend) was used, and for M2 macrophage staining, Alexa Fluor-647-conjugated anti-CD206 (Clone C068C2, Cat No. 141712, BioLegend) and PE-conjugated anti-CD301 (Clone LOM-14, Cat No. 145704, BioLegend) were used. To study stromal cells, we stained with FITC-conjugated anti-mouse CD31 (Clone 390, Cat No. 102406, BioLegend), PE-conjugated anti-CD140A (PDGF Receptor α chain, Clone APA5, Cat No. 562776, BD Biosciences), PE/Cyanine7-conjugated anti-mouse podoplanin (Gp38, Clone 8.1.1, Cat No. 127412, BioLegend), APC/Cyanine7-conjugated anti-CD45 (Clone 30-F11, Cat No. 103116, BioLegend), Brilliant Violet 421-conjugated anti-mouse TER-119 (Cat No. 116233, BioLegend), and Brilliant Violet 510-conjugated anti-mouse Ly-6A/E (Sca-1) (Clone D7, Cat No. 108129, BioLegend). We also used Alexa Fluor-647-conjugated anti-Phospho-Smad2 (Ser465/Ser467) (Clone E8F3R, Cat No. 68550S, Cell Signaling Technology, MA, USA). For viability staining, we used 7-AAD Viability Staining Solution (Cat No. 420404, BioLegend) and 7-AAD-negative cells were gated as live cells. Samples were acquired on a FACSCanto II instrument and BD FACSDiva software (BD Biosciences, San Jose, CA, USA), and data were analyzed using FlowJo v10 (Tree Star, Inc.).




2.4 Tissue preparation to obtain SLO-derived cells

To obtain immune cells from spleens and pLNs, mice were anesthetized by inhalation of isoflurane (3%) in oxygen. After complete sedation, animals were perfused transcardially through the aorta with PBS using a peristaltic pump (Longer Pump Co., Ltd). pLNs and spleens were surgically removed and mechanically disaggregated in ice-cold RPMI. Fragmented tissues were passed through a 40-μm nylon mesh filter, and cells were centrifuged at 2000 rpm for 5 minutes. Additionally, splenocytes were incubated in ACK buffer (Gibco) for 5 minutes, centrifuged, and resuspended in ice-cold PBS/FBS 3%. To obtain stromal cells from pLNs, we adapted a previously described protocol (29). Briefly, after mechanically disrupting pLNs using a 25G needle in RPMI/FBS 2%, tissue fragments were incubated at 37°C and stirred for 30 minutes in digestion buffer 1 (1 mg/ml Collagenase IV, 40 μg/ml DNAse I in RPMI/FBS 2%). After centrifugation, supernatants were passed through a 70-μm nylon mesh filter, and cells were reserved. Next, pellets were digested in digestion buffer 2 (3.5 mg/ml Collagenase D, 40 μg/ml DNAse I in RPMI/FBS 2%) and incubated at 37°C in vigorous agitation with constant pipetting until a homogeneous suspension was achieved. To ensure a single-cell suspension, 5 mM EDTA was added. Finally, cells were passed through a 70-μm nylon mesh filter, centrifuged, and resuspended in PBS/FBS 2% for further analysis.




2.5 Trichrome masson staining

For the histopathological analysis, the samples were fixed in 4% paraformaldehyde in PBS for 24 hours. Later, samples were embedded in paraffin (Paraplast-Plus, Leica Biosystems) after being sequentially dehydrated using alcoholic solutions (ethanol 70%, ethanol 90%, ethanol 100%) and Neo-Clear™ Xylene Substitute (Sigma-Aldrich). Samples were sectioned to 10 µm thickness in a microtome (Biobase Biozone Co., China). For Trichrome Masson staining, sections were rehydrated by sequential incubation in Neo-Clear™ (twice) and alcoholic solutions (ethanol 100%, ethanol 95%, ethanol 70%, ethanol 50%) and stained with the Trichrome Stain Kit (Cat No. ab150686, Abcam, Cambridge, UK) according to the manufacturer’s instructions. Images were visualized using an Olympus BX51 microscope (Olympus America, Inc.).




2.6 Real-time PCR

Total RNA from BMDMs, spleens, and pLNs was isolated using TRIzol reagent according to the manufacturer’s instructions (Invitrogen, MA, USA). Reverse-transcription of 1 µg of RNA was performed using the High-Capacity RNA-to-cDNA Kit (Applied Biosystem, MA, USA) according to the manufacturer’s instructions. For the Real-time PCR, we used the Brilliant II SYBR Kit (Agilent Technologies, Santa Clara, CA, USA) and the primers listed in the Table 1. Each cDNA sample was analyzed in duplicate for quantitative assessment in the AriaMx Real-time PCR System (Agilent Technologies). Relative gene expression was calculated using the 2-ΔΔCt method (30), and results were expressed relative to the housekeeping gene (actin).


Table 1 | Primers used for quantitative RT-PCR analysis of mouse genes.






2.7 In vivo inflammation assay

To induce an in vivo inflammatory response, mice were intraperitoneally injected with PBS or LPS (1 mg/kg) as described before (31). The previously described Murine Sepsis Score (MSS) (32) was monitored at 1, 2, 3, 4, 6, 8, 10 and 24 hours without including the response to auditory stimuli. MSS was scored from 0 to 4 (higher scores indicating more severe symptoms), including assessments of appearance, level of consciousness, spontaneous activity, respiration rate and quality (labored breathing or gasping), and the aspect and secretion of the eyes. None of the mice reached a score of 4 for respiration rate and quality. The body weight of each mouse was recorded at the beginning and 24 hours after sepsis induction. After 24 hours post-injection, mice were euthanized, and spleens and peripheral lymph nodes (axillary and inguinal) were isolated and processed for flow cytometry.




2.8 Statistical analysis

Statistical analyses were performed using Prism software v8.0.1 (GraphPad Software Inc.). Data were expressed as mean ± standard error (SEM). Data were analyzed by unpaired t-test or using two-way ANOVA with Bonferroni post-hoc test. For statistical significance, we set the p-value < 0.05, expressed as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.





3 Results



3.1 Neu1-deficient bone marrow-derived macrophages exhibit a predominant M2 phenotype under different polarization conditions

Our initial approach to determine whether Neu1 plays a direct role in macrophage polarization was performing a classical in vitro polarization assay using BMDMs derived from WT and Neu1-/- mice. After 7 days of macrophage differentiation, cells were kept in medium alone (M0) or cultured under M1 differentiation conditions by using LPS alone, IFN-γ alone or LPS plus IFN-γ, while M2 differentiation was induced by culturing macrophages with IL-4 or IL-4 plus IL-13 (Figure 1, Supplementary Figure S1). To identify M1 and M2 macrophage populations, we used the previously described surface markers CD206 (also known as macrophage mannose receptor 1, MMR1) (M2) and CD86 (M1), respectively (33, 34). We observed increased levels of CD206 in BMDMs from Neu1-/- under M0 condition compared to WT BMDMs, suggesting a predominant M2 phenotype in resting Neu1-/- BMDMs (Figures 1A, B, F). Under different M1 stimuli, both WT and Neu1-/- BMDMs polarized to varying degrees to an M1 phenotype, as evidenced by the increase in the CD86+CD206- macrophages percentage and the decrease in the CD86-CD206+ macrophages population (Figures 1A, B, Supplementary Figures S1A, B). It has been previously described that Neu1 removes sialic acid from the LPS receptor TLR-4, inducing receptor dimerization and decreasing TLR-4-Siglec E interaction, thereby promoting the activation of MyD88 and TRIF signaling during intracellular parasite infection (21, 22). When Neu1 expression or its membrane translocation is downregulated, LPS-TLR-4 signaling is interrupted (22), leading to a partial decrease in the proinflammatory response (35, 36). Consistently, we observed that LPS alone only polarized WT BMDMs to an M1 phenotype, but not Neu1-/- BMDMs (Figure 1B). Nevertheless, LPS induced the upregulation of F4/80 levels in Neu1-/- BMDMs, indicating that Neu1-/- BMDMs still respond to LPS (Figures 1C, D). Synergistic stimulation of LPS plus IFN-γ increased CD86 levels in both WT and Neu1-/- BMDMs (Figures 1C, E) compared to LPS (Figures 1C, E) or IFN-γ alone (Supplementary Figures S1C, D). In fact, the combination of LPS and IFN-γ was the most effective treatment to induce M1 macrophages (Figure 1B), but the percentage of M1 from Neu1-/- macrophages was significantly lower compared to WT BMDMs (Figures 1A, B). Additionally, we observed an elevated percentage of double-positive (DP) CD206+CD86+ macrophages in Neu1-/- BMDMs treated with LPS plus IFN-γ compared to WT BMDMs under the same treatment (Figures 1A, B). Under M2 treatments, both WT and Neu1-/- BMDMs significantly polarized to an M2 macrophage phenotype, evidenced by the increase in the CD86-CD206+ macrophages subpopulation (Figures 1A, B, Supplementary Figures S1A, B). However, CD206 expression was significantly higher in Neu1-/- BMDMs compared to WT BMDMs in both M2 conditions analyzed (Figure 1F, Supplementary Figure S1D), suggesting that the lack of Neu1 expression in BMDMs impinges the cells to polarize to an M2 phenotype. To confirm these results, we evaluated M1/M2 gene expression in polarized BMDMs by RT-PCR analysis. Despite CD206 gene expression being upregulated in M2 macrophages, data showed no significant changes between Neu1−/− and WT groups in any polarizing condition (Figure 1G), indicating that CD206 regulation by Neu1 likely occurs at post-translational level. Furthermore, we evaluated arginase1 (arg-1) expression, a classical M2-associated gene (34). As previously reported, the expression of this gene is strongly induced after M2 stimulation (34). Consistent with our previous findings (Figures 1A, B, F), we found that Neu1-/- BMDMs expressed significantly more arg-1 under M0 and M1 conditions (Figure 1H), suggesting a stronger M2 polarization in Neu1-/- BMDMs compared to WT BMDMs. Regarding M1-associated genes expression, we showed that both WT and Neu1-/- BMDMs responded to M1 stimulation, strongly expressing inducible nitric oxide synthase (iNOS) (Figure 1I), supporting our FACS results. Overall, these results suggest that Neu1-/- BMDMs have a predominant M2 phenotype, responding more strongly to M2 stimuli and showing reduced M1 polarization under M1 conditions in vitro.




Figure 1 | Neu1-deficient BMDMs overexpress the M2 marker CD206/MMR1 and exhibit an abnormal phenotype under in vitro M1/M2 polarization. (A-F) Analysis of WT and Neu1-/- BMDMs phenotypes after 24 hours of in vitro polarization. Macrophage differentiation to M1 was induced with LPS (100 ng/ml), and LPS plus IFN-γ (100 ng/ml and 10 ng/ml, respectively), while M2 macrophages were induced with IL-4 (100 ng/ml). As control we used unstimulated macrophages (M0 condition). (A) Representative pseudocolor dot-plots showing WT and Neu1-/- BMDMs (F4/80+CD11b+) (left), and MMR and CD86 expression in WT and Neu1-/- BMDMs after in vitro polarization (right). (B) Quantification of the frequencies of M1 (CD86+CD206-), M2 (CD86-CD206+) and double-positive (DP) (CD206+CD86+) macrophages in WT and Neu1-/- BMDMs after polarization. (C-F) Representative histograms and graphs of F4/80 (D), CD86 (E) and CD206 (F) expression in WT (green) and Neu1-/- (blue) BMDMs after in vitro polarization. For quantification, mean fluorescence intensity (MFI) was normalized to the average of the untreated WT group. Bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. Data from n=3 mice per group (WT and Neu1-/-) across 3 independent experiments are shown. (G-I) Relative gene expression of mannose receptor C-type 1 (Mrc-1/CD206) (G), arginase 1 (arg-1) (H) and inducible nitric oxide synthase (iNOS) (I) by Realtime-PCR in WT and Neu1-/- BMDMs after in vitro polarization. Actin was used as housekeeping. Data from n=3 were normalized to the average of the control WT group. Bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. MΦ, macrophages.






3.2 Neu1 deficiency alters peritoneal macrophages polarization towards a M2 phenotype

To better understand the effect of Neu1 deficiency on macrophage polarization, we also analyzed PMs from WT and Neu1-/- mice. Based on CD11b and F4/80 expression, we analyzed large PMs (LPMs) (F4/80highCD11b+), isolated from the peritoneal cavity of mice (37, 38). Although we attempted to analyze small peritoneal macrophages by gating the CD11b+F4/80low population, their minimal presence in Neu1-/- mice limited the quantification. First, we observed a drastic reduction in the percentage and number of LPMs recovered from the peritoneal fluid of Neu1-/- mice compared to their littermate controls (Figures 2A, B). Neu1-/- LPMs were significantly more double-positive (DP) (CD86+CD206+) and less M1 (CD86+CD206-) than WT LPMs (Figure 2C). Additionally, Neu1-/- LPMs showed significantly lower F4/80 (Figure 2D) and higher CD206 (Figure 2E) levels compared to WT LPMs, indicating a strong M2 phenotype, similar to what we observed in Neu1-/- BMDMs in vitro. However, Neu1-/- LPMs showed no significant differences in CD86 (Figure 2F), which explains the increase in the DP phenotype in Neu1-/- LPMs (Figure 2C). Next, we evaluated the ability of WT and Neu1-/- PMs to polarize in vitro. Under M1 polarization condition, both WT and Neu1-/- PMs acquired an M1 phenotype (CD86+CD206-) (Figures 2G, H) and increased CD86 levels (Figure 2I), demonstrating the capacity of Neu1-/- PMs to respond to inflammatory stimuli. Nevertheless, M1 Neu1-/- PMs maintained high CD206 expression (Figure 2I) and an elevated DP (CD86+CD206+) phenotype (Figures 2G, H), revealing an abnormal M1 polarization, as observed in Neu1-/- BMDMs. Under M2 polarization conditions, WT PMs were capable of acquiring an M2 phenotype by significantly decreasing CD86+CD206- (M1) macrophages and CD86 expression, while significantly increasing the CD86-CD206+ (M2) population and CD206 expression (Figures 2J–L). In contrast, Neu1-/- PMs did not further increase the M2 phenotype and CD206 expression or reduce the M1 phenotype and CD86 expression, suggesting that the M2 phenotype in this cell population had reached a plateau (Figures 2J–L). In summary, Neu1-/- PMs displayed an M2 macrophage phenotype under homeostatic condition, which reduced their responsiveness to M2 stimuli but could be modulated by M1 polarization. In line with our observations in BMDMs, these findings suggest that Neu1 deficiency leads to an increased M2 phenotype, indicating dysregulation in their response to polarization cues.




Figure 2 | Peritoneal macrophages (PMs) of Neu1-/- mice display M2 phenotype and alterations in the in vitro polarization assay. (A-F) Analysis of large peritoneal macrophages (LPMs) from WT and Neu1-/- mice. (A) Representative pseudocolor dot-plots showing LPMs (CD11b+F4/80high). (B) Quantification of the frequency and number of LPMs in WT and Neu1-/- mice. Bars represent mean ± SEM. *p < 0.05 by unpaired t-test. (C) Representative pseudocolor dot-plots displaying CD206 and CD86 expression in LPMs of WT and Neu1-/- mice (left) and quantification of M1, M2 and double-positive (DP) LPMs frequencies (right). Bars represent mean ± SEM. *p < 0.05 by unpaired t-test. (D-F) Representative histograms and graphs of F4/80 (D), CD206 (E) and CD86 (F) expression in WT (green) and Neu1-/- (blue) LPMs. For quantification, mean fluorescence intensity (MFI) was normalized relative to the average of WT mice. Bars represent mean ± SEM. *p < 0.05, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. Data from 4 mice per group are shown. (G-I) Assessment of WT and Neu1-/- PMs phenotype after M1 in vitro polarization. (G) Representative pseudocolor dot-plots showing CD206 and CD86 expression in WT and Neu1-/-PMs after 24 hours of M1 in vitro polarization with LPS plus IFN-γ (100ng/ml and 10ng/ml, respectively). (H) Quantification of M1, M2 and DP frequencies of WT and Neu1-/- PMs after M1 polarization. (I) Representative histograms and MFI graphs of CD86, F4/80 and CD206 in WT and Neu1-/- PMs after M1 polarization. Bars represent mean ± SEM. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. Data from n=4 from 3 independent experiments. (J-L) Assessment of WT and Neu1-/- PMs phenotype after M2 in vitro polarization. (J) Representative pseudocolor dot-plots showing CD206 and CD86 expression in WT and Neu1-/- PMs after 48 hours of M2 in vitro polarization with 100 ng/ml of IL-4. (K) Quantification of M1, M2 and DP frequencies of WT and Neu1-/- PMs after M2 polarization. (L) Representative histograms and graphs of CD86, F4/80 and CD206 expression in WT and Neu1-/- PMs after M2 polarization. MFI were normalized relative to the average of the untreated WT group. Bars represent mean ± SEM. *p < 0.05, **p < 0.01 by two-way ANOVA with Bonferroni post-hoc test. Data from n=3 from 3 independent experiments. MΦ, macrophages.






3.3 Secondary lymphoid organs-associated macrophages in Neu1-/- mice exhibited phenotypic alterations

The adaptive immune response occurs in SLOs, where resident macrophages play a crucial role in tissue homeostasis and immune response (39, 40). Therefore, we investigated whether macrophages associated with SLOs from Neu1-/- mice may also have phenotypic alterations. First, we examined M1/M2 markers in splenic macrophages from Neu1-deficient mice and their littermate controls. It has been reported that resident splenic macrophages are F4/80+CD11blow/− (41); hence, we focused on analyzing F4/80+CD11blow/− macrophages derived from spleens of WT and Neu1-/- mice. Contrary to our results in the peritoneal cavity, we found a significantly higher percentage (Figures 3A, B) and number (Figure 3C) of F4/80+ splenic macrophages in Neu1-/- mice compared to WT mice. However, in concordance with our previous findings, Neu1-deficient splenic macrophages were significantly less CD86+CD206- and more CD86-CD206+ (Figure 3D). This was associated with the overall downregulation of CD86 (Figure 3E) and an upregulation of CD206 (Figure 3F). In summary, F4/80+ splenic macrophages from Neu1-/- mice have an aberrant phenotype, showing mainly M2-like features.




Figure 3 | Neu1-/- splenic macrophages show an aberrant M1/M2 phenotype. (A) Representative pseudocolor dot-plots of splenic macrophages (F4/80+, CD11blow/−) (left) and CD206 and CD86 expression (right). (B, C) Quantification of frequency (B) and number (C) of F4/80+ splenic macrophages from WT and Neu1-/- mice. (D) Quantification of CD86+CD206-, CD86-CD206+, double-positive (DP) (CD206+CD86+) and double-negative (DN) (CD206-CD86-) frequencies of WT and Neu1-/- splenic macrophages. (E, F) Representative histograms and relative expression of CD86 (E) and CD206 (F) in WT (green) and Neu1-/- (blue) splenic macrophages. Mean fluorescence intensity (MFI) was normalized relative to the average of WT mice. Bars represent mean ± SEM. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired t-test for (B, C, E, F) and two-way ANOVA with Bonferroni post-hoc test for (D) Data from n=6 from 5 independent experiments. MΦ, macrophages.



We then analyzed M1/M2 markers in F4/80+CD11b+ macrophages from peripheral lymph nodes (pLNs) of WT and Neu1-/- mice. Neu1-/- mice had more macrophages in their pLNs compared to littermate controls, although the macrophage frequency was not significantly different (Figures 4A–C). Regarding M1/M2 phenotype distribution, most F4/80+ lymph node (LN) macrophages from WT mice exhibited an intermediate DP phenotype (CD206+CD86+), whereas F4/80+ LN macrophages from Neu1-/- mice showed an increased CD86-CD206+ population, although the DN population (CD86-CD206-) was the most predominantly expanded population (Figure 4D). Neu1-/-F4/80+CD11b+ LN macrophages, similar to Neu1-/- F4/80+ CD11blow/− splenic macrophages, also expressed significantly less CD86 (Figure 4E). However, LN macrophages from Neu1-/- mice downregulated CD206 levels compared to LN macrophages from WT animals (Figure 4F), consistent with the increase in the DN population observed in pLNs from Neu1-/- mice. Overall, these results suggest that, aside from the abnormal phenotype in Neu1-/- splenic and LN macrophages, microenvironment factors in the pLNs of Neu1-/- mice could be contributing to the expansion of the DN macrophage population particularly observed in this tissue.




Figure 4 | Lymph nodes (LN) macrophages of Neu1-/- mice are predominantly double negative (CD86-CD206-) and have diminished M1 and M2 markers. (A) Representative pseudocolor dot-plots of LN macrophages (CD11b+ F4/80+) (left) and their CD206 and CD86 expression (right). (B, C) Quantification of frequency (B) and number (C) of pLNs from WT and Neu1-/- mice. (D) Quantification of CD86+CD206-, CD86-CD206+, double-positive (DP) (CD206+CD86+) and double-negative (DN) (CD206-CD86-) frequencies of LN macrophages. (E, F). Representative histograms and relative expression of CD86 (E) and CD206 (F) in LN macrophages from WT (green) and Neu1-/- (blue) mice. Mean fluorescence intensity (MFI) was normalized relative to the average of WT mice. Bars represent mean ± SEM. ns: not significant, *p < 0.05, ***p < 0.001 by unpaired t-test for (B, C, E, F) and two-way ANOVA with Bonferroni post-hoc test for (D) Data from n=6 from 5 independent experiments. MΦ, macrophages.






3.4 pLNs from Neu1-/- mice have fibrosis, increased TGF-β1 expression and TGF-β-responding macrophages

It was previously reported that Neu1-/- mice exhibit fibrosis in several organs associated with the upregulation of TGF-β (42). Since TGF-β is an immunomodulatory cytokine (43), we hypothesized that it could be involved in the expansion of DN macrophages observed in the lymph node of Neu1-/- mice. To test this hypothesis, we first evaluated the expression of TGF-β1 and TGF-β2 in the SLOs of both mice genotypes. We only found significantly higher expression of TGFB1 isoform in pLNs of Neu1-/- mice compared to WT animals, but not in the spleen (Figure 5A), supporting the idea that TGF-β1 could be involved in the altered phenotype of macrophages in the pLNs of Neu1-/- mice. Additionally, we evaluated the expression of other fibrotic-associated genes in the pLNs. Neu1-/- mice showed significantly higher expression of fibronectin (FN1), but not in collagen type I alpha 1 chain (COL1A1) and collagen type III alpha 1 chain (COL3A1), compared to littermate controls (Figure 5B). Masson’s trichrome staining confirmed fibrosis in the LN of Neu1-/- mice and revealed architectural changes (Figure 5C), indicating an abnormal immunological microenvironment. To better characterize the fibrotic status of pLNs in Neu1-/- mice, we analyzed the LN fibroblastic reticular cells (FRCs) identifying them as Ter119-CD45-CD31-PDPN+CD140a+ by flow cytometry (Figure 5D) (44). Although we did not find significant differences in the percentage of fibroblasts between the two groups, pLNs of Neu1-/- mice exhibited higher number of FRCs (Figure 5E). Additionally, we found that FRCs from pLNs from Neu1-/- mice had an altered phenotype with increased size and complexity (Figure 5F), reflecting an activated status. Moreover, FRCs from pLNs of Neu1-/- mice showed elevated levels of podoplanin (PDPN), crucial for controlling adhesion, elongation, and contractility of activated fibroblasts in LN microarchitecture (45) (Figure 5F). Interestingly, FRCs of pLNs from Neu1-/- mice also exhibit elevated levels of stem cells antigen 1 (Sca1) (Figure 5F), a protein associated with stem features in fibroblast (46), suggesting that FRCs from pLNs of Neu1-/- mice may possess a transitional epithelial/mesenchymal status, consistent with what was previously reported in Neu1-/- fibroblast (42). These phenotypic alterations suggest that FRCs may contribute to tissue disturbance in pLNs of Neu1-/- mice. Altogether, these findings evidenced that pLNs of Neu1-/- mice are highly fibrotic, along with having increased levels of TGF-β1. Then, to evaluate the response of macrophages to TGF-β in pLNs, we assessed the status of TGF-β signaling in LN macrophages. The activation of TGF-β receptors leads to the phosphorylation of the transcription factor SMAD2 (47). Therefore, we examined pSMAD2 levels as an indicator of the activation of TGF-β signaling in this cell population. Higher levels of p-SMAD2 were observed in LN macrophages from Neu1-/- mice compared to their littermate controls (Figure 5G), suggesting that this population responds to the increased TGF-β1 levels in this microenvironment. In contrast, splenic macrophages did not show upregulation of p-SMAD2 (Figure 5G). Finally, since macrophages are capable to produce TGF-β (48, 49), we assessed TGF-β1 expression in WT or Neu1-/- BMDMs under M0, M1 and M2 conditions. We observed that, while the different polarizing conditions influenced TGF-β1 expression as previously described (48), no significant differences of TGF-β1 levels were detected between WT and Neu1-/- macrophages in any condition (Figure 5H), suggesting that Neu1 deficiency does not affect TGF-β1 expression in macrophages. Overall, these results indicate that LN macrophages from Neu1-/- mice have hyperactivated TGF-β signaling, strongly suggesting that TGF-β1, and possibly FRCs may play a significant role in contributing to the altered M1/M2 phenotype observed in this tissue.




Figure 5 | Peripheral lymph nodes (pLNs) of Neu1-/- mice have increased fibrosis and activation of TGF-β signaling in lymph node macrophages. (A) Relative expression of TGFB1 and TGFB2 in pLNs and spleens of WT and Neu1-/- mice. Actin was used as housekeeping. Bars show the mean ± SEM. Data from at least n=5 of 3 independent experiments were analyzed by unpaired t-test. ns: not significant, **p < 0.01. (B) Relative expression of collagen type I alpha 1 chain (COL1A1), collagen type III alpha 1 chain (COL3A1) and fibronectin (FN1) in pLNs of WT and Neu1-/- mice. Actin was used as housekeeping. Bars show the mean ± SEM, Data n=4. from 2 independent experiments were analyzed by unpaired t-test. ns: not significant; *p < 0.05. (C) Representative images of Masson’s trichrome staining of inguinal LN sections of WT and Neu1-/- mice, scale bar represent 1 mm in whole LN section (left) and 50 µM in zooms (right). Data from 2 independent experiments is shown. (D-F) Analysis of fibroblastic reticular cells (FRCs) of pLNs of WT and Neu1-/- mice. (D) Flow cytometry gating strategy to select FRCs (Ter119-CD45-CD31-CD140a+PDPN+ cells). (E) Quantification of the frequency and cells number of FRCs in pLNs of WT and Neu1-/- mice. Bars show mean ± SEM. Data from at least n=4 from 3 independent experiments were analyzed by unpaired t test, ns: not significant, *p < 0.05. (F) Graphs of FSC mean, SSC-A mean, podoplanin (PDPN) and Sca1 expression in FRCs of pLNs of WT and Neu1-/- mice. Mean fluorescence intensity (MFI) was normalized relative to the average of WT mice. Bars show mean ± SEM (n=8) from 3 independent experiments and were analyzed by unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001. (G) Representative histograms and MFI quantification of pSMAD-2 in F4/80+ LN and splenic macrophages of WT and Neu1-/- mice. Bars show mean ± SEM (n=3). Data were analyzed by unpaired t test. ns: not significant, **p < 0.01. (H) Relative expression of TGFB1 in WT and Neu1-/- BMDMs after 24 hours of culture under different conditions: M0 (untreated), M1 (100 ng/ml LPS plus 10 ng/ml IFN-γ) or M2 (100 ng/ml IL-4). Actin was used as housekeeping gene. Data from n=3 were normalized to the average of the control WT group. Bars represent mean ± SEM. **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. MΦ, macrophages.






3.5 TGF-β1 modulates M1 and M2 macrophage polarization in WT and Neu1-/- macrophages

To elucidate the effect of TGF-β1 on WT and Neu1-/- macrophages under different polarization conditions, we analyzed M1 and M2 cell surface markers on BMDMs following M0, M1 and M2 polarization with or without TGF-β1. In resting condition, TGF-β1 did not affect M1 or M2 markers in either WT or Neu1-/- BMDMs (Figures 6A, B). However, under M1 polarization condition, TGF-β1 enhanced the frequency of M1 macrophages (Figures 6A, B) and increased CD86 expression in both WT and Neu1-/- BMDMs (Figures 6C, D). Additionally, TGF-β1 reduced CD206 expression only in Neu1-/- BMDMs in this condition (Figures 6C, D). Conversely, under M2 polarization condition, TGF-β1 increased the frequency of M2 (CD206+CD86-) cells and decreased the frequency of M1 (CD206-CD86+) and DP (CD206+CD86+) cells in both WT and Neu1-/- (Figures 6A, B), showing an overall decline in CD86 expression in both BMDMs (Figures 6C, D). Considering that we identified a significant number of DP macrophages (CD206+CD86+) in normal pLNs, these findings suggest that this elevated DP macrophage population in WT pLNs may be sustained by maintaining downregulated TGF-β1 signaling pathway. In contrast, and in line with our hypothesis, elevated TGF-β1 levels in pLNs could decrease the DP macrophages population, as observed in pLNs of Neu1-/- mice (Figure 4). Because CD206 expression was mostly unaffected by TGF-β1 under this condition, we evaluated another M2 marker, CD301, to analyze macrophage polarization more deeply (50, 51). Interestingly, we observed a drastic reduction in CD301 expression in both WT and Neu1-/- BMDMs specifically under M2 polarization condition, showing the immunomodulatory function of the cytokine (Figures 6C, D). Due to this dramatic TGF-β1-dependent downregulation of CD301 expression, we analyzed the CD301+macrophages population in the spleen and pLNs from both WT and Neu1-/- mice. While CD301+ macrophage frequency and expression in splenic macrophages were similar in both animal models (Supplementary Figures S2A, C), CD301+ macrophage percentage and expression were reduced in the pLNs of Neu1-/- mice (Supplementary Figures S2B, D), in line with the observed reduction of CD206 expression in LN macrophage from this mouse model. This specific reduction of the M2 marker in Neu1-/- macrophages in the TGF-β1-affected LN microenvironment, strongly supports a role for TGF-β1 in disrupting macrophage polarization in this tissue. However, since TGF-β1 did not decrease CD206 expression in vitro (Figure 6D), these results suggest that other factors in the pLN microenvironment could be contributing to the increase in the DN population of LN macrophage in Neu1-/- mice. Overall, these results emphasize the context-dependent roles of TGF-β1 and highlight that TGF-β1 might be a critical microenvironment factor that modulates M1 and M2 marker expression in LN macrophages of Neu1-/- mice.




Figure 6 | Effect of TGF-β1 on in vitro polarization of WT and Neu1-/- BMDMs. Evaluation of TGF-β1 effect on in vitro polarization of WT (A, C) and Neu1-/- BMDMs (B, D). (A, B) (Above) Representative pseudocolor dot-plots showing CD206 and CD86 expression in WT (A) and Neu1-/- (B) BMDMs (CD11b+F4/80+ gated) differentiated into M1 or M2 macrophages using 100 ng/ml LPS plus 10 ng/ml IFN-γ or 100ng/ml IL-4, respectively. Additionally, cultures were simultaneously stimulated with or without TGF-β1 at 20 ng/ml. (Below) Graphs of the frequency of M1 (CD86+CD206-), M2 (CD86-CD206+) and DP (CD206+CD86+) WT (A) and Neu1-/- (B) macrophages under different polarization conditions with or without TGF-β1. Bars are the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. Data from n=3 from 3 independent experiments. (C, D) Representative histograms and quantification of mean fluorescence intensity (MFI) of CD86, CD206 and CD301 in WT (C) and Neu1-/- (D) macrophages under different polarization conditions with or without TGF-β1. MFI were normalized relative to the average of the untreated group. Bars are the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. Data from n=3 from 3 independent experiments are shown. MΦ, macrophages.






3.6 In vivo inflammatory stimulation polarizes splenic but not LN macrophages in Neu1-/- mice

Lastly, we investigated the effect of an in vivo inflammatory stimulus over the M1/M2 macrophage phenotype in SLOs of Neu1-/- mice. For this purpose, we performed an in vivo inflammatory assay by inducing sepsis through LPS administration in WT and Neu1-/- mice (31). After 24 hours, both WT and Neu1-/- splenic macrophages responded to the inflammatory stimuli, as evidenced by a significant increase in CD86+CD206- (M1) frequency, along with a decrease in the CD86-CD206+ (M2) macrophage population (Figures 7A, B). Neu1-/- splenic macrophages were also capable of responding to the inflammatory input by increasing CD86 expression and decreasing CD206 expression to normal levels (Figure 7C), consistent with our findings in Neu1-/- BMDMs and Neu1-/- PMs. These results provide further evidence that the phenotype of Neu1-deficient macrophages can be modulated by environmental factors. Additionally, we analyzed the macrophage response to the inflammatory stimulus in the pLNs of both WT and Neu1-/- mice. Although we observed an increase in the CD86+CD206- (M1) macrophage population and a decrease in the CD86-CD206+ (M2) macrophage population in WT mice, these changes were not statistically significant (Figures 7D, E). However, LN macrophages of WT mice significantly increase F4/80, CD86, and CD301 proteins (Figure 7F). In contrast, under the same inflammatory condition, LN macrophages of Neu1-/- mice did not increase the levels of these molecules (Figure 7F), remaining as CD86-CD206- (DN) and CD86-CD206+ (M2) macrophages (Figures 7D, E), and maintained CD206 at low levels (Figure 7F). These results indicated that the fibrotic LN microenvironment of Neu1-/- mice has a strong immunosuppressive effect on macrophage polarization. Additionally, we monitored the weight and the murine sepsis of mice to evaluate the effect of inflammatory induction in Neu1-/- mice. Strikingly, although Neu1-/- mice appeared more resistant to sepsis because they experienced less weight loss (Figure 7G), they showed higher sepsis scores (Figures 7H, Supplementary Figure S3). Specifically, Neu1-/- mice were more affected in appearance, although they are usually slightly piloerected (Supplementary Figure S3A). The most evident difference between Neu1-/- and WT mice was that Neu1-/- mice had more eye secretions (Figure 7I, Supplementary Figure S3D), and after 24 hours, when symptoms subsided in WT mice, Neu1-/- mice still showed elevated sepsis scores (Figure 7H, Supplementary Figure S3), suggesting an abnormal innate immune response beyond the macrophage-associated immune response. In summary, our results showed that the absence of Neu1 induces macrophages to adopt an M2 phenotype, and the phenotypic features of Neu1-/- macrophages are further influenced by inflammatory and microenvironmental tissue factors, particularly TGF-β1, which govern their phenotypic characteristics.




Figure 7 | Macrophages from spleen, but not LN of Neu1-/- mice respond to in vivo inflammatory stimulation. (A) Representative pseudocolor dot-plots of CD206 and CD86 expression in F4/80+ splenic macrophages of WT and Neu1-/- mice after 24 hours post-injection of LPS. (B, C) Quantification of the frequency of M1 (CD86+CD206- ) and M2 (CD86- CD206+) subpopulation (B) and M2 (CD86-CD206+) subpopulation and relative mean fluorescence intensity (MFI) of CD86 and CD206 (C) of WT and Neu1-/- splenic macrophages in (A). (D) Representative pseudocolor dot-plots of CD206 and CD86 expression in F4/80+ LN macrophages of WT and Neu1-/- mice after 24 hours post-injection of LPS. (E) Quantification of frequency of M1 (CD86+CD206-), M2 (CD86-CD206+), double-positive (DP) (CD206+CD86+) and double-negative (DN) (CD206-CD86-) WT and Neu1-/- LN macrophages showed in D. (F) Relative MFI of F4/80, CD86, CD206 and CD301 in WT and Neu1-/- LN macrophages in D. MFI was normalized relative to the average of WT mice. (G, H) Changes in body weight (G) and Murine sepsis score (MMS) (H) at 0, 1, 2, 3, 4, 6, 8, 10 and 24 hours after LPS injection of WT and Neu1-/- mice. (I) Parts of whole representation of the main indicators (activity, eye secretion, respiration) of WT and Neu1-/- mice during the whole in vivo inflammatory assay. Error bars represent mean ± SEM. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Bonferroni post-hoc test. Data from n=4 controls and n=6 treated mice from 2 independent experiments. MΦ, macrophages.







4 Discussion

Macrophage polarization allows them to adapt and respond to their environment (52). Understanding macrophage polarization, which is dynamic and reversible, is crucial for improving health outcomes (53, 54). Neu1 is highly expressed in lysosomes (55) and on the cell surface of macrophages, where it cleaves sialic acids from glycoconjugates (13). Although Neu1 is not essential for macrophage differentiation, its expression and activity significantly increase during this process (13, 14), suggesting that Neu1 has effector roles in mature macrophages. In fact, Neu1 is crucial for maintaining the phagocytic capacity of macrophages (19). Previously, it was shown in cardiovascular pathologies that Neu1 downregulation promotes the arise of local anti-inflammatory cardiac monocytes/macrophages (23, 24). Our results showed that the absence of Neu1 in macrophages prompts them towards M2 polarization in vitro, demonstrating that the M2 phenotype is associated with genetic Neu1 deficiency in macrophages and extends beyond a phenomenon limited to cardiac macrophages (23, 24). In addition, we observed in vivo M1/M2 phenotypic disturbances in macrophages of Neu1-/- mice, indicating that Neu1 is critical for maintaining the normal distribution of CD206+ and CD86+ tissue-resident macrophages and their immunological roles. Moreover, a novel finding of this study is that the fibrotic microenvironment of pLNs in Neu1-/- mice also influenced M2 macrophages (CD206+ and CD301+), underscoring the relevance of fibrosis-associated factors in determining macrophage phenotypes. Among these factors, TGF-β1 demonstrated a significant role both in vitro and in vivo.

The pronounced effect of Neu1 absence on the BMDMs polarization under different polarization conditions, as well as the similar phenotypes observed in peritoneal and splenic macrophages, reinforces the idea that Neu1 modulates M1/M2 polarization. Nevertheless, this conclusion has certain limitations and should be critically considered. First, although the M1/M2 macrophage polarization is widely used to classify macrophages with a pro- or anti-inflammatory phenotype, it is essential to acknowledge the high plasticity and heterogeneity of macrophage immunophenotypes, regardless M1 and M2 are considering extremes of a spectrum of macrophage activation (52, 56). Second, most of M1/M2 macrophage polarization studies are made in BMDMs, where this classification fits well, but is less clear in tissue-resident macrophages (57, 58), where a combination of several extrinsic and intrinsic factors associated with the particularities of tissues, together with the temporal and transitory response to stimuli, commands more complex macrophage responses (52, 59). Third, certain classical polarization markers, such as CD206, play roles beyond the M1/M2 paradigm (56). For example, CD206 expression in F4/80+ splenic macrophages, which predominate in the red pulp of the spleen, facilitates recognition and phagocytosis of aged or damaged red blood cells, essential for the erythrocyte turnover (60, 61). Meanwhile, in other context, CD206 is involved in the phagocytosis of pathogens (62, 63). An additional limitation of our study is that, even though we observed marked in vitro M2 polarization of BMDMs from Neu1-/- mice after 24 hours under different conditions, using similar protocols as described previously (64, 65), the absence of a timeline study examining polarization changes at different time points limits our conclusions. This type of assay should be considered in M1/M2 polarizations assays and future analyses.

CD206 is an endocytic receptor expressed mainly in macrophages that binds and internalizes a variety of endogenous and pathogenic glycans (66, 67), which is susceptible to regulation by sialylation. CD206 contains extracellular N-glycosylation sites where terminal sialic acids are necessary to bind and internalize mannose-containing CD206 structures (68, 69). As during macrophages differentiation or in an inflammatory context, Neu1 translocates to the cell surface of macrophages (13) to desialylate surface proteins and receptors (21, 22, 70), we infer that Neu1 may regulate CD206 function or location at post-translational level, especially considering that we did not observe changes in CD206 gene expression in Neu1-/- BMDMs after M1/M2 stimuli, yet we observed CD206 surface accumulation. Regarding location, the absence of terminal extracellular sialic acid does not affect the plasma membrane location or the endocytic activity of mannose-bearing glycans by the CD206 receptor (71). However, as Neu1 also has a role in intracellular trafficking modulation (72), it is possible that Neu1 regulates CD206 location by modulating cellular trafficking, explaining the elevated levels of CD206 at the cell surface of Neu1-deficient macrophages. On the other hand, CD206 has plenty of roles in homeostasis, such as in collagen turnover tissues (73). Sialylated CD206 cannot bind collagen, which depends on CD206 multimerization, a process that has only been observed when the receptor is not sialylated (69, 74). Therefore, it will be reasonable that CD206 in the absence of Neu1, and probably in a permanent hypersialylated status, could be performing abnormal uptake of tissue collagens, leading to an imbalance in collagen turnover in tissues (75). The altered function of CD206 in Neu1-/- mice could be an additional axis, besides the previously described exacerbated exocytosis of fibrotic factors intrinsic to Neu1-/- fibroblasts, contributing to the generalized fibrosis observed in many organs (42), as well as in pLNs of Neu1-/- mice. In contrast, despite the severe systemic fibrosis in Neu1-/- mice, we did not find elevated levels of TGF-β in the spleens of Neu1-/- mice. Although the tissue peculiarities need further analysis, it could be a consequence of the particular microenvironment of enlarged spleens (splenomegaly) with elevated extramedullary hematopoiesis (76).

Fibrosis in LNs has been described in lymphoedema (77) and associated with kidney fibrosis (78), where FRCs play a determining role in fibrosis progression (79). Additionally, fibrosis has been observed in metastatic LNs, where it correlates with poor patient prognosis (80, 81), highlighting the importance of understanding the mechanisms associated with this process. Moreover, a prior study linked LN fibrosis to weakened immunological responses to vaccines (82). Consistent with this, M1/M2 macrophage polarization imbalance in the fibrotic LN of Neu1-deficient mice, which was not altered even by in vivo inflammatory stimulation, could be closely associated with the unsuccessful immune reactivity to vaccinations and should be considered in immunization schedules. Furthermore, we also found an enrichment of DP (CD86+CD206+) macrophages in the pLNs of WT mice. DP macrophages have been described in tumors (83, 84), where they have prognostic value, associated with tumor aggressiveness but their inflammatory function is unclear, and it is uncertain whether they correspond to a transitory, intermediary, or well-defined phenotype. In the case of the F4/80+CD86+CD206+ homeostatic macrophages that we found in the pLNs, we speculated that the double expression of CD86 and CD206 could be associated with their function in phagocytosis as well as with antigenic presentation, since these functions have been previously associated to F4/80+ LN macrophages from the medullary region of LNs (40, 56), but this hypothesis needs to be further evaluated. In contrast, DP macrophages were strongly underrepresented in the pLNs of Neu1-/- mice, associated with TGF-β1 overexpression and FRCs activation. Interestingly, the DP macrophage population decreased following in vitro treatment with TGF-β1 in the presence of IL-4, demonstrating that TGF-β1 can influence DP macrophages under specific conditions, as observed in the pLNs of Neu1-/- mice and suggesting that IL-4 may also be a dysregulated microenvironmental factor in the fibrotic pLNs of these mice.

Macrophages are known to produce TGF-β1 (49, 85). Our results did not show any difference in TGF-β1 expression between WT and Neu1-/- macrophages in vitro, suggesting that Neu1-/- macrophages may not be involved in the increased TGF-β1 levels observed in the pLNs of Neu1-/- mice. This is consistent with evidence showing that macrophage depletion has minimal impact on TGF-β1-dependent fibrosis (86). The role of Neu1 in regulating the secretory pathways of TGF-β1, as well as the activation of TGF-β1 or its receptors, needs further investigation. Previously, it has been shown that myofibroblasts from Neu1-/- mice exhibit higher exocytosis of TGF-β1 (42), this evidence, along with the observation of more activated features and complexity of FRCs in Neu1-/- mice, our results strongly suggest that FRCs in the pLNs of Neu1-/- mice could be involved in producing higher levels of TGF-β1 and ECM components. FRCs maintain the LN macrophages parenchymal niche (87), therefore, the elevated number of FRCs in the LNs of Neu1-/- mice may be responsible for the increased number of LN macrophages observed in Neu1-/- mice. In addition, the close association of FRCs with macrophages and other immune cells (87, 88) could also be facilitating the immunosuppression of LN macrophages and altering the LN microenvironment in Neu1-/- mice. Moreover, the potential contributions of other cells, such as lymphatic endothelial cells (89), epithelial cells or T cells (85, 90), to the elevated TGF-β1 levels and fibrosis in the pLNs of Neu1-/- mice cannot be excluded. Additionally, FRCs are crucial in organizing LN structure during homeostasis and inflammation, guiding immune responses, and forming the foundation for immune cell organization (88, 91), with Sca1 and PDPN proteins playing key roles (45, 46, 92). The increased expression of Sca1 and PDPN in FRCs from Neu1-/- mice suggests that these FRCs are actively modifying the LN microarchitecture in Neu1-/- mice, although further research is necessary to confirm these observations.

It is well known that TGF-β is strongly associated with M2 macrophages because TGF-β induces M2 macrophage polarization and is the major pro-fibrotic cytokine that induces fibroblasts to produce extracellular matrix (ECM) (28, 93). However, the effect of TGF-β on macrophages appears to be associated with macrophage subtypes. Thus, while TGF-β induces M2 polarization and CD206 expression in THP1 human macrophages (28), in alveolar macrophages, TGF-β decreases CD206 expression (94). Additionally, long exposure to TGF-β1 prevented microglia from switching from the M1 to M2 phenotype, impairing their capacity to develop a resolving anti-inflammatory phenotype (95). From our results, we observed that LN macrophages were responding to chronic TGF-β1 exposure in the pLNs of Neu1-/- mice, leading to an elevated M2 and DN macrophage population and globally downregulated CD206 and CD301 levels, similar to what was described in alveolar macrophages and microglia, and this response was sustained even after inflammatory induction in Neu1-/- mice. These results could provide an explanation about why the therapeutic inhibition of Neu1 has been shown to be particularly protective in pulmonary fibrosis (96, 97), whereas constitutive or phagocyte-specific Neu1 depletion increased renal fibrosis (72), liver, or skeletal muscle fibrosis (42). Nevertheless, the role of Neu1 in idiopathic pulmonary fibrosis (IPF) is contradictory because one study showed Neu1 upregulation in lung samples from IPF patients (96), while another study showed Neu1 downregulation (42). Furthermore, we observed that TGF-β1 effects on macrophage polarization depend on the immunological context. TGF-β1 showed a dual role, increasing M1 markers under LPS-dependent inflammation and decreasing them under IL-4-dependent immune response, independent of the genetic status of Neu1. The microarchitecture disturbance of the pLNs in Neu1-/- mice could support several signals implicated in downregulating macrophage polarization. Additionally, the fact that SLOs from Neu1-/- mice displayed more macrophages, meanwhile in the peritoneum, they had fewer macrophages, could indicate alterations in macrophage homing regulation. In fact, Neu1 deficiency is associated with ECM remodeling in the bone niche, which alters the retention of hematological progenitors in the bone marrow (11).

Despite the immunosuppressive LN microenvironment and the presence of M2 macrophages at the peritoneal cavity and spleen of Neu1-/- mice, these mice were not protected from sepsis and exhibited more severe symptoms, highlighting the role of Neu1 in the innate immune system and immune physical barriers in the inflammatory response. For instance, among other mechanisms, surface sialylation modulates neutrophil viability (98), and Neu1 deficiency elevates neutrophil protease exocytosis in the bone marrow niche (11). Additionally, Neu1 is expressed in the airway epithelia, especially within the brush border, where it can regulate the Epidermal growth factor receptor (EGFR) and Mucin1 (99), which serve as lubricants and physical barriers to protect cells from damage or infections, but are also associated with chronic inflammation (100).

In summary, we showed here that Neu1 deficiency leads to an abnormal M1/M2 macrophages phenotype in vivo and under M1/M2 polarizing conditions, which could be affected by the microenvironment. The fact that external microenvironment factors can modulate the phenotype of Neu1-deficient macrophages opens a therapeutic window for treating inflammatory and fibrotic conditions as well as genetic diseases such as sialidosis, an autosomal recessive disorder caused by mutations in the Neu1 gene (101) or galactosialidosis, a combined deficiency of Neu1 and cathepsin A (102). Interestingly, although various defects in macrophage populations have been described in Neu1-/- mice (11, 19), and our study has now added insights into M1/M2 polarization, still the status of macrophages in sialidosis patients is currently unknown. Further studies are necessary to specifically evaluate the phenotype and function of macrophages in sialidosis patients to corroborate and expand upon our findings.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by Comité Ético Científico-Subcomité de Bioética at Universidad Autónoma de Chile. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

EE: Conceptualization, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Visualization, Writing – original draft, Writing – review & editing. AO: Formal analysis, Investigation, Methodology, Writing – review & editing. SA: Methodology, Visualization, Writing – review & editing. EB: Investigation, Methodology, Writing – review & editing. FR: Methodology, Writing – review & editing. AH: Conceptualization, Funding acquisition, Investigation, Methodology, Resources, Writing – review & editing. NE: Conceptualization, Funding acquisition, Methodology, Resources, Supervision, Visualization, Writing – review & editing, Investigation.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by the following grants: Agencia Nacional de Investigación y Desarrollo (ANID) Fondo Nacional de Desarrollo Cientı́fico y Tecnológico (FONDECYT) Postdoctorado N°3210296 (EE); FONDECYT Regular N°1231431 (AH); FONDECYT Regular N° 1201562 and 1240944 (NE). AH is a Latin American Fellow in the Biomedical Sciences, supported by The Pew Charitable Trusts.




Acknowledgments

We would like to thank Dr. Alessandra d’Azzo of St. Jude Children’s Research Hospital (USA) for kindly share the Neu1-/- mouse model with NE. Also, we are grateful to Ledaliz Retamal for technical assistance and management of mouse colonies.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1462853/full#supplementary-material




References

1. Mass, E, Nimmerjahn, F, Kierdorf, K, and Schlitzer, A. Tissue-specific macrophages: how they develop and choreograph tissue biology. Nat Rev Immunol. (2023) 23:563–79. doi: 10.1038/s41577-023-00848-y

2. Wu, Y, and Hirschi, KK. Tissue-resident macrophage development and function. Front Cell Dev Biol. (2020) 8:617879. doi: 10.3389/fcell.2020.617879

3. De Kleer, I, Willems, F, Lambrecht, B, and Goriely, S. Ontogeny of myeloid cells. Front Immunol. (2014) 5:423. doi: 10.3389/fimmu.2014.00423

4. Uribe-Querol, E, and Rosales, C. Phagocytosis: our current understanding of a universal biological process. Front Immunol. (2020) 11:1066. doi: 10.3389/fimmu.2020.01066

5. Barker, RN, Erwig, LP, Hill, KS, Devine, A, Pearce, WP, and Rees, AJ. Antigen presentation by macrophages is enhanced by the uptake of necrotic, but not apoptotic, cells. Clin Exp Immunol. (2002) 127:220–5. doi: 10.1046/j.1365-2249.2002.01774.x

6. Murray, PJ, Allen, JE, Biswas, SK, Fisher, EA, Gilroy, DW, Goerdt, S, et al. Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity. (2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008

7. Zou, Z, Lin, H, Li, M, and Lin, B. Tumor-associated macrophage polarization in the inflammatory tumor microenvironment. Front Oncol. (2023) 13:1103149. doi: 10.3389/fonc.2023.1103149

8. Komal, S, Han, SN, Cui, LG, Zhai, MM, Zhou, YJ, Wang, P, et al. Epigenetic regulation of macrophage polarization in cardiovascular diseases. Pharm (Basel). (2023) 16(2):141. doi: 10.3390/ph16020141

9. Luo, M, Zhao, F, Cheng, H, Su, M, and Wang, Y. Macrophage polarization: an important role in inflammatory diseases. Front Immunol. (2024) 15:1352946. doi: 10.3389/fimmu.2024.1352946

10. Miyagi, T, and Yamaguchi, K. Mammalian sialidases: physiological and pathological roles in cellular functions. Glycobiology. (2012) 22:880–96. doi: 10.1093/glycob/cws057

11. Yogalingam, G, Bonten, EJ, van de Vlekkert, D, Hu, H, Moshiach, S, Connell, SA, et al. Neuraminidase 1 is a negative regulator of lysosomal exocytosis. Dev Cell. (2008) 15:74–86. doi: 10.1016/j.devcel.2008.05.005

12. Monti, E, Bonten, E, D’Azzo, A, Bresciani, R, Venerando, B, Borsani, G, et al. Sialidases in vertebrates: a family of enzymes tailored for several cell functions. Adv Carbohydr Chem Biochem. (2010) 64:403–79. doi: 10.1016/S0065-2318(10)64007-3

13. Liang, F, Seyrantepe, V, Landry, K, Ahmad, R, Ahmad, A, Stamatos, NM, et al. Monocyte differentiation up-regulates the expression of the lysosomal sialidase, Neu1, and triggers its targeting to the plasma membrane via major histocompatibility complex class II-positive compartments. J Biol Chem. (2006) 281:27526–38. doi: 10.1074/jbc.M605633200

14. Stamatos, NM, Liang, F, Nan, X, Landry, K, Cross, AS, Wang, LX, et al. Differential expression of endogenous sialidases of human monocytes during cellular differentiation into macrophages. FEBS J. (2005) 272:2545–56. doi: 10.1111/j.1742-4658.2005.04679.x

15. Stamatos, NM, Carubelli, I, van de Vlekkert, D, Bonten, EJ, Papini, N, Feng, C, et al. LPS-induced cytokine production in human dendritic cells is regulated by sialidase activity. J Leukoc Biol. (2010) 88:1227–39. doi: 10.1189/jlb.1209776

16. Wang, D, Ozhegov, E, Wang, L, Zhou, A, Nie, H, Li, Y, et al. Sialylation and desialylation dynamics of monocytes upon differentiation and polarization to macrophages. Glycoconj J. (2016) 33:725–33. doi: 10.1007/s10719-016-9664-4

17. Sieve, I, Ricke-Hoch, M, Kasten, M, Battmer, K, Stapel, B, Falk, CS, et al. A positive feedback loop between IL-1beta, LPS and NEU1 may promote atherosclerosis by enhancing a pro-inflammatory state in monocytes and macrophages. Vascul Pharmacol. (2018) 103-105:16–28. doi: 10.1016/j.vph.2018.01.005

18. Stamatos, NM, Curreli, S, Zella, D, and Cross, AS. Desialylation of glycoconjugates on the surface of monocytes activates the extracellular signal-related kinases ERK 1/2 and results in enhanced production of specific cytokines. J Leukoc Biol. (2004) 75:307–13. doi: 10.1189/jlb.0503241

19. Seyrantepe, V, Iannello, A, Liang, F, Kanshin, E, Jayanth, P, Samarani, S, et al. Regulation of phagocytosis in macrophages by neuraminidase 1. J Biol Chem. (2010) 285:206–15. doi: 10.1074/jbc.M109.055475

20. Kawecki, C, Bocquet, O, Schmelzer, CEH, Heinz, A, Ihling, C, Wahart, A, et al. Identification of CD36 as a new interaction partner of membrane NEU1: potential implication in the pro-atherogenic effects of the elastin receptor complex. Cell Mol Life Sci. (2019) 76:791–807. doi: 10.1007/s00018-018-2978-6

21. Karmakar, J, Roy, S, and Mandal, C. Modulation of TLR4 sialylation mediated by a sialidase neu1 and impairment of its signaling in leishmania donovani infected macrophages. Front Immunol. (2019) 10:2360. doi: 10.3389/fimmu.2019.02360

22. Karmakar, J, and Mandal, C. Interplay between sialic acids, siglec-E, and neu1 regulates myD88- and TRIF-dependent pathways for TLR4-activation during leishmania donovani infection. Front Immunol. (2021) 12:626110. doi: 10.3389/fimmu.2021.626110

23. Wang, Q, Chen, Z, Peng, X, Zheng, Z, Le, A, Guo, J, et al. Neuraminidase 1 exacerbating aortic dissection by governing a pro-inflammatory program in macrophages. Front Cardiovasc Med. (2021) 8:788645. doi: 10.3389/fcvm.2021.788645

24. Heimerl, M, Sieve, I, Ricke-Hoch, M, Erschow, S, Battmer, K, Scherr, M, et al. Neuraminidase-1 promotes heart failure after ischemia/reperfusion injury by affecting cardiomyocytes and invading monocytes/macrophages. Basic Res Cardiol. (2020) 115:62. doi: 10.1007/s00395-020-00821-z

25. Bisgaard, LS, Mogensen, CK, Rosendahl, A, Cucak, H, Nielsen, LB, Rasmussen, SE, et al. Bone marrow-derived and peritoneal macrophages have different inflammatory response to oxLDL and M1/M2 marker expression - implications for atherosclerosis research. Sci Rep. (2016) 6:35234. doi: 10.1038/srep35234

26. Toda, G, Yamauchi, T, Kadowaki, T, and Ueki, K. Preparation and culture of bone marrow-derived macrophages from mice for functional analysis. STAR Protoc. (2021) 2:100246. doi: 10.1016/j.xpro.2020.100246

27. Layoun, A, Samba, M, and Santos, MM. Isolation of murine peritoneal macrophages to carry out gene expression analysis upon Toll-like receptors stimulation. J Vis Exp. (2015) 98:e52749. doi: 10.3791/52749

28. Zhang, F, Wang, H, Wang, X, Jiang, G, Liu, H, Zhang, G, et al. TGF-beta induces M2-like macrophage polarization via SNAIL-mediated suppression of a pro-inflammatory phenotype. Oncotarget. (2016) 7:52294–306. doi: 10.18632/oncotarget.v7i32

29. Broggi, MA, Schmaler, M, Lagarde, N, and Rossi, SW. Isolation of murine lymph node stromal cells. J Vis Exp. (2014) 90:e51803. doi: 10.3791/51803

30. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

31. Jablonski, KA, Amici, SA, Webb, LM, Ruiz-Rosado Jde, D, Popovich, PG, Partida-Sanchez, S, et al. Novel markers to delineate murine M1 and M2 macrophages. PloS One. (2015) 10:e0145342. doi: 10.1371/journal.pone.0145342

32. Sulzbacher, MM, Sulzbacher, LM, Passos, FR, Bilibio, BLE, de Oliveira, K, Althaus, WF, et al. Adapted murine sepsis score: improving the research in experimental sepsis mouse model. BioMed Res Int. (2022) 2022:5700853. doi: 10.1155/2022/5700853

33. Leuti, A, Talamonti, E, Gentile, A, Tiberi, M, Matteocci, A, Fresegna, D, et al. Macrophage plasticity and polarization are altered in the experimental model of multiple sclerosis. Biomolecules. (2021) 11(6):837. doi: 10.3390/biom11060837

34. Orecchioni, M, Ghosheh, Y, Pramod, AB, and Ley, K. Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs. Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front Immunol. (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

35. Amith, SR, Jayanth, P, Franchuk, S, Siddiqui, S, Seyrantepe, V, Gee, K, et al. Dependence of pathogen molecule-induced toll-like receptor activation and cell function on Neu1 sialidase. Glycoconj J. (2009) 26:1197–212. doi: 10.1007/s10719-009-9239-8

36. Allendorf, DH, Franssen, EH, and Brown, GC. Lipopolysaccharide activates microglia via neuraminidase 1 desialylation of Toll-like Receptor 4. J Neurochem. (2020) 155:403–16. doi: 10.1111/jnc.15024

37. Ghosn, EE, Cassado, AA, Govoni, GR, Fukuhara, T, Yang, Y, Monack, DM, et al. Two physically, functionally, and developmentally distinct peritoneal macrophage subsets. Proc Natl Acad Sci U S A. (2010) 107:2568–73. doi: 10.1073/pnas.0915000107

38. Schroder, WA, Hirata, TD, Le, TT, Gardner, J, Boyle, GM, Ellis, J, et al. SerpinB2 inhibits migration and promotes a resolution phase signature in large peritoneal macrophages. Sci Rep. (2019) 9:12421. doi: 10.1038/s41598-019-48741-w

39. Borges da Silva, H, Fonseca, R, Pereira, RM, Cassado Ados, A, Alvarez, JM, and D’Imperio Lima, MR. Splenic macrophage subsets and their function during blood-borne infections. Front Immunol. (2015) 6:480. doi: 10.3389/fimmu.2015.00480

40. Gray, EE, and Cyster, JG. Lymph node macrophages. J Innate Immun. (2012) 4:424–36. doi: 10.1159/000337007

41. Kohyama, M, Ise, W, Edelson, BT, Wilker, PR, Hildner, K, Mejia, C, et al. Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis. Nature. (2009) 457:318–21. doi: 10.1038/nature07472

42. van de Vlekkert, D, Demmers, J, Nguyen, XX, Campos, Y, MaChado, E, Annunziata, I, et al. Excessive exosome release is the pathogenic pathway linking a lysosomal deficiency to generalized fibrosis. Sci Adv. (2019) 5:eaav3270. doi: 10.1126/sciadv.aav3270

43. Li, MO, Wan, YY, Sanjabi, S, Robertson, AK, and Flavell, RA. Transforming growth factor-beta regulation of immune responses. Annu Rev Immunol. (2006) 24:99–146. doi: 10.1146/annurev.immunol.24.021605.090737

44. Malhotra, D, Fletcher, AL, Astarita, J, Lukacs-Kornek, V, Tayalia, P, Gonzalez, SF, et al. Transcriptional profiling of stroma from inflamed and resting lymph nodes defines immunological hallmarks. Nat Immunol. (2012) 13:499–510. doi: 10.1038/ni.2262

45. Astarita, JL, Cremasco, V, Fu, J, Darnell, MC, Peck, JR, Nieves-Bonilla, JM, et al. The CLEC-2-podoplanin axis controls the contractility of fibroblastic reticular cells and lymph node microarchitecture. Nat Immunol. (2015) 16:75–84. doi: 10.1038/ni.3035

46. Joe, AW, Yi, L, Natarajan, A, Le Grand, F, So, L, Wang, J, et al. Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis. Nat Cell Biol. (2010) 12:153–63. doi: 10.1038/ncb2015

47. Chia, ZJ, Cao, YN, Little, PJ, and Kamato, D. Transforming growth factor-beta receptors: versatile mechanisms of ligand activation. Acta Pharmacol Sin. (2024) 45(7):1337–48. doi: 10.1038/s41401-024-01235-6

48. Parsa, R, Andresen, P, Gillett, A, Mia, S, Zhang, XM, Mayans, S, et al. Adoptive transfer of immunomodulatory M2 macrophages prevents type 1 diabetes in NOD mice. Diabetes. (2012) 61:2881–92. doi: 10.2337/db11-1635

49. Ashcroft, GS. Bidirectional regulation of macrophage function by TGF-beta. Microbes Infect. (1999) 1:1275–82. doi: 10.1016/S1286-4579(99)00257-9

50. Van den Bossche, J, Baardman, J, Otto, NA, van der Velden, S, Neele, AE, van den Berg, SM, et al. Mitochondrial dysfunction prevents repolarization of inflammatory macrophages. Cell Rep. (2016) 17:684–96. doi: 10.1016/j.celrep.2016.09.008

51. Prokop, S, Heppner, FL, Goebel, HH, and Stenzel, W. M2 polarized macrophages and giant cells contribute to myofibrosis in neuromuscular sarcoidosis. Am J Pathol. (2011) 178:1279–86. doi: 10.1016/j.ajpath.2010.11.065

52. Murray, PJ. Macrophage polarization. Annu Rev Physiol. (2017) 79:541–66. doi: 10.1146/annurev-physiol-022516-034339

53. Horhold, F, Eisel, D, Oswald, M, Kolte, A, Roll, D, Osen, W, et al. Reprogramming of macrophages employing gene regulatory and metabolic network models. PloS Comput Biol. (2020) 16:e1007657. doi: 10.1371/journal.pcbi.1007657

54. Perez, S, and Rius-Perez, S. Macrophage polarization and reprogramming in acute inflammation: A redox perspective. Antioxid (Basel). (2022) 11(7):1394. doi: 10.3390/antiox11071394

55. Bonten, EJ, Campos, Y, Zaitsev, V, Nourse, A, Waddell, B, Lewis, W, et al. Heterodimerization of the sialidase NEU1 with the chaperone protective protein/cathepsin A prevents its premature oligomerization. J Biol Chem. (2009) 284:28430–41. doi: 10.1074/jbc.M109.031419

56. Gordon, S, and Pluddemann, A. Tissue macrophages: heterogeneity and functions. BMC Biol. (2017) 15:53. doi: 10.1186/s12915-017-0392-4

57. Nawaz, A, Fujisaka, S, Kado, T, Jeelani, I, and Tobe, K. Heterogeneity of adipose tissue-resident macrophages-beyond M1/M2 paradigm. Diabetol Int. (2023) 14:125–33. doi: 10.1007/s13340-023-00624-2

58. Strizova, Z, Benesova, I, Bartolini, R, Novysedlak, R, Cecrdlova, E, Foley, LK, et al. M1/M2 macrophages and their overlaps - myth or reality? Clin Sci (Lond). (2023) 137:1067–93. doi: 10.1042/CS20220531

59. Mosser, DM, Hamidzadeh, K, and Goncalves, R. Macrophages and the maintenance of homeostasis. Cell Mol Immunol. (2021) 18:579–87. doi: 10.1038/s41423-020-00541-3

60. Kurotaki, D, Uede, T, and Tamura, T. Functions and development of red pulp macrophages. Microbiol Immunol. (2015) 59:55–62. doi: 10.1111/1348-0421.12228

61. Cao, H, Antonopoulos, A, Henderson, S, Wassall, H, Brewin, J, Masson, A, et al. Red blood cell mannoses as phagocytic ligands mediating both sickle cell anaemia and malaria resistance. Nat Commun. (2021) 12:1792. doi: 10.1038/s41467-021-21814-z

62. Gazi, U, and Martinez-Pomares, L. Influence of the mannose receptor in host immune responses. Immunobiology. (2009) 214:554–61. doi: 10.1016/j.imbio.2008.11.004

63. Paurevic, M, Srajer Gajdosik, M, and Ribic, R. Mannose ligands for mannose receptor targeting. Int J Mol Sci. (2024) 25(3):1370. doi: 10.3390/ijms25031370

64. Oyarce, C, Vizcaino-Castro, A, Chen, S, Boerma, A, and Daemen, T. Re-polarization of immunosuppressive macrophages to tumor-cytotoxic macrophages by repurposed metabolic drugs. Oncoimmunology. (2021) 10:1898753. doi: 10.1080/2162402X.2021.1898753

65. Raggi, F, Pelassa, S, Pierobon, D, Penco, F, Gattorno, M, Novelli, F, et al. Regulation of human macrophage M1-M2 polarization balance by hypoxia and the triggering receptor expressed on myeloid cells-1. Front Immunol. (2017) 8:1097. doi: 10.3389/fimmu.2017.01097

66. Lee, SJ, Evers, S, Roeder, D, Parlow, AF, Risteli, J, Risteli, L, et al. Mannose receptor-mediated regulation of serum glycoprotein homeostasis. Science. (2002) 295:1898–901. doi: 10.1126/science.1069540

67. Feinberg, H, Jegouzo, SAF, Lasanajak, Y, Smith, DF, Drickamer, K, Weis, WI, et al. Structural analysis of carbohydrate binding by the macrophage mannose receptor CD206. J Biol Chem. (2021) 296:100368. doi: 10.1016/j.jbc.2021.100368

68. Stavenhagen, K, Mehta, AY, Laan, L, Gao, C, Heimburg-Molinaro, J, van Die, I, et al. N-glycosylation of mannose receptor (CD206) regulates glycan binding by C-type lectin domains. J Biol Chem. (2022) 298:102591. doi: 10.1016/j.jbc.2022.102591

69. Su, Y, Bakker, T, Harris, J, Tsang, C, Brown, GD, Wormald, MR, et al. Glycosylation influences the lectin activities of the macrophage mannose receptor. J Biol Chem. (2005) 280:32811–20. doi: 10.1074/jbc.M503457200

70. Amith, SR, Jayanth, P, Franchuk, S, Finlay, T, Seyrantepe, V, Beyaert, R, et al. Neu1 desialylation of sialyl alpha-2,3-linked beta-galactosyl residues of TOLL-like receptor 4 is essential for receptor activation and cellular signaling. Cell Signal. (2010) 22:314–24. doi: 10.1016/j.cellsig.2009.09.038

71. Su, Y, Royle, L, Radcliffe, CM, Harvey, DJ, Dwek, RA, Martinez-Pomares, L, et al. Detailed N-glycan analysis of mannose receptor purified from murine spleen indicates tissue specific sialylation. Biochem Biophys Res Commun. (2009) 384:436–43. doi: 10.1016/j.bbrc.2009.04.159

72. Kho, I, Demina, EP, Pan, X, Londono, I, Cairo, CW, Sturiale, L, et al. Severe kidney dysfunction in sialidosis mice reveals an essential role for neuraminidase 1 in reabsorption. JCI Insight. (2023) 8(20):e166470. doi: 10.1172/jci.insight.166470

73. Madsen, DH, Leonard, D, Masedunskas, A, Moyer, A, Jurgensen, HJ, Peters, DE, et al. M2-like macrophages are responsible for collagen degradation through a mannose receptor-mediated pathway. J Cell Biol. (2013) 202:951–66. doi: 10.1083/jcb.201301081

74. Martinez-Pomares, L, Wienke, D, Stillion, R, McKenzie, EJ, Arnold, JN, Harris, J, et al. Carbohydrate-independent recognition of collagens by the macrophage mannose receptor. Eur J Immunol. (2006) 36:1074–82. doi: 10.1002/eji.200535685

75. Jurgensen, HJ, van Putten, S, Norregaard, KS, Bugge, TH, Engelholm, LH, Behrendt, N, et al. Cellular uptake of collagens and implications for immune cell regulation in disease. Cell Mol Life Sci. (2020) 77:3161–76. doi: 10.1007/s00018-020-03481-3

76. de Geest, N, Bonten, E, Mann, L, de Sousa-Hitzler, J, Hahn, C, and d’Azzo, A. Systemic and neurologic abnormalities distinguish the lysosomal disorders sialidosis and galactosialidosis in mice. Hum Mol Genet. (2002) 11:1455–64. doi: 10.1093/hmg/11.12.1455

77. Masamatti, SS, Narasimha, A, Janardhan, JV, and Chowdappa, V. Lymph node fibrosis in a case of primary lymphoedema- A report of two cases. J Clin Diagn Res. (2016) 10:ED08–ED9. doi: 10.7860/JCDR/2016/19528.8561

78. Wang, M. Lymph node fibrosis after ischaemic injury. Nat Rev Nephrol. (2018) 14:599. doi: 10.1038/s41581-018-0050-2

79. Li, X, Zhao, J, Naini, SM, Sabiu, G, Tullius, SG, Shin, SR, et al. Kidney-draining lymph node fibrosis following unilateral ureteral obstruction. Front Immunol. (2021) 12:768412. doi: 10.3389/fimmu.2021.768412

80. Ikuta, D, Miyake, T, Shimizu, T, Sonoda, H, Mukaisho, KI, Tokuda, A, et al. Fibrosis in metastatic lymph nodes is clinically correlated to poor prognosis in colorectal cancer. Oncotarget. (2018) 9:29574–86. doi: 10.18632/oncotarget.v9i51

81. Hong, SA, Son, MW, Cho, J, Lee, CH, Jang, SH, Lee, HJ, et al. Prognostic value of fibrosis ratio in metastatic lymph nodes of node-positive advanced gastric cancer. Med (Baltimore). (2018) 97:e9703. doi: 10.1097/MD.0000000000009703

82. Kityo, C, Makamdop, KN, Rothenberger, M, Chipman, JG, Hoskuldsson, T, Beilman, GJ, et al. Lymphoid tissue fibrosis is associated with impaired vaccine responses. J Clin Invest. (2018) 128:2763–73. doi: 10.1172/JCI97377

83. Dong, P, Ma, L, Liu, L, Zhao, G, Zhang, S, Dong, L, et al. CD86(+)/CD206(+), diametrically polarized tumor-associated macrophages, predict hepatocellular carcinoma patient prognosis. Int J Mol Sci. (2016) 17:320. doi: 10.3390/ijms17030320

84. Sun, D, Luo, T, Dong, P, Zhang, N, Chen, J, Zhang, S, et al. CD86(+)/CD206(+) tumor-associated macrophages predict prognosis of patients with intrahepatic cholangiocarcinoma. PeerJ. (2020) 8:e8458. doi: 10.7717/peerj.8458

85. Frangogiannis, N. Transforming growth factor-beta in tissue fibrosis. J Exp Med. (2020) 217:e20190103. doi: 10.1084/jem.20190103

86. Huen, SC, Moeckel, GW, and Cantley, LG. Macrophage-specific deletion of transforming growth factor-beta1 does not prevent renal fibrosis after severe ischemia-reperfusion or obstructive injury. Am J Physiol Renal Physiol. (2013) 305:F477–84. doi: 10.1152/ajprenal.00624.2012

87. D’Rozario, J, Knoblich, K, Lutge, M, Shibayama, CP, Cheng, HW, Alexandre, YO, et al. Fibroblastic reticular cells provide a supportive niche for lymph node-resident macrophages. Eur J Immunol. (2023) 53:e2250355. doi: 10.1002/eji.202250355

88. Li, L, Wu, J, Abdi, R, Jewell, CM, and Bromberg, JS. Lymph node fibroblastic reticular cells steer immune responses. Trends Immunol. (2021) 42:723–34. doi: 10.1016/j.it.2021.06.006

89. Christiansen, AJ, Dieterich, LC, Ohs, I, Bachmann, SB, Bianchi, R, Proulx, ST, et al. Lymphatic endothelial cells attenuate inflammation via suppression of dendritic cell maturation. Oncotarget. (2016) 7:39421–35. doi: 10.18632/oncotarget.v7i26

90. Celada, LJ, Kropski, JA, Herazo-Maya, JD, Luo, W, Creecy, A, Abad, AT, et al. PD-1 up-regulation on CD4(+) T cells promotes pulmonary fibrosis through STAT3-mediated IL-17A and TGF-beta1 production. Sci Transl Med. (2018) 10(460):eaar8356. doi: 10.1126/scitranslmed.aar8356

91. Katakai, T, Hara, T, Sugai, M, Gonda, H, and Shimizu, A. Lymph node fibroblastic reticular cells construct the stromal reticulum via contact with lymphocytes. J Exp Med. (2004) 200:783–95. doi: 10.1084/jem.20040254

92. Martinez, VG, Pankova, V, Krasny, L, Singh, T, Makris, S, White, IJ, et al. Fibroblastic reticular cells control conduit matrix deposition during lymph node expansion. Cell Rep. (2019) 29:2810–22 e5. doi: 10.1016/j.celrep.2019.10.103

93. Geng, K, Ma, X, Jiang, Z, Gu, J, Huang, W, Wang, W, et al. WDR74 facilitates TGF-beta/Smad pathway activation to promote M2 macrophage polarization and diabetic foot ulcer wound healing in mice. Cell Biol Toxicol. (2023) 39:1577–91. doi: 10.1007/s10565-022-09748-8

94. Grunwell, JR, Yeligar, SM, Stephenson, S, Ping, XD, Gauthier, TW, Fitzpatrick, AM, et al. TGF-beta1 suppresses the type I IFN response and induces mitochondrial dysfunction in alveolar macrophages. J Immunol. (2018) 200:2115–28. doi: 10.4049/jimmunol.1701325

95. Cohen, M, Matcovitch, O, David, E, Barnett-Itzhaki, Z, Keren-Shaul, H, Blecher-Gonen, R, et al. Chronic exposure to TGFbeta1 regulates myeloid cell inflammatory response in an IRF7-dependent manner. EMBO J. (2014) 33:2906–21. doi: 10.15252/embj.201489293

96. Luzina, IG, Lillehoj, EP, Lockatell, V, Hyun, SW, Lugkey, KN, Imamura, A, et al. Therapeutic effect of neuraminidase-1-selective inhibition in mouse models of bleomycin-induced pulmonary inflammation and fibrosis. J Pharmacol Exp Ther. (2021) 376:136–46. doi: 10.1124/jpet.120.000223

97. Karhadkar, TR, Pilling, D, Cox, N, and Gomer, RH. Sialidase inhibitors attenuate pulmonary fibrosis in a mouse model. Sci Rep. (2017) 7:15069. doi: 10.1038/s41598-017-15198-8

98. Hart, SP, Ross, JA, Ross, K, Haslett, C, and Dransfield, I. Molecular characterization of the surface of apoptotic neutrophils: implications for functional downregulation and recognition by phagocytes. Cell Death Differ. (2000) 7:493–503. doi: 10.1038/sj.cdd.4400680

99. Lillehoj, EP, Hyun, SW, Feng, C, Zhang, L, Liu, A, Guang, W, et al. NEU1 sialidase expressed in human airway epithelia regulates epidermal growth factor receptor (EGFR) and MUC1 protein signaling. J Biol Chem. (2012) 287:8214–31. doi: 10.1074/jbc.M111.292888

100. Kufe, DW. Emergence of MUC1 in mammals for adaptation of barrier epithelia. Cancers (Basel). (2022) 14(19):4805. doi: 10.3390/cancers14194805

101. Seyrantepe, V, Poupetova, H, Froissart, R, Zabot, MT, Maire, I, and Pshezhetsky, AV. Molecular pathology of NEU1 gene in sialidosis. Hum Mutat. (2003) 22:343–52. doi: 10.1002/(ISSN)1098-1004

102. Caciotti, A, Catarzi, S, Tonin, R, Lugli, L, Perez, CR, Michelakakis, H, et al. Galactosialidosis: review and analysis of CTSA gene mutations. Orphanet J Rare Dis. (2013) 8:114. doi: 10.1186/1750-1172-8-114




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 © 2024 Escalona, Olate-Briones, Albornoz-Muñoz, Bonacic-Doric, Rodríguez-Arriaza, Herrada and Escobedo. 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-15-1462853-g005.jpg
>

~= o

Relative TGFBT mRNA
Camwao

@

Count

p-SMAD2

Spleen

L1x108
@
Q8x10*
g»:;. 104
8;-1o=
2x10t
o

WT Neut”

S

wrt
Neu1+

Count

p-SMAD2 MFI

lenic Mes

§ g ns é s ns
e '” | — [4 l—
E 14 . " E - -
- . N
8.  ar 8
] (Gl [
= 10 ~
o o,
208 2
= ®
3 06 — g0 .
] [+4 WT Neul™ 4 WT Neut™
<

s s

x s ns 25

£ 5

-5 . - 2.0

S Olse

o G e

Q: Sos

ks 8

& & WT Neut™

CD140a*PDPN-*Cells

%k

~
5 o
l]
]

o
1

204
4

o
|

T

c
88
®E
Eo
S0
S

Normalized
SSC-A mean

w
|
-

PDPN MFI
i

Normalized
Scal MFI

Normalized

o

WT Neut”

=

ns
300

200

100

WT Neut™”
p-SMAD2

Relative TGFBT mRNA

WT Neut’






OEBPS/Images/fimmu-15-1462853-g003.jpg
A Splenic Mos B C ; =

F4/80*CD11b"*-

% Mo F4/80"

o

B w7
B Neut”

% Cells

o)

Normalized CD206 MFI %

1.2 ok F

] ol |

0.8 uga®
0.6
0.4
0.2
0.0

Normalized CD86 MFI
Count

2,





OEBPS/Images/fimmu-15-1462853-g001.jpg
A F4/80°CD11b* gated

MO

M1

BMDMs untreated

4,70

LPS LPS+IFN,

0,12 8,08

41,9
L»' » CD86

B £ g
=00 §50
P +
©0 ©

S 80 40

5 g
o 60 o 30
© 40 8o
o o
o 2 o1
< ©
= ¢ = 0
ES ES
&

€
untreated 3

1 A4 4

F4/80 CD86 CD206

@

Relative Mrc1 mRNA

N N )

o
Relative arg-1 mRNA

SN
& K N4

%,
¢
2,

50,8

8,94 813 |58,3

B WT B Neut™






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Neu1 deficiency and fibrotic lymph node microenvironment lead to imbalance in M1/M2 macrophage polarization

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animals

          



          		

            2.2 Macrophages isolation, culture, and in vitro polarization

          



          		

            2.3 Flow cytometry

          



          		

            2.4 Tissue preparation to obtain SLO-derived cells

          



          		

            2.5 Trichrome masson staining

          



          		

            2.6 Real-time PCR

          



          		

            2.7 In vivo inflammation assay

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Neu1-deficient bone marrow-derived macrophages exhibit a predominant M2 phenotype under different polarization conditions

          



          		

            3.2 Neu1 deficiency alters peritoneal macrophages polarization towards a M2 phenotype

          



          		

            3.3 Secondary lymphoid organs-associated macrophages in Neu1-/- mice exhibited phenotypic alterations

          



          		

            3.4 pLNs from Neu1-/- mice have fibrosis, increased TGF-β1 expression and TGF-β-responding macrophages

          



          		

            3.5 TGF-β1 modulates M1 and M2 macrophage polarization in WT and Neu1-/- macrophages

          



          		

            3.6 In vivo inflammatory stimulation polarizes splenic but not LN macrophages in Neu1-/- mice

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1462853-g006.jpg
WT BMDMs

untreated LPS+IFN, IL-4

1,2 0,17 12,23 | 382 1229 13
Vehicle

faza 0,82 725‘1 152.5 13,0

1126 0,22 1,35 1322 1,92

| 392

untreated

%Mo CD86*CD206*
(DP)

untreated

O Vehicle
W TGF-p1 |

3 >

Normalized
CD86 MFI

untreated LPS+IFN

Normalized
CD206 MFI

untreated LPS+IFN

Normalized
CD301 MFI

untreated LPS+IFN

‘ untreated LPS+IFN

= @ WT + vehicle
B W7+ TGF-p1

PS+IFN IL-4

wTt

£ ; !
=3 |
o |
* 0| |
_2
|
i CD86
£ ai
-
o
(8]
it CD206
3 £ !
-
o
(8]
CD301

IL-4

-4

w)

Normalized

Normalized

Normalized

CD86 MFI

Neu1’”- BMDMs

untreated LPS+IFN, IL-4
1297 047 12,18 5,57 1374 136
Vehicle "
. . | .
68,7 108 | 17,7 746 | 408 8,21
1334 0,61 10,47 4,56 | 55,4 ‘2,3(-]
1% |
B3 il
89,1 []a15 079
= S
£ = =
: P "
=1 53 |_‘
N I
Q i .
e o [ I
© ©w
o« 2 20
) =]
O ‘ o
= =
§ ur:rmqh\: LPS+IFN. IL-4 § untreated LPS+IFN IL-4
© 20
I *** @ Neu1”+ vehicle
[SIRE = W Neu1”+ TGF-p1
g
® 0 10
8
o
b
© untreated LPS+IFN IL-4
e
[ Vehicle Neut
20 TGF-p1 + .
il Vehicle
154 0 TGF-p1
. [ LPS+IFN,
™ B LPSHFN+TGF-1
54 D4
. @ IL-4+TGF-g1
untreated LPS+IFN IL-4
™
=
©
o
o~
a
&)
untreated LPS+IFN,  IL-4 CD206
-
— ]
& o .
s E
8" 3
a o A
o 24 ' N
0
untreated LPS+IFN,  IL-4 CD301





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1462853-g002.jpg
x 52x108 *
° Q
£ .
e E} -
[ c1x10 L
0
=
o
- 0
WT Neut’ WT Neut”

e B WTHE Neul” «xx

Norrgallzed MFI
o o @

o
o

Normalized MFI
o 3 o

o

Ez
o
8
§1
M1 M2 DP g
. A 2y
cDhgé WT Neut’
G PMs H
untreated LPS+IFN, .
1,86 | 408 1,42 | 567 o [.tl** %5 o
| 1 § 80 A Q Q o
S wf ¢ 8 . 5 o
o= I ©oN o @0
o S10 © = © QA
Q< Q< a =
g = -4 . O 4
&
E., 0 Ea 0 ., =
L untreated LPS+IFNy 3% untreated LPS+IFNy = untreated LPS+IFNy

I WT untreated [T]Neu7"-untreated [ WT + LPS+IFN,

I Neu'+ LPS+IFN,

i * KK o i *kk Xk
L — Los . . ; Lo2s 1 1
Jk ° i B 10 i 5 20 0
‘:E’ A X . cg E . hd ‘ JR E 154, .
o \ © - o Ay 1
S § = os Qk E 1o
= | = 0.
e 2 2 00 N 200
cD86 untreated LPS+IFN, " untreated LPS+FNy, CD206 untreated LPS+IFN,
PMs
untreated |L-4 K
158 140 334 o * o ** e
§ 80 Q s0q Q 4w BwT
a [a] . /-
O 80 Oz O _30 . 0 Neut
140 oo ©odq o -
8 =40 K= @ o209,
Neut” 288 ‘352 1 O 2 oz o 10
1 - s <
= 0 = ¢ s o0
j = untreated  IL-4 =® untreated L-4 B untreated  IL-4
151
2 \
L I WT untreated [ Neu7-untreated EEWT +IL-4 I Neut'+IL-4
* %
% 1.5 "E'- 1.5 * * LEL
T 10 I—I B L ] l'_l ] 3
= N . 810 . 5 N
= © . ] = 5
o 0.5 o © ©
) g 8 £ g
Z 0.0 : 2 =

IL-4

untreated

IL-4

" untreated

IL-4

untreated





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1462853-g004.jpg
F4/80*CD11b*

A LNs Mds

wTt : 1,63 | 67,9

Count
Count

Normalized CD86 MFI
Normalized CD206 MFI

CD86






OEBPS/Images/fimmu-15-1462853-g007.jpg
Z z

s s

£33 es

oT oT

S SE e

2s 2o

8% %

" L 258 288

g * _.| L _..| g 0 285 z98

Q>0 S ]

= - . - g 3z 558

L2 e

-3 NOD

v patL] 833

= * - = »* L = * _ D= 2o

© : © © E mm
[? h z

3 g & o fgggggeo &
" lweozao  (ew),902a0.98a0 ¢W % (NG).902AD.98AD YW % |4 L0sqo peziewIoN 3
pazijewioN
. L O @ » ) 1%
& a < _H & g; % e ¥ - o
* [/ B
gL .
* S |
L] = = = = (0 | o
) 5 3 3 E s 2 “
]
P e e T T tt <0
8 2 g 8 > N & v -« o o© @ g 88 2 3 = < < o = © o _w
4 14 9809 (LW) .902a2,98a0 $W % (da) ,902a,9800 W % = = B O o
(LIN) .90200,9800 ¢ % e + + + 14N 90205 PeZifeULIoN e

m (®] 11}

Neut” Ctrl

LPS
5

-

-a WTCtrl

(= wn o wn o

[72] » m
o o =
- |
s 0 o B >
2 s 22 2 2
— 14N 9809 PazijewIoN
%]
S o
" P
(8]

Ctrl

e bebeow %

N - - v

(%) B1am Apoq Jo ss07

Splenic Mgs

LL 13w o8/p4 pezieunoy D

A





OEBPS/Images/fimmu.2024.1462853_cover.jpg
& frontiers | Frontiers in Immunology

Neu1 deficiency and fibrotic lymph node
microenvironment lead to imbalance in
M1/M2 macrophage polarization





OEBPS/Images/table1.jpg
Gene Sequence (5'-> 3')

Forward GGTGGAAGAAGAAGTAGCCT
Mrcl (CD206)

Reverse GAAGGGTCAGTCTGTGTTTG

Forward AACACGGCAGTGGCTTTAACC
argl

Reverse GGTTTTCATGTGGCGCATTC

Forward GCAACTGTTCCTGAACTCAACT
IL-1b

Reverse ATCTTTTGGGGTCCGTCAACT

Forward CTGCAAGAGACTTCCATCCAGTT
IL-6

Reverse GAAGTAGGGAAGGCCGTGG

Forward CGGAGCCTTTAGACCTCAACA
iNOS

Reverse CCCTCGAAGGTGAGCTGAAC

Forward GGAGAGCCCTGGATACCAACT
TGFB1

Reverse AGGACCTTGCTGTACTGTGTGT

Forward GGCTTTCATTTGGCTTGAGATG
TGFB2

Reverse CTTCGGGTGAGACCACAAATAG

Forward GCAAGAGGCGAGAGAGGTTT
COLI1AI

Reverse GACCACGGGCACCATCTTTA

Forward CTGTAACATGGAAACTGGGGAAA
COL3A1

Reverse CCATAGCTGAACTGAAAACCACC

Forward GATGCCGATCAGAAGTTTGG
FN1

Reverse GGTTGTGCAGATCTCCTCGT

Forward GGCTGTATTCCCCTCCATCG
actin

Reverse CCAGTTGGTAACAATGCCATGT






