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Autoimmune neuroinflammation occurs when an individual’s immune cells attack the brain, spinal cord or peripheral nerves. Several Suppressor of Cytokine Signaling (SOCS) proteins have been shown to limit pro-inflammatory signaling pathways in myeloid cells and prevent neuroinflammation. They rely on several mechanisms to accomplish this. Their SH2 domain allows them to bind phosphorylated tyrosine residues on surface receptors to prevent downstream signaling while their C-terminal SOCS domain can promote their assembly with Cullin5 (CUL5) to degrade signaling proteins. To date, the role of CUL5 in myeloid-cell-mediated function is poorly understood. Here we show that loss of Cul5 in myeloid cells resulted in reduced neuroinflammation and attenuated progression of Experimental Autoimmune Encephalomyelitis (EAE). Although peripheral CD4+ T cell activation was not overtly affected, Cul5-deficient macrophages in the Central Nervous System (CNS) demonstrated a significant shift toward an anti-inflammatory phenotype, characterized by increased expression of Arginase 1. This correlated with an enhanced frequency of FoxP3+ regulatory T cells. In contrast to what would be predicted if CUL5 and SOCS proteins work together to degrade pro-inflammatory cytokine signaling, Cul5 deletion in myeloid cells selectively enhanced IL-4-mediated Arginase 1 expression. These findings identify CUL5 as an unanticipated pro-inflammatory mediator during neuroinflammation and reveal its potential as a therapeutic target for autoimmune diseases.
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Introduction

Macrophages are essential components of both the innate and adaptive immune systems, often considered a bridge between the two (1). The majority of these cells emerge from hematopoietic stem cells (HSCs) in the bone marrow (2). They play critical roles in tissue repair, phagocytosis, antigen presentation, immune surveillance, and inflammation (3, 4). While macrophages have an extensive repertoire of phenotypic characteristics, they are often broadly categorized into pro-inflammatory and anti-inflammatory (5–7). These functions allow them to mediate inflammation and resolution in autoimmune diseases, such as Multiple Sclerosis (MS) (8–11).

Multiple Sclerosis is a chronic, inflammatory and neurodegenerative disease of the Central Nervous System, characterized by the immune-mediated recognition of myelin or other neuronal antigens, triggering demyelination (12–14). This can result in motor and sensory dysfunctions, cognitive impairment, and disability (15). Over the past decade, the number of people with MS has increased worldwide (16) and although its pathology involves a complex interplay between autoreactive T cells, B cells and other immune subsets, macrophages are pivotal in mediating CNS damage.

In MS and its mouse model, EAE, macrophages release a variety of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, which contribute to the recruitment of additional immune cells and increase blood-brain barrier (BBB) permeability (17, 18). These cytokines exacerbate neuroinflammation and promote the damage of oligodendrocytes and myelin (19). However, during the later phase of inflammation, macrophages secrete several anti-inflammatory cytokines such as IL-10 and TGF-β, which are needed to support tissue repair and remyelination (20, 21). The balance between pro-inflammatory and anti-inflammatory cytokine signaling in macrophages determines disease progression and outcomes in MS. (22). While many regulatory factors remain unknown, the SOCS family is one of the key groups of the proteins that control macrophage phenotypes.

There are eight SOCS proteins, SOCS1–7 and CIS (23), that employ diverse mechanisms to regulate cytokine signaling in macrophages (24–26). SOCS proteins can directly inhibit kinase activity via their KIR domain (26), block signaling via their SH2 domain (27, 28), or promote ubiquitination of signaling intermediates via their SOCS domain (24–26). Specifically, the SOCS domain binds the E3 ubiquitin ligase CUL5 (29). However, SOCS proteins bind CUL5 with varying affinities (30). Thus, the extent to which the SOCS proteins work with CUL5 to ubiquitinate substrates remains unclear.

SOCS1 and SOCS3 are the most well-characterized SOCS-family members regarding macrophage function and neuroinflammation. Both SOCS1 and SOCS3 limit pro-inflammatory macrophage polarization using distinct mechanisms (31, 32). Furthermore, both SOCS1 and SOCS3 protect mice from developing EAE. Specifically, myeloid deficiency of SOCS3 results in an atypical and progressive form of EAE, mediated by enhanced neutrophil accumulation and ROS production (33). Consistent with the role of SOCS1 in macrophage activation of T cells, treating mice with a SOCS1 KIR reduced IL-17 production by T cells and prevented the development of EAE (34). Whether SOCS proteins limit neuroinflammation by working with CUL5, and the role of CUL5 in macrophage function and neuroinflammation remains unclear.

Here, we investigated how myeloid deletion of Cul5 impacted macrophage function and EAE progression. In contrast to what was observed in SOCS3-deficient mice, we found that mice lacking Cul5 in myeloid cells (Cul5fl/flLysM-Cre mice) were protected against progression of neuroinflammation following EAE induction. Cul5fl/flLysM-Cre mice showed a significant decrease in the numbers of multiple immune cell subsets, including CD4+ T cells, in the CNS at the peak of disease. Decreased EAE progression was not due to a reduction of T cell activation in secondary lymphoid organs nor due to a reduced number of T cells infiltrating the CNS. Rather, we found a significant increase in the frequency of Arginase 1+ macrophages in the CNS of Cul5fl/flLysM-Cre mice. Supporting this, Cul5-deficient bone marrow-derived macrophages (BMDMs) were more likely to increase Arginase 1 expression when cultured with IL-4. Furthermore, Cul5-deficient macrophages isolated from the CNS during EAE progression showed increased levels of multiple proteins associated with the suppression of inflammation. This study uncovers a key role for CUL5 in regulating macrophage function and in modulating the progression of neuroinflammation, highlighting its significance as a regulatory factor in immune-driven CNS pathology.





Materials and methods




Mice

Cul5fl/fl LysM-Cre mice were generated by crossing Cul5fl/fl mice with LysMCre mice (Jackson Laboratory, Bar Harbor, ME, strain #004781) to obtain LysMCre Cul5fl/fl mice. Male and female mice with conditional deletion of Cul5 are referred to as Cul5fl/flLysM-Cre and these mice are on a C57BL/6 background. To the extent possible, LysM-Cre littermates were used as controls. All mice were bred in-house under specific pathogen-free conditions in the animal facility at the Children’s Hospital of Philadelphia (CHOP). The mice were housed at 18–23°C with 40–60% humidity, with 12-h light/12-h dark cycles. All mice, unless stated otherwise, were 8–12 weeks of age, and both sexes were used without randomization or blinding. Animal housing, care, and experimental procedures were performed in compliance with the CHOP Institutional Animal Care and Use Committee.





EAE induction

Cul5fl/flLysM-Cre and WT mice were injected s.c. with 200 μg of MOG35–55 (Genemed Synthesis) emulsified in 5 mg/ml CFA (BD Biosciences). On the same day and again 48 hours later, mice received an intraperitoneal injection of 200 ng of pertussis toxin (Sigma-Aldrich). As negative controls, mice were left unimmunized. Mice were then examined daily for the clinical signs of EAE in a blinded fashion. The disease severity of EAE was scored using the standard clinical score as previously described: 0, no disease; 0.5, distal limp tail; 1, compete limp tail; 1.5, limp tail and hindlimb weakness; 2, unilateral partial hindlimb paralysis; 2.5, bilateral partial hindlimb paralysis; 3, complete bilateral hindlimb paralysis; 3.5 complete bilateral hindlimb paralysis and partial forelimb paralysis; 4, moribund (completely paralyzed); 5, death.





CNS isolation and preparation of single-cell suspensions

Mice were euthanized according to IACUC guidelines and perfused with PBS through the left ventricle of the heart using a 25G butterfly needle attached to a 10-mL syringe. Spinal cord, brain, and brain stem were removed by dissection. CNS tissues was processed through mechanical dissociation in 5 ml of digestion medium (collagenase I and Ia (Sigma-Aldrich, catalog nos. C0130 and C9891, respectively), and 20 μg/ml DNAse I (Roche, catalog no. 10104159001) and digested at 37°C for 30 min. Enzymatic digestion was stopped by adding EDTA to a final concentration of 5 mM. To homogenize the tissue, the suspension was repeatedly sucked up and ejected using a 5-ml syringe with an 18G needle until a uniform milky homogenate was formed, avoiding excessive foaming. The homogenate was filtered through a 70-μm nylon cell strainer into a 50-ml Falcon tube, which was then filled with media (RPMI 1640 with 1% FCS) and centrifuged at 1300 rpm for 8 min at 4°C to pellet the cells and myelin. The supernatant was discarded by pouring it off gently, and the pellet was resuspended in a final volume of 5 ml of 30% Percoll and mixed. The 30% Percoll-containing CNS mixture was poured gently into a 15-ml tube containing 5 ml of 70% Percoll and then centrifuged at 1800 rpm for 30 min at 4°C, without brakes. After centrifugation, a PBS–Percoll gradient formed, with each layer containing a specific fraction of the homogenate. The myelin was carefully sucked off using a suction pump or pipette. The large middle layer containing the leukocytes was transferred without the bottom layer of RBCs into a Falcon tube. The supernatant was discarded, and the cells were resuspended in media (RPMI 1640 with 1% FCS).





Bone marrow derived macrophages

Bone marrow-derived macrophages were generated from the femurs and tibias of mice as previously described (35). Mice were euthanized according to institutional animal care guidelines, and femurs and tibias were harvested under sterile conditions. Bone marrow cells were flushed from the bones using a 25G needle and DMEM+GlutaMAX ™(Gibco), medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cell suspension was filtered through a 70 µm cell strainer to remove debris and centrifuged at 400 × g for 7 minutes at room temperature. The pellet was resuspended in red blood cell lysis buffer for 2 minutes at room temperature, washed with PBS, and plated in non-tissue culture-treated Petri dishes at a density of 5 × 106 cells/mL in differentiation media.

Differentiation media consisted of complete DMEM+GlutaMAX ™ supplemented with 10 ng/mL macrophage colony-stimulating factor (M-CSF; PeproTech). Cells were incubated at 37°C, 5% CO2, with fresh media containing 10 ng/mL M-CSF replenished on day 3. By day 6, adherent cells were considered fully differentiated BMDMs. Macrophage identity was confirmed by flow cytometry for CD11b and F4/80 expression and morphological assessment under a light microscope.

For experimental assays, BMDMs were detached using ice-cold PBS containing 2 mM EDTA and collected for downstream applications. Cells were either stimulated with IL-4 (PeproTech) 10ng/mL, IL-13 10ng/mL (PeproTech), LPS 100ng/mL (Sigma Aldrich) or IFN-γ (PeproTech) 10ng/mL for the time points indicated.





Flow cytometry

Single-cell suspensions were stained with a fixable viability dye (LIVE/DEAD fixable blue stain), then pretreated with unlabeled anti-CD16/CD32 (Fc Block, BD Pharmingen). Cells were then stained in FACS buffer (PBS containing 2.5% FCS and 0.1% sodium azide) with mixtures of directly conjugated Abs.

For intracellular cytokine staining, a single-cell suspension was incubated with MOG35–55 (Ge (30 ng/ml; Genemed Synthesis) and ionomycin (1 μM; Abcam) in the presence of GolgiPlug (1 μg/ml; BD Biosciences, catalog no. 555029) and GolgiStop (1 μg/ml; BD Biosciences, catalog no. 554724) for 4 h at 37°C and stained using the Cytofix/Cytoperm kit (BD Biosciences). For Foxp3 staining, a Foxp3 staining kit (eBioscience) was used according to the manufacturer’s instruction. Samples were analyzed using an LSRFortessa flow cytometer (BD Biosciences) at the CHOP Flow Cytometry Core Facility. Data were analyzed using FlowJo software v10 (Tree Star, Ashland, OR). Results are expressed as the percentage of positive cells or median fluorescence intensity (MFI).





Western blotting

Bone marrow-derived macrophages (BMDMs) were generated as described previously and collected on day 6 post-differentiation. Cells were washed twice with ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease and phosphatase inhibitors. Lysates were incubated on ice for 30 minutes, followed by centrifugation at 14,000 × g for 10 minutes at 4°C. Supernatants were collected, and protein concentrations were determined using the BCA protein assay kit.

SDS-PAGE and protein transfer: Equal amounts of protein (20–40 µg) were mixed with 2× Laemmli sample buffer containing β-mercaptoethanol and boiled at 95°C for 5 minutes. Samples were loaded onto a 4–12% Bis-Tris polyacrylamide gel and separated by SDS-PAGE at 120V for ~120 minutes in 1× running buffer. Proteins were transferred onto a membrane using a wet transfer system at 40V for 120 minutes.

Immunoblotting: Membranes were blocked with TBS-Tween (TBS-T, 0.1% Tween-20) for 1 hour at room temperature. Membranes were incubated overnight at 4°C with primary antibodies diluted in blocking buffer. After washing three times with TBS-T (5 minutes each), membranes were incubated with secondary antibodies (1:5,000) for 1 hour at room temperature.





Whole-cell proteomics data acquisition and processing

Cul5fl/flLysM-Cre and WT mice were induced with EAE (as previously described). CNS was collected at day 12 post-induction and cells was sorted for CD45hi CD11b+ macrophages. Data were processed using R for statistical analysis. Results were quantile-normalized and analyzed for differential abundance. Differentially abundant proteins were identified using a Limma t-test, and protein identifiers were mapped to their corresponding gene names. Gene-level data were subsequently analyzed for enrichment using the MSigDB Hallmark Gene Dataset. The heatmap was generated using the heatmap package, displaying the top 20 upregulated and downregulated genes. The volcano plot was generated with a significance threshold of p < 0.05.





In-solution digestion

Sorted cells underwent lysis and solubilization in 2% SDS-based lysis buffer. Lysate was reduced and alkylated before undergoing protein aggregation capture (PAC) cleanup and in-solution digestion with Trypsin/LysC in an automated KingFisher APEX system (68). The resulting peptides were desalted using C18 stage tips, dried via vacuum centrifugation, and reconstituted in 0.1% TFA containing iRT peptides.





Mass spectrometry acquisition and data analysis

Peptides were analyzed on a TimsTOF Pro2 mass spectrometer coupled with a NanoElute 2 nanoLC system using data independent acquisition (DIA). Subsequently, raw data was searched using Spectronaut (69), and bioinformatics analysis was conducted in R.







Results




Myeloid restricted Cul5 deletion does not significantly impact lineage development

CUL5 is expressed across various tissues and cell types, playing a crucial role in protein degradation and cellular homeostasis (36). Its expression is particularly enriched in myeloid cells, suggesting a specialized function in regulating immune responses (37). CUL5 protein levels, however, vary depending on cell type and differentiation status (38), and its precise roles in myeloid cell biology, development, differentiation and neuroinflammation remain unexplored. Given that CUL5 works with SOCS-box containing proteins that are known to target signaling mediators (36, 39), particularly those downstream of cytokine receptors, we sought to test whether loss of CUL5- in myeloid cells would impact macrophage development. We generated mice in which Cul5 is selectively deleted in macrophages, monocytes, and neutrophils by crossing Cul5fl/fl to LysM-Cre mice to produce Cul5fl/fl LysM-Cre mice. To confirm that Cul5 was deleted, we generated BMDMs from WT and Cul5fl/fl LysM-Cre mice and analyzed CUL5 protein levels by western blot (Figure 1A). We found that Cul5 was effectively deleted in BMDMs from Cul5fl/fl LysM-Cre mice. We next assessed whether loss of Cul5 impacted macrophage differentiation capacity in vitro using bone marrow cells cultured in the presence or M-CSF (Figures 1B, C). BMDM cultures from WT and Cul5fl/fLysM-Cre mice showed similar frequencies of cells expressing F4/80 and CD11b on days 2, 4, and 6 post-seeding (Figures 1B), showing no significant differences between the genotypes (Figure 1C).

[image: (A) Western blot showing Cul5 and β-actin levels in KO and WT samples. (B) Flow cytometry plots for M-CSF treatment at days 2, 4, and 6 for WT and KO. (C) Bar graph of CD11b+F4/80+ bone marrow-derived macrophages across time points. (D-G) Bar graphs comparing cell numbers in different tissues: brain, spleen, bone marrow (D); specific cell types in bone marrow (E), spleen (F), and brain (G), with WT and KO comparisons.]
Figure 1 | Cul5 does not broadly affect the differentiation of myeloid cells under homeostatic conditions. (A) Western blot analysis of CUL5 expression in BMDMs from Cul5fl/fl LysM-Cre and WT mice. β-actin is shown as a loading control. (B) Representative flow cytometry plots showing WT and Cul5-deficient BMDM differentiation at days 2, 4, and 6 in culture, (n=4 per group). (C) Compiled data from bone marrow-derived macrophage differentiation from Cul5fl/fl LysM-Cre and WT mice. Bars indicate mean ± SEM from two independent experiments. (D) Absolute cell counts in the spleen, bone marrow, and brain of Cul5fl/fl LysM-Cre and WT mice under homeostatic conditions. (E–G) Flow cytometry analysis of myeloid and lymphoid cell populations in the spleen, bone marrow, and brain. Data were analyzed using multiple unpaired t-tests and are representative of two independent experiments (n=5–6 per group). Each dot represents data from a single mouse.

To determine whether loss of Cul5 impacts myeloid cell differentiation in vivo, we assessed WT and Cul5fl/fl LysM-Cre mice for frequencies and numbers of myeloid and lymphoid subsets using flow cytometry. We focused on organs known to be important for myeloid cell differentiation and sites of neuroinflammation. We found that the overall numbers of cells in these tissues were similar between WT and Cul5fl/fl LysM-Cre mice (Figure 1D). Analysis of specific types of myeloid and lymphoid cells in bone marrow (Figure 1E), spleen (Figure 1F) and brain (Figure 1G) showed no substantial differences in myeloid and lymphoid cell abundance, nor frequency (Supplementary Figure S1). These results suggested that the loss of Cul5 in myeloid cells did not significantly impact the development or differentiation of myeloid lineages under homeostatic conditions.





Loss of Cul5 reduces EAE severity

EAE is the most widely used mouse model of MS recapitulating key pathological features including immune-mediated demyelination and neuroinflammation (40). It is initiated when myelin specific CD4+ T cells become activated (40, 41) and the blood-brain barrier (BBB) is disrupted, allowing immune cell infiltration and myelin destruction. While EAE is considered to be T cell-mediated, macrophages play a critical role in disease progression by promoting the reactivation of T cells within the CNS (42). To test the role of Cul5 in myeloid cell-mediated neuroinflammation, EAE was induced in 8-10-week WT and Cul5fl/fl LysM-Cre mice as illustrated (Figure 2A). Mice were monitored for weight loss and disease development (clinical score). Surprisingly, while both WT and Cul5fl/fl LysM-Cre mice started to show increased clinical scores by day 10 post-induction, disease in Cul5fl/fl LysM-Cre mice did not continue to progress (Figure 2B). Analysis at day 14 post-induction revealed that Cul5fl/fl LysM-Cre mice exhibited significantly lower clinical scores compared to their WT counterparts (Figure 2B). This time point corresponds to the peak of the disease in the EAE model. Consistent with this, while WT mice showed a reduction of weight as EAE developed, Cul5fl/fl LysM-Cre mice did not lose weight following EAE induction (Figure 2C).

[image: Diagram depicting experimental results on mice. Panel A outlines the experimental timeline with MOG + CFA and pertussis toxin injections, disease onset, and recovery. Panels B and C show graphs of disease progression and weight change, respectively, comparing wild type (WT), knockout (KO), and control groups. Panel D displays a bar graph of total CD4 T cell counts across groups. Panel E includes three flow cytometry plots showing CD4 T cell counts for control, WT, and KO groups. Panels F to I present bar graphs of neutrophil, macrophage, and CD45 cell counts, highlighting significant differences between groups.]
Figure 2 | Loss of Cul5 reduces EAE severity. (A) Schematic representation of the experimental timeline for EAE induction following MOG35–55 immunization. (B) Mean clinical scores of Cul5fl/fl LysM-Cre and WT mice over the course of the disease. Disease progression was monitored daily until day 14 post-induction (n = 5–6 mice per group). (C) Mean body weights of MOG immunized mice. (n = 5–6 mice per group). Data in (A–C) are representative of three independent experiments. (D) Representative flow plots of CD4+ T cells in the CNS at day 14 post-EAE induction. (D–I) Quantification of immune cell populations infiltrating the CNS at day 14 post-induction, including total CD4+ T cells (E), neutrophils (F), CD45hi infiltrating myeloid cells (G), CD45int myeloid cells (H), and MHCII+CD80+ macrophages (I). Data represent two independent experiments. Error bars indicate mean ± SEM. Statistical significance was determined using Two-way ANOVA (A, B) or unpaired t-test (D–I) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Immune cell recruitment into the CNS is a key initiator of neuroinflammation, as it drives tissue damage and disease progression. To assess the types of cells in the CNS of WT and Cul5fl/fl LysM-Cre mice, we isolated cells from the CNS and analyzed the landscape of cell types present in the CNS using flow cytometry. As expected, WT mice showed an increase in CD4+ T cells over control mice, as expected following EAE induction (Figure 2D). In contrast, Cul5fl/fl LysM-Cre mice showed a significant reduction of CD4+ T cells in the CNS compared to EAE challenged WT mice (Figure 2E). Cul5fl/fl LysM-Cre mice also had decreased numbers of neutrophils (Figure 2F) and CD45hi microglia/macrophages (Figure 2G), but not CD45int microglia/macrophages (Figure 2H) when compared to WT mice. Based on published data, these CD45int and CD45hi cells are considered to be a broad representation of microglia/macrophages across reactive states. Furthermore, when we analyzed CD45hiMCHII+CD80+ microglia/macrophages, which represent activated macrophages with antigen-presenting characteristics, we again found fewer in Cul5fl/fl LysM-Cre mice compared to WT (Figure 2I). These findings suggest that Cul5 deletion ameliorates immune cell accumulation in the CNS, thereby dampening inflammation and disease severity​.





Cul5 deletion in myeloid cells does not significantly impact activation or expansion of peripheral CD4+ T cells

CD4+ T cells are primary drivers of EAE pathogenesis. Peripheral activation of CD4+ T cells, and their differentiation into pro-inflammatory Th1 and Th17 subsets, occurs prior to their migration into the CNS, where they help to recruit neutrophils. Since a loss of Cul5 in macrophages might impact their ability to act as APCs, we next aimed to evaluate the peripheral activation of CD4+ T cells during the initiation of disease.

To assess whether Cul5 deletion in myeloid cells influences CD4+ T cell activation and cytokine production, we analyzed cells in the draining lymph nodes (dLNs) and spleens as well as CNS on day 8 after induction of EAE. We isolated cells from the dLNs, spleens, and CNS from LysM-Cre and WT mice at day 8 post-immunization and quantified total numbers of CD4+ T cells as well as their cytokine-production. To assess cytokine production, we stimulated T cells with MOG35–55 in vitro and analyzed intracellular cytokine production by flow cytometry. While numbers of CD44+ ‘activated’ CD4+ T cells were significantly increased in both EAE cohorts over controls, we found that T cell numbers in the dLNs were comparable between Cul5fl/fl LysM-Cre and WT mice, as evidenced by similar absolute numbers of total CD4+ T and CD44+ ‘activated’ CD4+ T cells (Figures 3A, B). Furthermore, we found no significant differences in the numbers of MOG35–55 reactive IL-17+ (Figure 3C), TNF-α+ (Figure 3D), or IFN-γ+ (Figure 3E) producing T cells in dLNs between Cul5fl/fl LysM-Cre and WT mice. Furthermore, the overall numbers of T cells in the spleens were comparable between Cul5fl/fl LysM-Cre and WT mice (Figure 3F), as were the numbers of MOG35–55 reactive IL-17+ producing CD4+ T cells (Figure 3G).

[image: Bar graphs display immune cell populations in lymph nodes, spleen, and CNS on day eight. Data categories include total CD4+ T cells, CD4+ CD44+ T cells, IL-17+, TNF-α, IFN-γ, and CD45hi CD11b+ macrophages, compared across WT, KO, and Control groups, showing variations in absolute cell numbers or percentages.]
Figure 3 | Similar induction of MOG35–55 peptide-specific T cells in peripheral lymphoid tissues in WT and Cul5fl/fl LysM-Cre mice. Quantification of total numbers and MOG35–55-specific CD4+ T cell responses in cells isolated from secondary lymphoid tissues and CNS of Cul5fl/fl LysM-Cre and WT mice following MOG35–55 immunization. Cells were isolated from the draining lymph nodes at day 8 post induction and analyzed by flow cytometry. Mean cell numbers of CD4+ T cells (A), CD44+ CD4+ T cells (B), and IL-17 (C), TNFα (D), and IFNγ (E) producing T cells. Cells were isolated from the spleen at day 8 post-induction and analyzed by flow cytometry, including total CD4+ T cells (F) and IL-17A+ CD4+ T cells (G) Cells were isolated from the CNS at day 8 post induction and analyzed by flow cytometry. Mean cell numbers of CD4+ T cells (H) and CD45hi microglia/macrophages (I) in the CNS. Results are representative of three independent experiments (A–F) and two independent experiments (G–H) (n=10–11 mice per group). Error bars indicate mean ± SEM. Statistical significance was determined using an unpaired t-test (P < 0.05, P < 0.01, *P < 0.001, **P < 0.0001).

Following peripheral activation, MOG reactive CD4+ T cells migrate into the CNS. Thus, we next sought to assess whether Cul5-deletion in myeloid cells impacted T cell migration into the CNS. On day 8 post EAE induction, cells from the CNS of WT and Cul5fl/fl LysM-Cre mice were analyzed using flow cytometry. We found that the number of cells in the CD45hi gate was comparable between WT and Cul5fl/fl LysM-Cre mice (Figure 3H). Furthermore, the total number of CD4+ T cells was similar between WT and Cul5fl/fl LysM-Cre mice (Figures 3I). These data suggest that the loss of Cul5 in myeloid cells had no significant impact in T cell priming or migration into the CNS following EAE induction. This is consistent with WT and Cul5fl/fl LysM-Cre mice showing a similar increase in disease score on days 9–11 post EAE induction.





Cul5 deletion leads to increased Arginase 1 production in macrophages during EAE

Once in the CNS, T cells accumulate in the perivascular space before fully infiltrating into the parenchyma (43). Local APCs, such as microglia and macrophages, present CNS-derived antigens to CD4+ T cells, thereby reactivating them (44). This local reactivation is essential for T cell persistence in the CNS and it enhances the release of pro-inflammatory cytokines, which further disrupts the BBB and recruits additional immune cells (45). Among these APCs, infiltrating macrophages play a crucial role by presenting CNS-derived antigens via MHCII and providing key costimulatory signals, such as CD80/CD86, to enhance T cell activation (46). This interaction is necessary to amplify the immune response, leading to further immune cell recruitment. Given that Cul5fl/fl LysM-Cre mice showed similar numbers of infiltrating T cells and macrophages on day 8 post EAE induction compared to WT mice, but showed decreased numbers of both types of cells by day 14 post-induction, we decided to further investigate macrophage numbers and phenotype on day 12, when Cul5fl/fl LysM-Cre mice are just starting to show a decrease in EAE disease severity.

Specifically, WT and Cul5fl/fl LysM-Cre mice were induced with EAE and on day 12 cells were isolated from the CNS and analyzed by flow cytometry. We did not observe a significant difference in the overall numbers of CD45hi microglia/macrophages (Figure 4A), or neutrophils (Figure 4B) in the CNS at this time point. However, when we analyzed the phenotype of CD45hi microglia/macrophages, we found a significant increase in the number of Arginase 1 expressing cells in Cul5fl/fl LysM-Cre mice compared to WT (Figure 4C), suggesting that Cul5-deficient macrophages were biased toward an anti-inflammatory or reparative macrophage phenotype. Arginase 1 was predominantly expressed by CD45hi cells, and not by CD45int cells, consistent with a study by Greenhalgh et al. (47), where lineage tracing further identified CD45hi cells as infiltrating monocytes. (Figure 4D). In our study, the increase in CD45hi/Arg1 cells correlated with a change in regulatory T cell frequencies. Specifically, while the overall number of CD4+ T cells was not different between Cul5fl/fl LysM-Cre mice compared to WT (Figure 4E), the frequency of FoxP3+ regulatory T cells (Tregs) was significantly higher in Cul5fl/fl LysM-Cre mice (Figure 4F) compared to WT controls. This increase in FoxP3+ Tregs, coupled with the decrease in conventional CD4+ T cells (Figure 4G) and enhanced presence of Arginase 1+ macrophages, supported that Cul5 deficiency in myeloid cells may actively promote an anti-inflammatory state within the CNS.

[image: Graphs and plots comparing cell counts and percentages between wild type (WT), knockout (KO), and control groups. Panels A to C show absolute cell numbers for CD45^hi^ CD11b^+^ macrophages, neutrophils, and CD45^hi^ CD11b^+^ Arg1^+^ cells, respectively. Panel D shows scatter plots of CD11b versus Arginase 1 expression, highlighting Day 12 data for WT, KO, and control. Panels E to G present total CD4^+^ T cells, FoxP3^+^ CD4^+^ T cells, and conventional CD4^+^ T cell percentages. Asterisks denote statistical significance.]
Figure 4 | Cul5 deficiency enhances Arginase 1 expression in macrophages during EAE. Quantification of myeloid and lymphoid cell populations in the CNS of Cul5fl/fl LysM-Cre and WT mice at day 12 post-induction of EAE. (A–C) Total cell numbers of CD45+CD11b+ infiltrating myeloid cells, CD45hi Arginase 1+ microglia/macrophages and Ly6G+neutrophils in the CNS following MOG35–55 immunization. (D, E) Frequency of Arginase 1+ cells within the CD45hi and CD45int populations, highlighting the enrichment of Arginase 1-expressing in the CD45hi subset in Cul5-deficient mice. (F) Mean total cell numbers of CD4+ T cells, (F, G) Frequency of conventional CD4+ T cells, and FoxP3+ regulatory T cells in the CNS following MOG35–55 immunization. Data represent pooled results from two independent experiments (n=11 mice per group). Error bars indicate mean ± SEM. Statistical significance was determined using an unpaired t-test (P < 0.05, P < 0.01, *P < 0.001, **P < 0.0001. Each dot represents an individual mouse.





Cul5 deficiency enhances Arginase 1 expression downstream of IL-4R signaling

The production of Arginase 1 by myeloid subsets, particularly macrophages, creates a tissue environment with insufficient essential amino acid concentration which restricts T cell activation and proliferation (48, 49). Given the increase in Arginase 1 positive microglia/macrophages in Cul5fl/fl LysM-Cre mice, we next sought to test whether loss of Cul5 might bias macrophages toward an M2 phenotype in vitro. We examined Arginase 1 expression in WT and Cul5-deficient macrophages cultured in IL-4 or IL-13. BMDMs generated from WT and Cul5fl/fl LysM-Cre mice were cultured for 24 hours in either IL-4 or IL-13 and cells were analyzed by flow cytometry. Both IL-4 and IL-13 were able to drive expression of Arginase 1 in WT cells (Figure 5A). Interestingly, Cul5-deficient BMDMs showed a significant increase in the percentage of Arginase 1+ cells following IL-4 stimulation compared to WT cells (Figure 5A). In contrast, the percentages of Arginase 1+ macrophages were similar between the two genotypes when cells were cultured in IL-13 (Figure 5A). To determine whether CUL5 might also play a role in macrophage pro-inflammatory responses, we cultured WT and Cul5fl/fl LysM-Cre BMDMs with LPS and IFN-γ. Percentages of both CD80 and CD86 remained unchanged between groups, suggesting that Cul5 loss does not prevent a pro-inflammatory APC phenotype induction in macrophages (Figure 5B).

[image: Figures A and B show the effects of different cytokines on macrophage markers. Figure A compares F4/80+ CD11b+ Arginase 1+ percentages in IL-4 and IL-13 across WT, KO, and controls with accompanying flow cytometry plots. Figure B displays bar graphs for CD11b+ MHCII+ and CD11b+ CD86+ cells percentage under LPS+IFN-gamma stimulation for WT, KO, and controls. Results indicate significant differences between groups in both figures.]
Figure 5 | Loss of Cul5 results in increased Arginase 1 levels following IL-4 receptor stimulation of BMDMs. (A) BMDMs were generated from WT and Cul5-deficient mice. Cells were then analyzed for Arginase 1 levels via flow cytometry. Representative and compiled data showing the frequencies of Arginase 1+ cells following IL-4 or IL-13 stimulation (10 ng/mL) for 24 hours. (B) Percentage positive of CD86 and MHCII BMDMs following LPS (100 ng/mL) and IFN-γ (10 ng/mL) stimulation for 24 hours, showing no significant differences in upregulation of co-stimulatory molecules between Cul5fl/fl LysM-Cre and WT macrophages. Results are representative of three independent experiments (n=3–4 mice per group). Error bars indicate mean ± SEM. Statistical significance was determined using an unpaired t-test (**P < 0.01).





Loss of Cul5 triggers an anti-inflammatory protein expression profile in macrophages

To gain a deeper understanding of how Cul5 loss impacts CNS myeloid subsets, we conducted whole-cell proteomic analysis on WT and Cul5-deficient CD45hi microglia/macrophages directly isolated from the CNS of EAE-induced mice at day 12 post-induction. To do this we employed high-resolution mass spectrometry (Figure 6A). Our CNS isolation and fluorescence-activated cell sorting (FACS) strategies yielded approximately 40,000 cells per sample, enabling the identification of an average of 4,000 proteins per condition (Supplementary Figure S3).

[image: Diagram illustrating experimental workflow, heat map, scatter plot, and violin plots. Panel A shows MOG + CFA injection in mice, CNS collection, cell sorting, and proteomics analysis. Panel B is a heat map of protein expression. Panel C is a scatter plot comparing wild-type and CUL5 knockout samples, highlighting upregulated and downregulated proteins. Panels D to J display violin plots comparing protein abundance for Clec4e, Ssr1, Lyz2, Atm, Serpinb6, Aldh5a1, and Ucp2 between wild-type and knockout samples, with significant differences marked by asterisks.]
Figure 6 | Loss of Cul5 triggers an anti-inflammatory protein expression profile in macrophages. (A) Workflow illustrating ex vivo cell isolation for WCP analysis (B) Heatmap displaying the top 20 significantly upregulated and downregulated proteins in Cul5fl/fl LysM-Cre vs WT CD45hi microglia/macrophages. Each row represents a protein, and each column represents a biological replicate. Normalized Z score of protein abundance is depicted using a pseudocolor scale. (C) Volcano plot displaying the distribution of differentially expressed proteins between Cul5fl/fl LysM-Cre and WT macrophages. The x-axis represents the log2 fold change (log2FC) in protein abundance, while the y-axis represents the log10 (p-value), indicating statistical significance. Proteins significantly downregulated in Cul5fl/fl LysM-Cre are shown in blue, while those upregulated are shown in red. Proteins with no significant changes are represented in gray. Dashed horizontal lunes indicate significance and fold-change thresholds used for analysis. (D-I) show individual violin plots for (D) Clec4e, (E) Ssr1, (F) Lyz2, (G) Atm, (H) Serpinb6, (I) AIdh5a1 (J) Ucp2 displaying log2‐normalized protein abundances as measured by whole‐cell proteomics in WT and Cul5fl/fl LysM-Cre. Protein intensities were normalized and plotted for individual replicates. Violin plots represent the mean. Statistical analysis was performed using Student’s t-test (**P<0.01, ***P<0.001, ****P<0.0001).

We applied a statistical threshold of p < 0.05 and a greater than 2-fold change to evaluate proteins significantly differentially expressed in Cul5fl/fl LysM-Cre macrophages compared to their WT counterparts (Figures 6B, C). Among the top 10 differentially expressed proteins, we observed a notable reduction in key mediators of pro-inflammatory responses, including Clec4e (Figure 6D), a C-type lectin receptor known to modulate macrophage activation and pathogen recognition (50), Ssr1 (Figure 6E), a component of the translocon-associated protein complex that may contribute to antigen processing and MHC presentation (51); and Lyz2, a hallmark myeloid antimicrobial enzyme associated with phagocytosis and inflammatory responses (52, 53) (Figure 6F).

Interestingly, we also identified a significant downregulation of Atm (ataxia telangiectasia mutated kinase) in Cul5-deficient macrophages (Figure 6G). Atm plays an important role in DNA damage responses, cellular stress adaptation, response to metabolic changes and immune regulation (54–56). Moreover, ATM is crucial for shaping macrophage pro-inflammatory phenotype transition, by controlling IRF5 and its post-translational modifications (57). Together, these observations support the hypothesis that CUL5 has an important function in microglia/macrophages genomic stability and stress adaptation mechanisms in the CNS microenvironment.

Among the top upregulated proteins, we found Serpinb6 (Figure 6H), which plays a role in cellular damage responses (58, 59). Additionally, Cul5-deficient cells showed upregulation of Aldh5a1 (Figure 6I), a key enzyme in GABA metabolism and oxidative stress responses (4, 60), which may suggest a metabolic reprogramming or foamy macrophage-like features. These findings highlight that CUL5 plays an important role in the mechanisms by which CNS microglia/macrophage subsets function during neuroinflammation.






Discussion

Macrophage phenotypic transition allows cells to rapidly respond to microenvironment signals and adapt accordingly. This plasticity is key during neuroinflammatory responses. Prior studies revealed that SOCS1 and SOCS3 play an anti-inflammatory role in macrophages and based on the association of SOCS proteins with CUL5, many researchers have assumed that CUL5 would play a similar role. Here we show an unanticipated pro-inflammatory role for Cul5 in limiting the expansion of Arginase 1+ macrophages during neuroinflammation. Our results support that selectively deleting Cul5 in myeloid cells alters macrophage phenotype and function, attenuating disease progression after inflammatory cells arrive in the CNS.

Our data show that Cul5 deletion does not have a significant impact on myeloid cell development under homeostatic conditions (Figures 1A–G), contrasting with previously reported data on the roles of SOCS1 and SOCS3. Both are known regulators of JAK/STAT pathways, particularly downstream of GM-CSF, M-CSF, IL-6, which are important in myeloid development. This suggests that Cul5 and SOCS1/3 interactions might be dispensable for SOCS1/3-mediated regulation of myelopoiesis. However, surprisingly, Cul5 deficiency in myeloid cells mitigated neuroinflammation, as evidenced by significantly lower clinical scores and reduced immune cell infiltration observed in Cul5fl/flLysM-Cre mice. This included a decreased infiltration of CD4+ T cells and myeloid populations into the CNS during the peak of EAE (Figures 2D–I). This contrasts with previously characterized Socs3ΔLysM mice which exhibited an atypical and progressive EAE, characterized by infiltration of neutrophils and exacerbated neuroinflammation (33). These striking differences suggest that, rather than acting collaboratively with SOCS3, Cul5 and SOCS3 may have distinct or even opposing roles in regulating myeloid immune responses during neuroinflammation. While SOCS3 loss promotes an exacerbated inflammatory response, Cul5 deficiency appears to favor an immunosuppressive microenvironment.

Interestingly, despite the similar capacity for peripheral CD4+ T cell activation and cytokine production between Cul5fl/flLysM-Cre and WT cohorts (Figures 3A–E), the immunosuppressive microenvironment in the CNS of Cul5-deficient mice, characterized by an increase in Arginase 1+ macrophages and FoxP3+ (Figures 4C, F) regulatory T cells, likely underlies the observed reduction in disease severity. Given that the CNS is an immune-privileged site with distinct metabolic, inflammatory, and cellular cues, it is possible that microglia/macrophages are exposed to specific signals—such as local cytokine gradients, metabolic constraints, or interactions with resident glial cells—that promote an immunosuppressive phenotype in a Cul5-deficient setting. It is well established that IL-4 signaling is one of the primary inducers of Arginase 1 expression in macrophages (61, 62). However, while Th1, Th17 and Th2 responses can coexist during EAE, the CNS microenvironment primarily exhibits a predominantly Th1 and Th17 landscape during the inflammatory phase (day 7–14 post-induction) (63), leading to low IL-4 levels until the resolution phase. This raises an important question about the unique aspects of the CNS microenvironment driving this distinct response specifically in CD45hi cells. Understanding these CNS-specific factors may provide insight into the differential regulation of macrophage function across tissues and their role in resolving neuroinflammation.

The increased Arginase 1 levels in Cul5-deficient CD45hi microglia/macrophages support the idea that Cul5 may preferentially regulate the inflammatory-to-reparative transition in infiltrating myeloid subsets. Supporting that this is occurring in infiltrating myeloid cells rather than microglia, Greenhalgh et al. demonstrated that Arginase 1 is expressed exclusively by infiltrating myeloid cells but not resident microglia in models of spinal cord injury (SCI) and EAE (47). Cul5 expression levels are high in both microglia and monocyte derived macrophages, this raising the possibility that Cul5 might function in both populations. Although we used a widely established categorization (64, 65) for our study as CD45hi and CD45int cells, distinguishing these populations without genetic fate mapping remains a major challenge and caveat in the field. Studies typically refer to microglia and infiltrating macrophages as CD45int and CD45hi, respectively, but during neuroinflammation microglia can upregulate CD45. Signature genes such as Tmem119 and P2ry12 are helpful in identifying microglia under homeostatic conditions, but their expression dramatically reduces with inflammation, making them subject to similar limitations as CD45. Further studies using monocyte and microglia-specific targeting, such as Tmem119-CreERT2 and Ms4a3-Cre, are needed to fully discriminate infiltrating versus endogenous macrophages and elucidate how Cul5 regulates cytokine signaling in microglia.

Arginase 1 helps to repair damaged tissues, as ornithine is a precursor to polyamines, which have pro-repair properties (66). Its activity depletes L-arginine from the microenvironment, thereby limiting the activity of pro-inflammatory Th1 and Th17 cells. This prominent feature not only limits inflammation but also fosters tissue repair and supports the expansion of regulatory FoxP3+ T cells (Tregs), consistent with the increase that we see in our data. The increase in FoxP3+ cells in Cul5fl/flLysM-Cre mice reinforces the notion that Cul5 deficiency promotes an immunosuppressive environment within the CNS.

Our investigation into the receptor responsible for driving increased Arginase 1 production in Cul5-deficient macrophages supported that CUL5 might regulate IL-4 signaling. IL-4, but not IL-13, was sufficient to induce increased Arginase 1 levels in Cul5-deficient BMDMs (Figure 5A). These data suggested that CUL5 regulates the type I IL-4 receptor complex, distinct from the type II receptor used by IL-13. Both cytokines activate the JAK-STAT6 pathway, which is central to anti-inflammatory macrophage polarization. However, our findings suggest that CUL5-mediated ubiquitination may target specific components of the IL-4 signaling cascade, thereby modulating macrophage function, as was seen previously with CD4+ T cells (39).

Consistent with the increase in Arginase 1, we also identified a set of anti-inflammatory features associated with Cul5-deficient macrophages isolated from the CNS. Our whole-cell proteome data (Figures 6B, C) revealed a distinct shift in Cul5fl/fl LysM-Cre macrophage phenotypic characteristics toward an anti-inflammatory state. Key inflammatory genes, such as Clec4e and Lyz2 were significantly downregulated in Cul5-deficient macrophages, pointing to a reduction in pro-inflammatory associated immune activation. However, a limitation in our strategy is the reliance on CD45hi and CD45int gating to define these populations, since it does not fully exclude other subsets such as activated microglia and monocyte-derived dendritic cells. As such, our proteomics data may reflect a heterogenous population. Further studies using more specific sorting strategies and single-cell resolution will be important to fully dissect the functional contributions of these myeloid populations.

Together, these findings might explain why Cul5-deficient macrophages improved disease outcomes in EAE. Interestingly, the role we describe here for CUL5 in macrophage-mediated neuroinflammation has similarities to work that was recently reported in anti-viral immune responses (67). Specifically, following viral infection, Cul5 deficient macrophages prevented neutrophilic accumulation in the lung and protected against viral-mediated asthma exacerbation (67). Together, these data support that CUL5 promotes pro-inflammatory macrophage function following viral infection, and during autoimmune disease development.

A final limitation of this study is the assessment of CUL5 expression in macrophages from MS patient samples. Although our findings in the EAE model suggest an important role for CUL5 in modulating microglia/macrophage phenotype and function, further studies are needed to determine whether similar regulatory mechanisms are conserved in human MS. Publicly datasets may offer insights, but they often lack cell-type resolution. In conclusion, CUL5 emerges as a key regulator of macrophage-mediated immune responses and thus impacts neuroinflammation. To date, no MS therapies specifically target macrophages as a therapeutic strategy. Additionally, the specificity of CUL5 regulation of IL-4-induced Arginase 1 expression provides an opportunity to fine-tune therapeutic strategies to modulate macrophage phenotypes without broadly suppressing overall immune responses. The findings presented here represent an important first step in understanding the role of CUL5 in neuroinflammation and establishing a foundation for future research into its therapeutic potential in MS and other autoimmune diseases.
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Supplementary Figure 1 | Cul5 does not broadly affect the differentiation of myeloid cells under homeostatic conditions. (A–C) Immunophenotyping of myeloid and lymphoid cell populations in the spleen, bone marrow, and brain of Cul5fl/fl LysM-Cre and WT mice under homeostatic conditions. Bars indicate mean ± SEM. Data were analyzed using multiple unpaired t-tests and are representative of two independent experiments. Each dot represents an individual mouse.

Supplementary Figure 2 | Cul5 expression impacts CD4+ T cell frequency in the CNS and spleen during EAE. Quantification of immune cell populations in the CNS and spleen of Cul5fl/fl LysM-Cre and WT mice at day 14 post-induction of EAE. (A–D) Frequencies of CD4+ T cells, CD45hi and CD45int cells and neutrophils in the CNS. (E–H) Frequencies of TCR-β+ T cells, CD19+ B cells, neutrophils, and CD4+ T cells in the spleen. Data are representative of two independent experiments. Bars indicate mean ± SEM. Statistical significance was determined using an unpaired t-test (P < 0.05, P < 0.01, *P < 0.001, **P < 0.0001).

Supplementary Figure 3 | Comparison of protein identification across WT and Cul5fl/fl LysM-Cre CD45hi microglia/macrophages. (A) Bar plot displaying the total number of identified proteins per sample in WT (blue) and Cul5fl/fl LysM-Cre (green) conditions. Each bar represents an individual biological replicate.




References

	 Mosser DM, Edwards JP. Erratum: Exploring the full spectrum of macrophage activation (Nature Reviews Immunology, (2008) 8 (958-969)). Nat Rev Immunol Nat Publishing Group. (2010) 10:460. doi: 10.1038/nri2788


	 Nasser H, Adhikary P, Abdel-Daim A, Noyori O, Panaampon J, Kariya R, et al. Establishment of bone marrow-derived M-CSF receptor-dependent self-renewing macrophages. Cell Death Discov. (2020) 6. doi: 10.1038/s41420-020-00300-3, PMID: 32714570


	 Stout RD, Suttles J. Immunosenescence and macrophage functional plasticity: dysregulation of macrophage function by age-associated microenvironmental changes. Immunol Rev. (2005) 205:60–71. doi: 10.1111/j.0105-2896.2005.00260.x, PMID: 15882345


	 Hirayama D, Iida T, Nakase H. The phagocytic function of macrophage-enforcing innate immunity and tissue homeostasis. Int J Mol Sci. (2018) 19. doi: 10.3390/ijms19010092, PMID: 29286292


	 Verberk SGS, van der Zande HJP, Baardman J, de Goede KE, Harber KJ, Keuning ED, et al. Myeloid ATP citrate lyase regulates macrophage inflammatory responses in vitro without altering inflammatory disease outcomes. Front Immunol. (2021) 12:669920. doi: 10.3389/fimmu.2021.669920, PMID: 33981315


	 Kajimura Y, Taguchi A, Nagao Y, Yamamoto K, Masuda K, Shibata K, et al. E4BP4 in macrophages induces an anti-inflammatory phenotype that ameliorates the severity of colitis. Commun Biol. (2024) 7:527. doi: 10.1038/s42003-024-06099-4, PMID: 38714733


	 Xia T, Fu S, Yang R, Yang K, Lei W, Yang Y, et al. Advances in the study of macrophage polarization in inflammatory immune skin diseases. J Inflamm (Lond). (2023) 20(1):33. doi: 10.1186/s12950-023-00360-z, PMID: 37828492


	 Liu C, Li Y, Yu J, Feng L, Hou S, Liu Y, et al. Targeting the shift from M1 to M2 macrophages in experimental autoimmune encephalomyelitis mice treated with fasudil. PloS One. (2013) 8. doi: 10.1371/journal.pone.0054841, PMID: 23418431


	 Wasser B, Luchtman D, Löffel J, Robohm K, Birkner K, Stroh A, et al. CNS-localized myeloid cells capture living invading T cells during neuroinflammation. J Exp Med. (2020) 217. doi: 10.1084/jem.20190812, PMID: 32219436


	 Chu F, Shi M, Lang Y, Chao Z, Jin T, Cui L, et al. Adoptive transfer of immunomodulatory M2 macrophages suppresses experimental autoimmune encephalomyelitis in C57BL/6 mice via blockading NF-κB pathway. Clin Exp Immunol. (2021) 204:199–211. doi: 10.1111/cei.13572, PMID: 33426702


	 Montilla A, Zabala A, Er-Lukowiak M, Rissiek B, Magnus T, Rodriguez-Iglesias N, et al. Microglia and meningeal macrophages depletion delays the onset of experimental autoimmune encephalomyelitis. Cell Death Dis. (2023) 14:1–13. doi: 10.1038/s41419-023-05551-3, PMID: 36635255


	 Brennan C. Treatment of multiple sclerosis: A review Dezember 2020. Physiol Behav. (2016) 176:139–48. doi: 10.1016/j.amjmed.2020.05.049.Treatment


	 Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. (2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2, PMID: 29275977


	 Lublin FD, Coetzee T, Cohen JA, Marrie RA, Thompson AJ, International Advisory Committee on Clinical Trials in MS. The 2013 clinical course descriptors for multiple sclerosis: A clarification. Neurology. (2020) 94:1088–92. doi: 10.1212/WNL.0000000000009636, PMID: 32471886


	 Dinter H, Stock G, Perez HD. Multiple sclerosis: pathogenesis and models. J Mol Med (Berl). (1997) 75(3):164. doi: 10.1007/s001090050100, PMID: 9106072


	 Walton C, King R, Rechtman L, Kaye W, Leray E, Marrie RA, et al. Rising prevalence of multiple sclerosis worldwide: Insights from the Atlas of MS, third edition. Multiple Sclerosis J. (2020) 26:1816–21. doi: 10.1177/1352458520970841, PMID: 33174475


	 Vogel DY, Heijnen PD, Breur M, de Vries HE, Tool AT, Amor S, et al. Macrophages migrate in an activation-dependent manner to chemokines involved in neuroinflammation. J Neuroinflamm. (2014) 11:1–11. doi: 10.1186/1742-2094-11-23, PMID: 24485070


	 Jia P, Peng Q, Fan X, Zhang Y, Xu H, Li J, et al. Immune-mediated disruption of the blood–brain barrier after intracerebral hemorrhage: Insights and potential therapeutic targets. CNS Neurosci Ther. (2024) 30:1–16. doi: 10.1111/cns.14853, PMID: 39034473


	 Prineas JW, Parratt JDE. Multiple sclerosis: microglia, monocytes, and macrophage-mediated demyelination. J Neuropathol Exp Neurol. (2021) 80:975–96. doi: 10.1093/jnen/nlab083, PMID: 34553215


	 Bettelli E, Das MP, Howard ED, Weiner HL, Sobel RA, Kuchroo VK. IL-10 is critical in the regulation of autoimmune encephalomyelitis as demonstrated by studies of IL-10- and IL-4-deficient and transgenic mice. J Immunol. (1998) 161:3299–306. doi: 10.4049/jimmunol.161.7.3299, PMID: 9759845


	 Zhang X, Koldzic DN, Izikson L, Reddy J, Nazareno RF, Sakaguchi S, et al. Interleukin-10 plays a crucial role in suppression of experimental autoimmune encephalomyelitis by Bowman-Birk inhibitor. J Neuroimmunol. (2012) 245:1–7. doi: 10.1016/j.jneuroim.2012.01.005, PMID: 22365083


	 Palle P, Monaghan KL, Milne SM, Wan ACK. Cytokine signaling in multiple sclerosis and its therapeutic applications. Med Sci (Basel Switzerland). (2017) 5:1–17. doi: 10.3390/medsci5040023, PMID: 29099039


	 Hilton DJ, Richardson RT, Alexander WS, Viney EM, Willson TA, Sprigg NS, et al. Twenty proteins containing a C-terminal SOCS box form five structural classes. Proc Natl Acad Sci United States America. (1998) 95:114–9. doi: 10.1073/pnas.95.1.114, PMID: 9419338


	 Zhang JG, Metcalf D, Rakar S, Asimakis M, Greenhalgh CJ, Willson TA, et al. The SOCS box of suppressor of cytokine signaling-1 is important for inhibition of cytokine action in vivo. Proc Natl Acad Sci United States America. (2001) 98:13261–5. doi: 10.1073/pnas.231486498, PMID: 11606785


	 Croker BA, Kiu H, Nicholson SE. SOCS regulation of the JAK/STAT signalling pathway. Semin Cell Dev Biol. (2008) 9:414–22. doi: 10.1016/j.semcdb.2008.07.010, PMID: 18708154


	 Liau NPD, Laktyushin A, Lucet IS, Murphy JM, Yao S, Whitlock E, et al. The molecular basis of JAK/STAT inhibition by SOCS1. Nat Commun. (2018) 9:1–14. doi: 10.1038/s41467-018-04013-1, PMID: 29674694


	 Yasukawa H, Misawa H, Sakamoto H, Masuhara M, Sasaki A, Wakioka T, et al. The JAK-binding protein JAB inhibits Janus tyrosine kinase activity through binding in the activation loop. EMBO J. (1999) 18:1309–20. doi: 10.1093/emboj/18.5.1309, PMID: 10064597


	 Piganis RA, De Weerd NA, Gould JA, Schindler CW, Mansell A, Nicholson SE, et al. Suppressor of Cytokine Signaling (SOCS) 1 inhibits type I interferon (IFN) signaling via the interferon α receptor (IFNAR1)-associated tyrosine kinase tyk2. J Biol Chem. (2011) 286:33811–8. doi: 10.1074/jbc.M111.270207, PMID: 21757742


	 Zhang JG, Farley A, Nicholson SE, Willson TA, Zugaro LM, Simpson RJ, et al. The conserved SOCS box motif in suppressors of cytokine signaling binds to elongins B and C and may couple bound proteins to proteasomal degradation. Proc Natl Acad Sci United States America. (1999) 96:2071–6. doi: 10.1073/pnas.96.5.2071, PMID: 10051596


	 Babon JJ, Sabo JK, Zhang JG, Nicola NA, Norton RS. The SOCS box encodes a hierarchy of affinities for Cullin5: implications for ubiquitin ligase formation and cytokine signalling suppression. J Mol Bio (2010) 387:162–74. doi: 10.1016/j.jmb.2009.01.024, PMID: 19385048


	 Nakagawa R, Naka T, Tsutsui H, Fujimoto M, Kimura A, Abe T, et al. SOCS-1 participates in negative regulation of LPS responses. Immunity. (2002) 17:677–87. doi: 10.1016/S1074-7613(02)00449-1, PMID: 12433373


	 Qin H, Holdbrooks AT, Andrew T, Reynolds SL, Yanagisawa LL, Benveniste EN. SOCS3 deficiency promotes M1 macrophage polarization and inflammation. J Immunol (Baltimore Md.: 1950) United States. (2012) 189:3439–48. doi: 10.4049/jimmunol.1201168, PMID: 22925925


	 Yan Z, Yang W, Parkitny L, Gibson SA, Lee KS, Collins F, et al. Deficiency of Socs3 leads to brain-targeted experimental autoimmune encephalomyelitis via enhanced neutrophil activation and ROS production. JCI Insight. (2019) 4. doi: 10.1172/jci.insight.126520, PMID: 30939124


	 Jager LD, Dabelic R, Waiboci LW, Lau K, Haider MS, Ahmed CMI, et al. The kinase inhibitory region of SOCS-1 is sufficient to inhibit T-helper 17 and other immune functions in experimental allergic encephalomyelitis. J Neuroimmunol. (2011) 232(1–2):108–18. doi: 10.1016/j.jneuroim.2010.10.018, PMID: 21131060


	 Toda G, Yamauchi T, Kadowaki T, Ueki K. Preparation and culture of bone marrow-derived macrophages from mice for functional analysis. STAR Protoc Elsevier. (2021) 2:100246. doi: 10.1016/j.xpro.2020.100246, PMID: 33458708


	 Okumura F, Matsuzaki M, Nakatsukasa K, Kamura T. The role of Elongin BC-containing ubiquitin ligases. Front Oncol. (2012) 2:10. doi: 10.3389/fonc.2012.00010, PMID: 22649776


	 Heng TSP, Painter MW. The Immunological Genome Project: networks of gene expression in immune cells. Nat Immunol. (2008) 9:1091–4. doi: 10.1038/ni1008−1091


	 Baxter SS, Carlson LA, Mayer AM, Hall ML, Fay MJ. Granulocytic differentiation of HL-60 promyelocytic leukemia cells is associated with increased expression of Cul5. In Vitro Cell Dev Biol  Anim. (2009) 45:264–74. doi: 10.1007/s11626-008-9163-4, PMID: 19118439


	 Kumar B, Field NS, Kim DD, Dar AA, Chen Y, Suresh A, et al. The ubiquitin ligase Cul5 regulates CD4+ T cell fate choice and allergic inflammation. Nat Commun. (2022) 13. doi: 10.1038/s41467-022-30437-x, PMID: 35589717


	 Berard JL, Wolak K, Fournier S, David S. Characterization of relapsing-remitting and chronic forms of experimental autoimmune encephalomyelitis in C57BL/6 mice. Glia. (2010) 58:434–45. doi: 10.1002/glia.20935, PMID: 19780195


	 Elyaman W, Kivisäkk P, Reddy J, Chitnis T, Raddassi K, Imitola J, et al. Distinct functions of autoreactive memory and effector CD4+ T cells in experimental autoimmune encephalomyelitis. Am J Pathol. (2008) 173:411–22. doi: 10.2353/ajpath.2008.080142, PMID: 18583313


	 Rossi B, Constantin G. Live imaging of immune responses in experimental models of multiple sclerosis. Front Immunol. (2016) 7:506. doi: 10.3389/fimmu.2016.00506, PMID: 27917173


	 Archambault AS, Sim J, Gimenez MA, Russell JH. Defining antigen-dependent stages of T cell migration from the blood to the central nervous system parenchyma. Eur J Immunol. (2005) 35:1076–85. doi: 10.1002/eji.200425864, PMID: 15761850


	 Kivisakk P, Imitola J, Rasmussen S, Elyaman W, Zhu B, Ransohoff RM, et al. Localizing central nervous system immune surveillance: Meningeal antigen-presenting cells activate T cells during experimental autoimmune encephalomyelitis. Ann Neurol. (2009) 65:457–69. doi: 10.1002/ana.21379, PMID: 18496841


	 Rothhammer V, Heink S, Petermann F, Srivastava R, Claussen MC, Hemmer B, et al. Th17 lymphocytes traffic to the central nervous system independently of α4 integrin expression during EAE. J Exp Med. (2011) 208:2465–76. doi: 10.1084/jem.20110434, PMID: 22025301


	 Casella G, Rasouli J, Thome R, Descamps HC, Vattikonda A, Ishikawa L, et al. Intravenous tolerance modulates macrophage classical activation and antigen presentation in experimental autoimmune encephalomyelitis. J Neuroimmunol. (2009) 208:54–60. doi: 10.1016/j.jneuroim.2009.01.002, PMID: 19187972


	 Greenhalgh AD, Passos dos Santos V, Zarruk JG, Salmon CK, Kroner A, David S. Arginase-1 is expressed exclusively by infiltrating myeloid cells in CNS injury and disease. Brain Behav Immun Elsevier Inc. (2016) 56:61–7. doi: 10.1016/j.bbi.2016.04.013, PMID: 27126514


	 Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D, et al. Myeloid cell-derived arginase in cancer immune response. Front Immunol. (2020) 11:938. doi: 10.3389/fimmu.2020.00938, PMID: 32499785


	 Vonwirth V, Bülbül Y, Werner A, Echchannaoui H, Windschmitt J, Habermeier A, et al. Inhibition of arginase 1 liberates potent T cell immunostimulatory activity of human neutrophil granulocytes. Front Immunol. (2021) 11:617699. doi: 10.3389/fimmu.2020.617699, PMID: 33717053


	 Miyake Y, Ishikawa E, Ishikawa T, Yamasaki S. Self and nonself recognition through C-type lectin receptor, Mincle. Self/Nonself  Immune Recognit Signaling. (2010) 1:310–3. doi: 10.4161/self.1.4.13736, PMID: 21487505


	 de Waard AA, Verkerk T, Hoefakker K, van der Steen DM, Jongsma MLM, Melamed Kadosh D, et al. Healthy cells functionally present TAP-independent SSR1 peptides: implicattions for selection of clinically relevant antigens. iScience Elsevier Inc. (2021) 24:102051. doi: 10.1016/j.isci.2021.102051, PMID: 33554062


	 Latorre J, Lluch A, Ortega FJ, Gavaldà-Navarro A, Comas F, Morón-Ros S, et al. Adipose tissue knockdown of lysozyme reduces local inflammation and improves adipogenesis in high-fat diet-fed mice. Pharmacol Res. (2021) 166:2–11. doi: 10.1016/j.phrs.2021.105486, PMID: 33556481


	 Rahman SMN, Yung JHM, Volchuk A, Goldenberg NM, Giacca A. Metabolic phenotypes in a Lyz2Cre recombinase mouse model. Front. Immunol. (2025) 16:1–8. doi: 10.3389/fimmu.2025.1499858, PMID: 40170862


	 Banin S, Moyal L, Taya Y, Anderson CW, Chessa L, et al. Enhanced phosphorylation of p53 by ATM in response to DNA damage. Science (New York, N.Y.) (1998) 281(5383):1674–7. doi: 10.1126/science.281.5383.1674, PMID: 9733514


	 Kastan M, Bakkenist C. DNA damage activates ATM through intermolecular autophosphorylation and dimmer association. Nature. (2003) 421:499–506., PMID: 12556884


	 Lee JH, Mand MR, Kao CH, Zhou Y, Ryu SW, Richards AL, et al. ATM directs DNA damage responses and proteostasis via genetically separable pathways. Sci Signaling. (2018) 11. doi: 10.1126/scisignal.aan5598, PMID: 29317520


	 Wu Q, Allouch A, Paoletti A, Leteur C, Mirjolet C, Martins I, et al. NOX2-dependent ATM kinase activation dictates pro-inflammatory macrophage phenotype and improves effectiveness to radiation therapy. Cell Death Differ Nat Publishing Group. (2017) 24:1632–44. doi: 10.1038/cdd.2017.91, PMID: 28574504


	 Strik MCM, et al. Intracellular serpin SERPINB6 (PI6) is abundantly expressed by human mast cells and forms complexes with β-tryptase monomers. Blood Am Soc Hematol. (2004) 103:2710–7. doi: 10.1182/blood-2003-08-2981, PMID: 14670919


	 Christopher JF. Mechanisms of macromolecular protease inhibitors. Bone. (2008) 23:1–7. doi: 10.1002/cbic.201000442.Mechanisms


	 Hanisch UK, Kettenmann H. Microglia: Active sensor and versatile effector cells in the normal and pathologic brain. Nat Neurosci. (2007) 10:1387–94. doi: 10.1038/nn1997, PMID: 17965659


	 Serrat N, Pereira-Lopes S, Comalada M, Lloberas J, Celada A. Deacetylation of C/EBPβ is required for IL-4-induced arginase-1 expression in murine macrophages. Eur J Immunol. (2012) 42:3028–37. doi: 10.1002/eji.201242413, PMID: 22865229


	 Wu WK, Georgiadis A, Copland DA, Liyanage S, Luhmann UF, Robbie SJ, et al. IL-4 regulates specific Arg-1+ Macrophage sFlt-1-mediated inhibition of angiogenesis. Am J Pathol Elsevier. (2015) 185:2324–35. doi: 10.1016/j.ajpath.2015.04.013, PMID: 26079814


	 Juedes AE, Hjelmström P, Bergman CM, Neild AL, Ruddle NH. Kinetics and cellular origin of cytokines in the central nervous system: insight into mechanisms of myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis. J Immunol. (2000) 164:419–26. doi: 10.4049/jimmunol.164.1.419, PMID: 10605038


	 Cusick MF, Libbey JE, Patel DC, Doty DJ, Fujinami RS. Infiltrating macrophages are key to the development of seizures following virus infection. J Virol. (2013) 87:1849–60. doi: 10.1128/jvi.02747-12, PMID: 23236075


	 Liu Q, Johnson EM, Lam RK, Wang Q, Bo Ye H, Wilson EN, et al. Peripheral TREM1 responses to brain and intestinal immunogens amplify stroke severity. Nat Immunol. (2019) 20:1023–34. doi: 10.1038/s41590-019-0421-2, PMID: 31263278


	 Morris SM. Arginine metabolism: Boundaries of our knowledge. J Nutr. (2007) 137. doi: 10.1093/jn/137.6.1602s, PMID: 17513435


	 Zhang H, Xue K, Li W, Yang X, Gou Y, Su X, et al. Cullin5 drives experimental asthma exacerbations by modulating alveolar macrophage antiviral immunity. Nat Commun. (2024) 15:1–19. doi: 10.1038/s41467-023-44168-0, PMID: 38177117


	 Koenig C, Martinez-Val A, Naicker P, Stoychev S, Jordaan J, Olsen JV. Protocol for high-throughput semi-automated label-free- or TMT-based phosphoproteome profiling. STAR Protocols. (2023) 4:102536. doi: 10.1016/j.xpro.2023.102536


	 Bruderer R, Bernhardt OM, Gandhi T, Miladinovic SM, Cheng LY, Messner S, et al. Extending the limits of quantitative proteome profiling with data-independent acquisition and application to acetaminophen-treated three-dimensional liver microtissues. Mol Cell Proteomics. (2015) 14(5):1400–10. doi: 10.1074/mcp.M114.044305







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 © 2025 Ortega-Burgos, Dar, Tomishima, Guha, Brien, Porter, Bennett and Oliver. 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-16-1611818-g004.jpg
A B C

Neutrophils CD45" CD11b* Macrophages CD45" CD11b* Arg1*
600 1500 3000
ey g g
X x x
- T e
8 400 & 1000 g 2000
E E E
3 3 3
c c c
8 8 8
£ 200 £ 50 £ 1000
S = 2
g 3 Fi
' < <
0 0 0
WT KO Control WT KO Control WT KO Control
WT Control
D
Arginase 1*
CD45"
30 *k
N -
by g
L
a] < 103 lo7s 135
2 ]
< : ]
a 14 e § i
c 10 = I CD4si
[=] ;|
o
Q 0.023 1L
0 = Ve e ey
cDasit cpash 5
Arginase 1
E F G
Total CD4* T cells FoxP3* CD4* T cells Conventional CD4* T cells
a
(=]
<
x
B
2
E
3
c
3
[&]
-]
=2
°
3
<

WT KO Control WT KO Control WT KO Control





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1611818-g001.jpg
A B M-CSF C

WT as6se-3 0.48 0.063 64.1 0 89.4
Bone marrow-derived macrophages
100
Culs (91kDa) g W
368 958 2.49 333 0.70 9.90 §
. 3 60
B-actin (42kDa) KO o 067 0.060 79.1 0 922 :§
a0
2
a
© 2
S 95.1 2.06 188 031 745 9
Y *’\' *b- ©
<F @ @ %3
Pl [N 6 J o J
CD11b gy oo 0o
Bone marrow Spleen Brain

200+ 20 -

150

o
a
S

100+

Cell number (x106)
s

Cell number (x10%)
3

Cell number (x106)

Cell number (x105)

a
3
1






OEBPS/Images/fimmu-16-1611818-g003.jpg
Absolute cell number (x10%)

Day 8

Lymph Node
A B C D E

Total CD4* T cells CD4* CD44* T cells L7+ TNF-o*
20
— & =
= ? = )
215 X x X
0 v 5 v
: § £ 2
= H 2 2
g E = £
g 3 8 8
o
¥ : : i
8 [
o 8 2
2 < 2
0 X
WT KO Control WT KO Control WT KO Control WT KO Control WT KO Control

Spleen CNS
F G H |

Total CD4* T cells L7+ €D45" CD11b+ Macrophages Total CD4* T cells

5 20 0.23
X = .

= 2 ) S 020

X g x %

4 2 = 3

2 8 'E £ 0.5 .

§ £ 3 2

= 2 E = .

3 4 3 8 0.10

-] E] 2 Aa

3 3 %

o E [

2 2005

E < <

WT KO Control

WT KO Control KO Control WT KO Control





OEBPS/Images/fimmu-16-1611818-g005.jpg
Control

1Q1 Q2
992 0.80
A -
il
IL-4
Arginase 1+ 1
14 Q3
Kk
o o wr - -3
oy = KO
3 60 A Control
g {a1 Q2
P L] 99.4 0.64
< ¢ 1
+
2 -
= IL-13
a 3
O 4
(=]
D 14 Q3
5 s % :
0 = B e B
I
IL-4 IL-13 - Arginase 1
B MHCII cD86
60 100
L]
9 80
] £
E 40 fv
s § 60
o o
4 +
= a 4
220 a
g [3)
o 20
A
0 [
WT KO Control WT KO Control

LPS+FN-y





OEBPS/Images/fimmu.2025.1611818_cover.jpg
& frontiers | Frontiers in Immunology

Loss of Cullin 5 in myeloid cells protects
against autoimmune neuroinflammation





OEBPS/Images/fimmu-16-1611818-g002.jpg
A B C

Disease progression Weight
- wr
49 = Ko Fokkok 0
-4~ Control Aokl
2 c
g £
MOG + CFA Pertussis toxin 7 0 >
injection iniection Onset Partial recovery 52 g 25
! 5
S ]
1
[} 20
0 5 10 15 1 3 5 7 9 1 13 15
DPI DPI
Total CD4* T cells Control WT KO
15 | 4
3 CD4 T cells CD4 T cells 3 CD4 T cells
| 0.18 1.48 3l 0.46

10

S

o

Absolute cell number (x10°)

WT KO Control

Neutrophils CD45" Macrophages CD45"™ Macrophages CD45" MHCII* CD80* Macrophages

-3

600

w

2

8
H
»

200

Absolute cell number (x10%)
3 ]
Absolute cell number (x10%)

Absolute cell number (x10%)
CD45" CD11b* MHCII* CD80* cells (%)

°

WT KO Control

WT KO Control

WT KO Control WT KO Control





OEBPS/Images/fimmu-16-1611818-g006.jpg
Day 0 Day0and2

CNS collection

WT

Clecde

=2
°

&
&

log2 (normalized protein abundance)
-

13
°

Serpinb6

ARk

log2 (normalized protein abundance)
°
o

Cul5"" LysM-Cre

m

Ssr1

>
o

o
o

log2 (normalized protein abundance)
~ w
b °

»
o

Aldh5a1

=l
°

&
&

log2 (normalized protein abundance)
in 5

S
s

Whole cell proteomics

Proteoform

Q%J?% Protein selected Pmteofqrm
separation analysis
“@’@ - -
Ms1 Ms2
L
64 Atm
. Ucp2 .Sla
L]
Q3UPC7 .
o
g 44 Spczf,()leoﬂvs
=) Ssr1
; Lyz2® “wCkmtb
= Mthfd2® o Tentdb
o % Gpa "ff( Gins4
% 24 $—H2ax
-t
’x'km\'\oguok
0
1 -6 5 4 2 -1 0 1 2 3 4 5
log,FC

Abundance @ Downregulated

n

Lyz2
. Aok
8
H
°
c
a1
o
£
£e
°
Q
N
]
Es
=]
£
g,
wT KO
J
Ucp2

log2 (normalized protein abundance)
A & Y IS

&

Not significant & Upregulated

log2 (normalized protein abundance)
& °






