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M2 Macrophage Subpopulations in Glomeruli Are Associated With the Deposition of IgG Subclasses and Complements in Primary Membranous Nephropathy
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Objectives: The role of M2 macrophages in the pathogenesis and progression of primary membranous nephropathy (PMN) remains unknown. In this study, we aimed to investigate the relationship between M2 subsets and clinicopathological features of patients with PMN.

Methods: A total of 55 patients with PMN confirmed by biopsy were recruited. The clinical and pathological data were recorded, respectively. Immunohistochemistry was used to detect the markers of M2 macrophages, including total macrophages (CD68+), M2a (CD206+), M2b (CD86+) and M2c (CD163+).

Results: The numbers of glomerular macrophages, M2a, M2b, and M2c macrophages were 1.83 (1.00, 2.67), 0.65 (0.15, 1.15), 0.67 (0.33, 1.50), and 0.80 (0.05, 2.30) per glomerulus, respectively. Higher number of glomerular macrophages was found in stage II compared with stage III (2.08 vs. 1.16, P = 0.008). These macrophages also were negatively correlated with serum albumin level (r = −0.331, P = 0.014), while positively associated with complement 3 (C3) deposition (r = 0.300, P = 0.026) and the severity of glomerulosclerosis (r = 0.276, P = 0.041). Moreover, glomerular M2a macrophages were significantly correlated with the deposition of C3 (r = 0.300, P = 0.026), immunoglobulin G1 (IgG1) (r = 0.339, P = 0.011), immunoglobulin G2 (IgG2) (r = 0.270, P = 0.046) and immunoglobulin G3 (IgG3) (r = 0.330, P = 0.014) in glomerular basement membrane (GBM). In addition, M2b macrophages were positively associated with IgG1 (r = 0.295, P = 0.029) and IgG2 (r = 0.393, P = 0.003), while M2c macrophages were negatively correlated with complement 4d (C4d) (r = −0.347, P = 0.009) in GBM.

Conclusions: Our results showed that M2 macrophage subpopulations in glomeruli are associated with the deposition of IgG subclasses and complements in renal tissue of PMN, which indicate that M2 macrophages may be involved in the pathogenesis and progression of PMN. Moreover, M2a and M2c macrophages might show different tendencies in the pathogenesis of PMN.
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INTRODUCTION

Membranous nephropathy (MN) is the most common cause of nephrotic syndrome in adults. Renal biopsy typically reveals diffuse glomerular capillary wall thickening and subepithelial and/or intramembranous immune deposits. About 80% of cases are renal limited (primary MN, PMN) and 20% are associated with other systemic diseases or exposures (secondary MN). PMN is characterized by the “rule of third.” One-third of patients enter a state of spontaneous remission, and the remaining patients continue to relapse or gradually progress to renal failure (1–4). However, the mechanism of PMN remains unknown. Some studies have shown that cell-mediated immune mechanism may be actively involved in the pathogenesis of PMN (5). And macrophages play an important role in the immune mechanism. The interstitial infiltration of macrophages may indicate the outcome of PMN (6).

Macrophages can be divided into two subtypes: pro-inflammatory phenotypes, called M1 or classical activated macrophages, which can be activated by LPS or interferon. Anti-inflammatory phenotypes, namely M2 or alternative activated macrophages, which can secrete cytokines involved in tissue remodeling and fibrosis (7, 8). Recent studies have shown that M2 macrophages can be further subdivided into three subsets (9, 10). M2a macrophages (also known as wound-healing macrophages) characterized by the expression of CD206 receptors on the cell surface can be induced by IL-4 and IL-13 and are associated with tissue repair and fibrosis (11). M2b macrophages characterized by the expression of CD86 receptors on the cell surface can be induced by exposure to IC and agonists of Toll-like receptor (TLRs) or IL-1 and can regulate immune response (12). M2c macrophages characterized by the expression of CD163 receptors on the cell surface can be induced by IL10 and transforming growth factor β and exert regulatory, anti-inflammatory and pro-fibrotic functions (13).

Some studies have demonstrated that the degree of tubulointerstitial macrophage infiltration determines the prognosis of PMN (5, 14, 15). Ferrario et al. reported that macrophages infiltrated in proliferative lesions and immune-mediated human glomerulonephritis and they concluded that macrophages were involved in glomerular injury (16). However, researches on the relationship between macrophage subpopulations in glomeruli and PMN are very limited. In this study, we analyzed the relationship between M2 macrophage subpopulations in glomeruli and clinical and pathological parameters in patients with PMN.



MATERIALS AND METHODS


Patients

A total of 55 patients with membranous nephropathy aged 18 and over were recruited in Guangdong Provincial People's Hospital from January 2018 to July 2018. Exclusion criteria: (1) Secondary membranous nephropathy, such as diabetic nephropathy, lymphoma, renal amyloidosis and so on. (2) Patients with severe cardiovascular and cerebrovascular diseases. (3) Patients with kidney transplant. (4) Patients who lack laboratory or clinical data. For all patients, renal samples were collected by biopsy and clinical data were recorded, including sex, age, proteinuria, serum creatinine (SCr), cystatin C, blood urea nitrogen (BUN), albumin and estimated glomerular filtration rate (eGFR) calculated using the Chronic Kidney Disease Epidemiology collaboration equation (CKD-EPI) at the time of biopsy. The study involving human participants was approved by the Ethical Committee of Guangdong Provincial People's Hospital. Written informed consent was obtained from the patients before the enrollment.



Renal Biopsies

All renal samples were obtained by percutaneous biopsy. The diagnosis of PMN is based on routine light (LM) and immumofluorescence (IF) microscopy examination. Histological staging of MN adopts the criteria proposed by Ehrenreich and Churg (17). The severity of tubular atrophy and interstitial fibrosis was rated on a scale of 0, 1 or 2 based on the percentage of affected tubules (<25, 25–50, >50%). The extent of glomerular sclerosis and the intensity of IF findings were evaluated semi-quantitatively on a scale of − (absent), + (mild), ++ (moderate), and + + + (severe).



Immunofluorescence

The sections were deparaffinized with xylene and ethyl alcohol. Antigen repair was performed using EDTA (PH: 8.0). The sections were washed with PBS. The samples were permeabilized with 0.5% Triton-X 100 (10 min) and blocked with 5% bovine serum albumin (BSA) for 30 min at room temperature, and then incubated with the following primary antibodies diluted in 5% BSA at 4°C over-night: IgG (1:100, DAKO), IgM (1:100, Abcam), IgA (1:100, Abcam), C3 (1:200, Abcam), C1q (1:100, Abcam), C4d (1:200, Abcam), IgG1 (1:50, sigma), IgG2 (1:50, Sigma), IgG3 (1:50, Sigma), IgG4 (1:50, sigma), PLA2R (1:400, Abcam). The secondary antibody was Alexa Fluor 488 (1:1,000, Abcam) for 1 h. DAPI was used to stain the cell nuclei. The sections were observed under fluorescence microscope (Nikon 80i; Nikon, Tokyo, Japan).



Immunohistochemistry

In this study, CD68 positive cells were identified as total macrophages, CD206 positive cells were identified as M2a, CD86 positive cells were identified as M2b and CD163 positive cells were identified as M2c. The sections were deparaffinized with xylene and ethyl alcohol. Antigen repair was performed using EDTA (PH:8.0). Endogenous peroxidase was blocked by 3% H2O2. The sections were washed with PBS. The sections were preincubated with 5% bovine serum albumin (BSA) for 30 min at room temperature, and then incubated with the following primary antibodies diluted in 5% BSA at 4°C over-night: rabbit anti-human CD68 monoclonal antibody (1:400, 76437S, CST), rabbit anti-human CD206 monoclonal antibody (1:400, 91992S, CST), rabbit anti-human CD86 monoclonal antibody (1:150, 91882S, CST) and rabbit anti-human CD163 monoclonal antibody (1:500, 93498S, CST). The secondary antibody was goat anti-rabbit IgG (1:1,000, ab6721) for 45 min. Peroxidase activities were applied by diaminobenzidine (DAB) and the sections were counterstained with hematoxylin. The sections were observed under microscope (Nikon 80i; Nikon, Tokyo, Japan).



Qualitative Evaluation of Macrophages

A qualitative study was conducted in the absence of any clinical data. Under x40 microscope, CD68, CD206, CD86, CD163 positive cells were identified in 6 intact glomeruli per section. The average number of glomerular positive cells represents the number of macrophages per glomerulus.



Statistical Analysis

Statistical analysis was performed using SPSS (version 25.0; SPSS Inc., Chicago, IL, USA), GraphPad Prism (version 8.0; GraphPad Software, Inc., La Jolla, CA, USA). ANOVA-test and Mann-Whitney U-test were used to compare continuous variables. Spearman's-test was used for the correlation between macrophage subpopulations and clinical and pathologic data. P-value < 0.05 was statistically significant.




RESULTS


Baseline of Patients With PMN

A total of 55 patients were recruited, including 33 (60%) males and 22 (40%) females. The mean age was 54.64 (22–80) years old. The average level of eGFR was 67.81 ± 27.68 ml/min/1.73 m2. The levels of proteinuria, SCr, BUN, cystatin C, and albumin were 5345.20 (3297.6, 10204.90) mg/day, 83.04 (70.47, 109.46) μmol/L, 5.88 (4.77, 7.52) mmol/L, 1.07 (0.85, 1.38) mg/L, and 23.70 (18.70, 28.50) g/L, respectively. Moreover, age was positively associated with SCr (r = 0.405, P = 0.002), cystatin C (r = 0.637, P = 0.000) and BUN (r = 0.489, P = 0.000), but negatively with eGFR (r = −0.796, P = 0.000). The patients' baseline is shown in Table 1.


Table 1. Patients' characteristics.
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All patients were in stage II or III of membranous nephropathy, and stage II was evident in 40 (80%) patients. Thirty-six (65.5%) patients had no glomerular sclerosis. Chronic renal tubular atrophy/interstitial fibrosis (affected area >25%) was found in only 2 cases (3.5%). In IF, granular IgG deposition was present in all patients. Most of them were IgG4 and IgG1, while IgG2 and IgG3 were also common. A weaker IgM and IgA were observed in 39 (70.9%) and 5 (9.1%) patients, respectively. Complement C3 and C4d were found in 49 patients (89.1%), and no C1q deposition was found in glomeruli. Only 9 (16.4%) patients did not express M-type phospholipase A2 receptors. The pathological parameters are listed in Table 2.


Table 2. The pathological data.

[image: Table 2]



M2 Macrophage Subpopulations in Glomeruli of PMN

Macrophages and M2 macrophage subpopulations were identified by immunohistochemical staining of macrophage markers CD68, CD206, CD86, and CD163. The numbers of glomerular macrophages, M2a, M2b, and M2c macrophages were 1.83 (1.00, 2.67), 0.65 (0.15, 1.15), 0.67 (0.33, 1.50), and 0.80 (0.05, 2.30) per glomerulus, respectively. The number of M2 macrophage subpopulations in glomeruli is shown in Figure 1 and Table 3. The number of macrophages in stage II of MN was more than that in stage III [2.08 (1.04, 3.12) vs. 1.16 (0.50, 1.50), P = 0.008]. However, the number of M2 macrophage subpopulations was not related to the pathological staging of MN. The comparison of M2 macrophage subpopulations in glomeruli between stage II and stage III is shown in Figure 2.


[image: Figure 1]
FIGURE 1. Subpopulations of M2 macrophage in glomeruli of PMN patients. M2a macrophages were positive for CD206 by immunochemistry, M2b macrophages were positive for CD86, and M2c macrophages were positive for CD163. The arrows point to positive cells.



Table 3. The numbers of M2 macrophage subpopulations.

[image: Table 3]


[image: Figure 2]
FIGURE 2. The comparison of M2 macrophage subpopulations count in glomeruli between stage II and stage III of membranous nephropathy. Quantitative analysis of CD68, M2a, M2b, and M2c in membranous nephropathy stage II and stage III, Significant correlation *p < 0.05.




The Correlation Between M2 Macrophage Subpopulations and Clinicopathological Features

We further analyzed the correlation between macrophages, M2 subpopulations and clinical data, and found that the number of macrophages was negatively associated with the level of albumin (r = −0.331, P = 0.014). However, the number of M2 macrophage subpopulations was not related to the severity of proteinuria and renal function indexes such as SCr, eGFR and cystatin C.

In terms of pathological features, macrophages count was positively correlated with C3 (r = 0.300, P = 0.026) and glomerular sclerosis (r = 0.276, P = 0.041). Moreover, M2a count was positively correlated with C3 (r = 0.300, P = 0.026), IgG1 (r = 0.339, P = 0.011), IgG2 (r = 0.270, P = 0.046), IgG3 (r = 0.330, P = 0.014), but not with IgG4 (r = 0.218, P = 0.110). M2b count was positively correlated with IgG1 (r = 0.295, P = 0.029) and IgG2 (r = 0.393, P = 0.003). For M2c, there was a negative correlation with C4d (r = −0.347, P = 0.009). The correlation between M2 macrophage subpopulations and clinicopathological data is shown in Table 4.


Table 4. Correlation between M2 macrophage subpopulations and clinical and pathologic data.
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The Correlation Between Clinical Data and Pathologic Data

Our data showed patients with glomerular sclerosis had poor renal function. The level of eGFR in patients with glomerular sclerosis was lower than that in patients without glomerular sclerosis (54.92 ± 26.50 vs. 74.61 ± 26.13) (P = 0.011). The levels of SCr and cystatin C in patients with glomerular sclerosis were higher than those in patients without glomerular sclerosis, which were 99.80 (86.47, 148.60) vs. 75.53 (67.19, 89.83) (P = 0.005), 1.34 (0.89, 1.86) vs. 0.99 (0.80, 1.20) (P = 0.014), respectively. Furthermore, the level of proteinuria in patients with glomerular sclerosis was higher than that in patients without glomerular sclerosis, which was 7191.00 (4832.00, 12292.00) vs. 3796.70 (2442.08, 6422.69) (P = 0.001). The correlation between clinical data and pathologic data is shown in Figure 3.


[image: Figure 3]
FIGURE 3. The correlation between glomerular sclerosis and clinical features and macrophages in glomeruli. Compare estimating glomerular filter rate (A), serum creatinine (B), Cystre-C (C), Proteinuria (D), and macrophage (E) between patients with glomerular sclerosis and patients without glomerular sclerosis. Significant correlation *p < 0.05, **p < 0.01.





DISCUSSION

In this study, we identified total macrophages and M2 macrophage subpopulations in the glomeruli of patients with PMN. Correlation analysis showed that the total macrophage count was negatively associated with serum albumin level, while positively associated with C3 deposition and the severity of glomerular sclerosis. M2 subpopulations were found in glomerulus. M2a macrophages in glomeruli were significantly correlated with the deposition of C3, IgG1, IgG2, and IgG3 in glomerular basement membrane (GBM) and M2b macrophages were positively associated with the deposition of IgG1 and IgG2. M2c macrophages were negatively correlated with complement 4d (C4d).

PMN is now considered to be a renal limited autoimmune disease, with antibodies against M-type phospholipase A2 receptor (PLA2R) identified in 70–80% patients (18). In our study, 46 (83.6%) patients were identified expressing PLA2R in renal tissue, which is in accord with the previous studies. Moreover, MN is also considered to be a IgG4 dominant disease and universal presence of C3 in the subepithelial deposits (19, 20). Our results showed that IgG4 was dominant in immune complexes and complement C3 and C4d were prevalence in 89.1% of these patients. The data above indicate that our study population has representative pathological features of PMN.

Tissue macrophages are crucial players in inflammation and immunity (21). In our study, a small number of macrophages (1.83 per glomeruli) was found in glomeruli and positively correlated with complement C3 that is the main deposits of MN. Papagianni et al. showed that macrophages released cytokines, which induced consecutive complement activation leading to tubular damage in patients with membranous nephropathy. They also reported that SCr was highly correlated with the number of interstitial macrophages (22). The aforementioned evidence indicates that macrophages may be involved in the progression of MN through the mechanism of complement activation. Moreover, our results showed that the number of macrophages was positively correlated with the extent of glomerular sclerosis and negatively correlated with serum albumin. Saito and Atkins pointed out that macrophages increased in experimental and clinical focal segmental glomerular sclerosis (FSGS) (23). Morita et al. demonstrated that the level of eGFR in MN patients with FSGS was lower than those without FSGS (24). Therefore, macrophages may participate in the progress of FSGS in PMN patients.

PMN has four evolutionary stages according to the criteria proposed by Ehrenreich and Churg. In our study, all patients were in membranous nephropathy stage II or III. Papagianni et al. showed that the stage of the PMN was not related to the degree of glomerular infiltration by inflammatory cell (22). However, our results showed that more macrophages in glomeruli were found in stage II than in stage III, which may be associated with earlier immune response in stage II. But the number of M2 macrophage subpopulations was not related to the stage of membranous nephropathy. Therefore, larger samples and further studies are needed to analyze the role of macrophages in different stages of PMN.

M2 macrophages are composed of a heterogeneous subpopulation of cells with different functions and phenotypic plasticity. M2a macrophages, characterized by the expression of transmembrane marker CD206, are known to be involved in the progression of kidney disease (25). In our study, we found that M2a macrophages were positively associated with IgG1, IgG2, and IgG3. As we known, IgG4 is the predominant IgG subclass in PMN, but IgG1, IgG2, and IgG3 are also common. Recent studies suggested that there was a programmed order of immune response, starting from IgM producing B cells followed by class switching to IgG producing B cells, with production of IgG subclass antibodies in a fixed order of IgG3 > IgG1> IgG2 > IgG4 (26). Therefore, M2a macrophages may be associated with the early phase of IgG production. This hypothesis needs to be validated by further basic and clinical studies. Moreover, our data also showed that M2a macrophages were associated with C3. Previous study proved that C3 in subepithelial deposits is very common in MN (27), and IgG1 and IgG3 were associated with complement activation and fixing. These results show that M2a may be involved in the progression of PMN through promoting the deposition of IgG subtypes and activating complements.

M2b macrophages regulate immune response and are induced by immune complexes (IC). And PMN is characterized by IC. It has been reported that M2b macrophages may be a crucial mediator for the initiation and progression of autoimmune diseases (28). Our study showed that M2b macrophages were observed in PMN and were positively associated with IgG1 and IgG2. Orme and Mohan demonstrated that M2b macrophages actually play a direct role in causing SLE (29). M2b macrophages, as antigen-presenting cells, are involved in innate and adaptive immunity, and immunoglobulin is an important part of adaptive immunity, suggesting that M2b may promote the production of IgG by presenting antigen. These data above indicate that M2b might be involved in the progressionpbr of PMN.

M2c characterized by the expression of CD163 receptor on cell surface can exert regulatory, anti-inflammatory and pro-fibrotic functions. Several studies have shown that M2c macrophages have protective effects. Tseng et al. showed that the upregulation of M2c macrophages could alleviate renal fibrosis in obstructed kidney (30). Lu et al. transferred M2c macrophages into mice on day 5 after adriamycin administration, and the results showed that M2c effectively reduced glomerulosclerosis, tubular atrophy, interstitial expansion, and proteinuria, and they concluded that M2c might protect the kidney from injury (31). In addition, Tang et al. indicated that M2c macrophages could ameliorate inflammation and fibroproliferation in acute lung injury through interleukin 10 pathway (32). These results were accordant with ours. In our study, we found that C4d was associated with M2c negatively. Positive staining with C4d was present in immune-complex related glomerulonephritis, including membranous glomerulonephritis and lupus nephritis, which revealed that C4d was involved in immune reaction in PMN (33). Therefore, we speculate that M2c may play a protective role in PMN through reducing the production of C4d.

In this study, we described the association between M2 macrophage subpopulations in glomeruli and pathological features in PMN with novelty. However, our study has some limitations. Renal biopsies from human samples can only represent a snapshot of the current state of the disease. Therefore, we have no dynamic information about the early stages of the disease and the progression of macrophage subtypes. In addition, we only analyze the surface markers of M2 subtypes and other markers of M2 subtypes (such as functional cytokines) need to be analyzed to support our conclusions. We will detect more markers and follow up the patients to investigate the role of M2 subpopulations in PMN.



CONCLUSIONS

In conclusion, our study showed that M2a and M2b macrophages were positively correlated with tissue IgG subclasses of early stage and C3, while M2c macrophages were negatively correlated with C4d. These results indicate that M2 macrophage subpopulations are involved in the progression of PMN by the deposition of IgG subclasses and complements. And M2a and M2c macrophages might show different properties in the pathogenesis of PMN.
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