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A B S T R A C T

Macrophage polarization is a major contributing factor in acute kidney injury (AKI). We aim to determine its
biomarker value in differentiating etiologic causes of various intrinsic renal AKI. A total of 205 patients with
renal intrinsic AKI were enrolled. Urinary sCD163 was quantified and macrophage subtypes in urine and in renal
biopsy were determined. Compared to healthy controls and AKI due to interstitial or tubular injuries (0 pg/
μmol), urinary sCD163 was markedly higher in glomerulopathy, especially in diffuse proliferative glomer-
ulonephritis (275.5 pg/μmol) and significantly correlated with cellular crescent formation. Urine sediment
analysis of M1/M2 ratio could differentiate acute tubulointerstitial nephritis (M1/M2 > 2.35) from crescentic
glomerulonephritis (M1/M2 < 0.27). Urinary sCD163 levels and M2 subtype positively correlated with in-
filtrated M2 in the glomeruli, whereas urine M1 positively correlated with infiltrated M1 in the interstitium. Of
note, urinary sCD163 showed better diagnositic performance in differentiating disease etiologies compared to
tradiational urinary biomarkers of AKI (NGAL and KIM-1) and markers of myeloid cells (CD11b) and pan
macrophages (CD68). Thus markers of macrophage polarization could be viewed as the noninvasive “liquid
biopsy” in the presence of various intrinsic kidney diseases.

1. Introduction

Acute kidney injury (AKI) is a common disorder characterized by an
acute decline in renal function and is associated with increased mor-
tality rate, hospitalization time, and total health-related costs [1–4]. In
recent years, several urinary biomarkers have become available for
early detection of AKI [5–12], such as urinary cystatin C, urinary kidney
injury molecule 1 (KIM-1), and urinary/plasma neutrophil gelatinase-

associated lipocalin (NGAL). But in most biomarker studies, proof of the
specificity of biomarker changes for diagnosing the location of the in-
jury and identifying various changes in renal pathology has been
lacking [1,12,13]. Additional biomarkers are needed to provide more
detailed information about the type, intensity, and location of kidney
tissue injury as the adoption of therapeutic interventions can be highly
distinguished among different etiological causes of intrinsic renal AKI.

Increasing data demonstrate that macrophages are major
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contributors to the inflammatory response to AKI [9,14–18]. And
Macrophages play a complex role throughout AKI by their functional
plasticity between the pro-inflammatory (classically activated/M1) and
pro-reparative (alternatively activated/M2) macrophages polarization.
It is suggested that macrophage polarization may open the possibility
for the identification of novel biomarkers and aid in the development of
effective therapeutic targets [5,8,12,14,16,19]. Classical biological
markers for M1 macrophages include MHC class II (HLA-DR), CD80/
CD86 and IL-1R, and for biological markers for M2 macrophages in-
clude mannose receptor (CD204, CD206), scavenger receptor (CD163)
and CD23 [15–17]. More recent data indicated that CD163+ M2
macrophages predominate in renal biopsies of proliferative glomer-
ulonephritis including lupus nephritis, anti-neutrophil cytoplasmic an-
tibodies (ANCA) -associated pauci-immune necrotizing GN and mem-
branoproliferative glomerulonephritis, and urinary soluble CD163
(sCD163) level reflects glomerular inflammation in each disease con-
dition [20–24]. A more recent report suggested that urinary CD11b, a
marker for both neutrophils and macrophages, was superior to CD163
for the prediction of histopathological activity in proliferative lupus
nephritis [25]. However, the utility of urinary sCD163 and other urine
macrophage markers in differentiating various renal tissue injury has
not been investigated.

To further explore macrophage polarization and address its bio-
marker role in human intrinsic renal AKI, we aim to determine the
value of using urinary sCD163, urine sediment macrophage subtypes,
and renal infiltrated macrophage subtypes/locations in differentiating
etiologic causes of intrinsic renal AKI in a large cohort. The diagnostic
performance was also compared to traditional markers of acute kidney
injury (NGAL and KIM-1) and markers of myeloid cells (CD11b) and
pan macrophages (CD68).

2. Materials and methods

2.1. Patients and samples

A total of 205 patients from Peking University First Hospital with
acute kidney injury (AKI) and/or acute kidney disease (AKD) verified
by renal biopsy from January 1st, 2012, to June 30th, 2016, were en-
rolled in the study. AKI and AKD were defined using the Kidney
Disease: Improving Global Outcomes (KDIGO) criteria and consensus
report of the Acute Disease Quality Initiative (ADQI) 16 Workgroup
[26,27]. All the patients were grouped according to the main damage of
the structures including tubules, interstitium, glomeruli, or intrarenal
blood vessels. These included 11 patients with acute tubular necrosis
(ATN), 24 patients with acute tubulointerstitial nephritis (ATIN), 4
patients with thrombotic microangiopathy (TMA), and 166 patients
with proliferative glomerulonephritis (PGN), among which 124 cases
were grouped into diffuse proliferative glomerulonephritis (DPGN)
which included membranoproliferative glomerulonephritis (MPGN),
endocapillary proliferative glomerulonephritis (Endo-prolif.GN), and
crescentic glomerulonephritis (Cres-GN), and the other 42 patients
were defined as focal proliferative GN (FPGN) due to various etiologies.
Patient enrollment and the pathological diagnostic criteria can be re-
ferred to Supplementary Fig. 1 and Table 1. Thirty patients with non-
proliferative glomerulopathy (non-P-GN) were randomly included as
disease controls, including 5 patients with minimal change disease
(MCD), 12 patients with membranous nephropathy (MN), and 13 pa-
tients with diabetic nephropathy (DN). Patients with acute in-
flammatory diseases such as fever, urinary tract infection, active liver
diseases and sepsis were excluded. Clinical and laboratory data were
collected from medical records at the time of renal biopsy.

Morning urine samples were collected on the day of renal biopsy,
and urinary sCD163, CD68, CD11b, KIM-1 and NGAL were quantified.
M1/M2 macrophage subtypes in urine sediments were randomly ana-
lyzed in 81 patients, and M1/M2 macrophage subtypes in renal biopsy
specimens were examined. Morning urine samples from 19 healthy

volunteers as healthy controls were also collected with the same pro-
cedures.

The protocol concerning the use of patient samples in this study was
approved by the Institutional Review Board of Peking University First
Hospital. Informed consent was obtained from all participants.

2.2. Measurement of urinary sCD163, CD68, CD11b, KIM-1 and NGAL in
urine samples

Urinary (u-) sCD163 (RAB0082-1KT, Sigma), CD68 (CSB-E15979h,
CUSABIO), CD11b (CSB-E11638h, CUSABIO), KIM-1 (DKM100, R&D)
and NGAL (ab215541, Abcam) concentrations were measured using
enzyme-linked immunosorbent assay (ELISA) kits according to the
manufacturer's instructions. The levels of these markers were normal-
ized to the urinary creatinine level before analysis.

2.3. Renal histology

Standard processing of kidney biopsy specimens included light mi-
croscopic (hematoxylin and eosin, periodic acid-Schiff, Masson's tri-
chrome staining, and Jones methenamine silver), immunofluorescence
and electronic microscopic examinations. The presence of glomerular
lesions, including crescents and glomerulosclerosis, was calculated as
the percentage relative to the nonsclerosis and the total number of
glomeruli in a biopsy respectively. Tubular and interstitial lesions were
scored semiquantitatively on the basis of the percentage of the tubu-
lointerstitial compartment that was affected: loss of brush border,
tubular atrophy, interstitial infiltrate and interstitial fibrosis (1 for
0–25%, 2 for 25–50%, 3 for 50–75% and 4 for> 75%).

2.4. Immunostaining of urine sediments for macrophage subtypes

Fresh urine sediments were resuspended with 300 μl PBS, and 30 μl

Table 1
Pathologic diagnostic and inclusion criteria.

Pathological types of intrinsic AKI
Proliferative glomerulonephritis (PGN)

Any of various types of glomerulonephritis characterized by increased
glomerular cellularity caused by indigenous cells and/or leukocyte infiltration,
including histological patterns as mesangial proliferative, endocapillary
proliferative, membranoprolifeative, necrotizing, and crescentic
glomerulonephritis (GN).

Focal (FPGN): Involving < 50% of glomeruli.
Diffuse (DPGN): Involving ≥50% of glomeruli.

Crescentic glomerulonephritis (Cres-GN)
At least 50% of non-scerosing glomeruli showing crescents, with severe damage
of glomerular capillary loops in lesions.

Membranoproliferative glomerulonephritis (MPGN)
Diffuse proliferation of mesangial cell and matrix, mesangial interposition and
glomerular basement membrane (GBM) thickening with double contours,
deposition of immune complex in mesangial and subendothelial areas.

Endocapillary proliferative glomerulonephritis (Endo-prolif. GN)
Increased celluarity internal to the GBM composed of leukocytes, endothelial
cells, and/or mesangial cells, with occlusion of capillary loops.

Acute tubular necrosis (ATN)
Renal tubular epithelia showing loss of the apical brush border with
simplification and thining of epithelia, coagulation necrosis with denuded
tubular basement membrane, tubular lumen dilation with cellular debris and
casts formation, focal tubular cell regeneration, along with interstitial edema and
sparsely inflammatory cell infiltration.

Acute tubulointerstitial nephritis (ATIN)
Patchy or diffuse interstitial infiltration of inflammatory cells including
lymphocytes, mononuclear cells and eosinophils, along with different degree of
tubular injury.

Thrombotic microangiopathy (TMA)
Thrombosis of glomerular capillaries, diffuse proliferation and swelling of
glomerular endothelial cells with occluded capillary lumens, thickened GBM
with segmental double contour, focal mesangialysis with microaneurism.
Arterioles showing intimal mucoid edema and onion-skin change with narrowed
lumens, occasionally with vascular thrombosis.
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of the resuspended urine sediments were swung on a glass slide by
cytospin centrifuges (Thermo Scientific, MA, USA). The slides were
incubated with primary antibodies at 4 °C overnight. Mouse anti-human
CD68 (1:500, ZM-0060; ZSGB-BIO) and rabbit anti-human HLA-DR
(1:250, ab92511; Abcam) were used to recognize M1 macrophages,
while mouse anti-human CD68 (1:500, ZM-0060; ZSGB-BIO) and rabbit
anti-human CD163 (1:250, ab189915; Abcam) were used for M2 mac-
rophages. Fluorescein secondary antibodies including donkey anti-
mouse IgG AlexaFluor 488 (1:500, lot 125,268; Jackson
ImmunoResearch) and donkey anti-rabbit IgG AlexaFluor 594 (1:500,
lot 125,281; Jackson ImmunoResearch) were applied. Slides were then
stained with 4ˊ6-diamidino-2-phenylindole (DAPI) (ZLI-9557; ZSGB-
BIO) and mounted with a coverslip. Images were captured with the 90i
microscope (Eclipse90i, Nikon, Tokyo, Japan). The average number of

macrophage subtypes in urine sediments was determined by examining
at least 10 high power fields (400×) from each patient sample. NIS
software (Nikon) was used to count cells, and M1/M2 was defined as
the average number of M1 macrophages/average number of M2 mac-
rophages in at least 10 high power fields.

2.5. Immunostaining of macrophage subtypes in renal biopsy samples

Immunofluorescence was performed on renal biopsy samples to
detect macrophage subtypes. After deparaffinization and rehydration,
antigen retrieval was performed by heating the slides in EDTA. The
slides were incubated with primary and secondary antibodies the same
as in urine sediments. Glomerular basement membrane (GBM) was
stained with mouse anti-human α3 chain of type IV collagen (COLIV

Fig. 1. U-sCD163 levels in different groups of patients and the diagnostic significance. (A) Comparison of u-sCD163 levels among different groups. (B–C) ROC
curves derived from all the patients depicting the ability of u-sCD163 levels to detect ATIN/ATN (B) and DPGN (C). (D) Comparison of u-sCD163 levels among
different groups of DPGN. (E) Comparison of u-sCD163 levels among patients with Cres-GN of different causes. (F) Comparison of u-sCD163 levels between Cres-GN
patients with different percentage of total crescents formation. (G) Comparison of u-sCD163 levels among Cres-GN patients with different percentage of cellular
crescents formation. (H–I) ROC curves derived from Cres-GN patients depicting the ability of u-sCD163 to detect total crescents percentage of ≥75% (H) and cellular
crescents percentage of ≥50% (I). Values are presented as median; P < .05 was considered statistically significant.
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(α3)) (1:50, AP0105; Euro Diagnostica AB). Images were captured with
the 90i microscope (Nikon) or confocal microscope (LSM-780, Zeiss).
Positive macrophage subtypes were analyzed at four compartments
including glomerulus, interstitium, tubule wall and tubular lumen. The
number of positive cells in glomeruli was expressed as the number of
positive cells per glomerulus cross section. The number of positive cells
in the interstitium, tubule wall and tubular lumen was expressed as the
number of positive cells per high power field (400×). At least ten high
power fields were analyzed, and results were expressed as the
mean ± standard error (SEM).

2.6. Statistical analysis

Data were analyzed using SPSS version 19.0 (SPSS Inc., Chicago, IL,
USA) and GraphPad Prism version 6 (GraphPad Software, San Diego,
CA). Continuous data were presented as the mean ± SD or
mean ± SEM, and the difference among groups was assessed using the
t-test or one-way ANOVA. Nonnormally distributed data were presented
as the median and interquartile range (IQR). Differences between two
groups were analyzed using the Mann–Whitney U test, while differ-
ences between three or more groups using Kruskal–Wallis test with a
post hoc Dunn's test. Assessment of the predictive capacity of urinary
sCD163 and urinary macrophage subtypes in active renal inflammatory
damage was based on the area (AUC) under the receiver–operator
characteristic (ROC) curve, sensitivity, and specificity values. The point
on the ROC curve that maximized the sum of sensitivity and specificity
represented an optimal cutoff. Correlations were assessed according to
the Pearson test for parametric data and the Spearman test for non-
parametric data. A two-sided P < .05 was considered statistically sig-
nificant.

3. Results

3.1. Urinary sCD163 levels are significantly elevated in diffuse proliferative
GN

The detailed summary of the clinical and histopathological data
from 205 patients with intrinsic acute renal injuries are shown in
Supplementary Table 1.

Compared to healthy controls (0 pg/μmol, n=19), there was no
difference in the level of u-sCD163 in patients with ATN (0, 0–14.8 pg/
μmol) or ATIN (0, 0–20 pg/μmol). However, u-sCD163 levels were
significantly increased in patients with TMA or various glomerular
diseases compared to either healthy controls or to ATN/ATIN (Fig. 1A).
It was observed that the increase was milder in the conditions of TMA
(64.3, 32.4–140.5 pg/μmol, P < .01), non-proliferative glomerulo-
pathy (non-P-GN) such as MCD, MN, and DN (55.1, 31.7–107.4 pg/
μmol, P < .001), and focal proliferative glomerulonephritis (FPGN)
(48.8, 11.7–119.8 pg/μmol, P < .001), but the increase was much
significantly profound in patients with diffuse glomerulonephritis
(DPGN) (275.5, 121.1–631.7 pg/μmol, P < .001), which was 4–6 times
higher compared to TMA, non-P-GN and FPGN (P < .001) (Supple-
mentary Table 2).

ROC curves were adopted to examine the ability of u-sCD163 to
differentiate pathological damage structures of intrinsic acute renal
injuries in patients. The chosen cutoff<40.2 pg/μmol diagnosed ATN/
ATIN (i.e., AKI/AKD due to tubular/interstitial origin) with specificity
of 78% and sensitivity of 100% (AUC 0.93, 95% CI 0.90–0.96,
P < .001, Fig. 1B). The chosen cutoff>120.3 pg/μmol diagnosed
DPGN with specificity of 86.5% and sensitivity of 75.8% (AUC 0.88,
95% CI 0.83–0.93, P < .001, Fig. 1C).

3.2. Urinary sCD163 levels correlate with cellular crescents proportion in
Cres-GN

We next determined whether the increase in u-sCD163 levels was

related to different glomerular pathological types and the underlying
etiological causes. In DPGN, no significant differences were detected
among pathological subgroups including MPGN (243.8, 68–604.6 pg/
μmol), Endo-prolif.GN (379, 178–775 pg/μmol), and Cres-GN (232,
99–517 pg/μmol) (Fig. 1D). However, when the Cres-GN subgroup was
further divided by underlying etiological causes, there was a sig-
nificantly increased u-sCD163 tendency from AASV (136.2,
70.1–282.1 pg/μmol), IgAN/IgAV (227.7, 68.6–439.6 pg/μmol), LN
(536.5, 207.3–985.2 pg/μmol), to anti-GBM disease (834.8,
329.4–2300.1 pg/μmol) (Fig. 1E).

A further correlation of urinary sCD163 with clinical and patholo-
gical parameters in Cres-GN was then conducted. It was evident that u-
sCD163 levels positively correlated with serum creatinine levels both at
peak (r=0.39, P= .001) and at biopsy (r=0.37, P= .001), protei-
nuria (r=0.34, P= .01), and with the proportions of cellular crescents
in renal pathology examination (r=0.23; P= .04). When all the pa-
tients (n=205) were grouped by the level of urinay sCD163 (high,
median and low subgroup were defined according to interquartile range
of urinary sCD163: ≤25%, 25%–75%, ≥75%), we observed that pa-
tients with higher levels of u-sCD163 showed higher levels of protei-
nuria (mean proteinuria, high vs. median vs. low: 5.2 vs. 4.0 vs. 1.0 g/d;
P < .001), higher proportions of total crescents (57% vs. 40% vs. 0%;
P < .001) and cellular crescents (13% vs. 7.7% vs. 0%; P < .001)
(Table 2; Supplementary Tables 3 and 4). It indicated a relevance of u-
sCD163 to the severity and activity of glomerular injury.

ROC curves for u-sCD163 were further developed to assess the
ability of u-sCD163 in predicting the severity and activity of crescentic
GN. AUC was 0.66 (95% CI 0.53–0.78, P= .02) for total crescents
proportion≥75% (Fig. 1H), and 0.78 (95% CI 0.66–0.91, P < .001)
for cellular crescents proportion≥50% with the chosen cut-off value of
u-sCD163 > 371.9 pg/μmol (Fig. 1I). However, when correlation
analysis between u-sCD163 and cellular crescents proportion was con-
ducted in FPGN, MPGN and Endo-prolif.GN, no significant associations
were observed (Table 2). These data suggest that elevated urinary
sCD163 levels preferably indicate disease activity in crescentic GN.

3.3. Compared to KIM-1, NGAL, CD68 and CD11b, urinary sCD163
showed better fit in differentiating DPGN

We next observed urinary traditional AKI biomarkers (KIM-1,
NGAL) and biomarkers for myeloid cells (CD11b) and pan macrophages
(CD68) in our patients. It is interesting to note that urinary levels of
KIM-1 and NGAL were significantly elevated in all the AKI groups
compared to healthy controls, with patients of DPGN presenting the
highest values among all the groups. Urinary CD11b level was also
increased in all the AKI patients, with both ATIN and DPGN groups
having comparable highet levels among different groups. Urinary level
of CD68 was observed to be siginificanly elevated only in patients with
DPGN but not in those of other AKI groups (Supplementary Table 2).

We then compared the diganositc value of different urinary bio-
markers and found that u-sCD163 was the best to differentiate ATN/
ATIN (Fig. 2A; Supplementary Table 5). It showed that the AUC of u-
sCD163 (cutoff:< 40.2 pg/μmol; sensitivity: 100%; specificity: 78%),
u-CD68 (cutoff:< 0.83 pg/μmol; sensitivity: 61%; specificity: 75%), u-
CD11b (cutoff:> 12.5 ng/μmol; sensitivity: 50%; specificity: 71.5%), u-
KIM-1(cutoff:< 0.86 ng/μmol; sensitivity: 41%; specificity: 94%), u-
NGAL(cutoff:> 62.8 ng/μmol; sensitivity: 69%; specificity: 57.5%),
was 0.93, 0.68, and 0.55, 0.71, 0.60 in the differentiation of ATIN/ATN.
In addition, the area under the curve of u-sCD163 was also superior to
those of u-CD11b and u-CD68 for predicting DPGN (Fig. 2B; Supple-
mentary Table 5). The AUC of urine sCD163 (cutoff:> 120.3 pg/μmol;
sensitivity: 75.8%; specificity: 86.5%), CD68 (cutoff:> 0.92 pg/μmol;
sensitivity: 66%; specificity: 69%), and CD11b (cutoff:> 4.35 ng/μmol;
sensitivity: 71.4%; specificity: 66.7%) and u-KIM-1(cutoff:> 0.43 ng/
μmol; sensitivity: 73%; specificity: 67.7%), u-NGAL(cutoff:> 11.9 ng/
μmol; sensitivity: 91%; specificity: 39.4%),was 0.88, 0.72, and 0.72,
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0.77, 0.67 for DPGN. It also showed better performance (AUC for
sCD163 was 0.86, 95% CI 0.81–0.90) than proteinuria (AUC: 0.62, 95%
CI 0.53–0.70) in predicting DPGN (Fig. 2C). Combining these bio-
markers slightly improved the diagnostic efficiency of u-CD163 for
identifying ATN/ATIN, but did not improve its diganostic efficiency for
DPGN (Fig. 2; Supplementary Table 5).

3.4. Urine sediment macrophage subtypes help differentiate renal acute
injuries

The urine sediment macrophage subtypes were examined in 81
patients along with u-sCD163 levels (Fig. 3A). Urinary total macro-
phage count was highest in patients with Cres-GN (median 11.2),
middle in ATIN, FPGN and non-Cres-DPGN (median 6.9–8.2), and
lowest in patients with ATN, TMA or non-proliferative glomerulopathy
(median 0.48) (Fig. 3B, Supplementary Table 6). Although significant
differences among different disease groups were observed (P < .001),
it was still difficult to differentiate ATIN from PGN by total macrophage
quantification.

Interestingly, urine sediment M1 macrophage quantification was
highest in patients with ATIN, followed by those with FPGN, non-Cres-
DPGN and Cres-GN (Fig. 3C). While M2 macrophage quantification had

an inverse tendency, with the lowest value detected in the ATIN group
and increasing values in patients with FPGN, non-Cres-DPGN, and Cres-
GN successively (Fig. 3D). Therefore, the ATIN group had the highest
urine sediment M1/M2 ratio (3.6, 2.4–19.3) and Cres-GN group pre-
sented the lowest ratio (0.08, 0.02–0.26). It was remarkable that urine
sediment M1/M2 ratio of ATIN was 45 times high as that of Cres-GN
(Fig. 3E, Supplementary Table 6).

ROC curves were then generated to examine the ability of urine
sediment macrophage subtype quantification in differentiating patho-
logical causes of acute kidney injuries. The area under the ROC curve
was 0.99 for ATIN (95% CI 0.96–1.01, P < .001, sensitivity 98%,
specificity 100%) with a cut-off value of M1/M2 > 2.35 (Fig. 3F); 0.63
for DPGN (95% CI 0.66–0.92, P < .001, sensitivity 62%, specificity
92%) (Fig. 3G) and 0.82 for crescentic GN (95% CI 0.72–0.93,
P < .001, sensitivity 100%, specificity 69%) with a cut-off value of
M1/M2 < 0.27 (Fig. 3H).

3.5. Urine macrophage polarization markers associate with renal infiltrated
macrophage subtypes

We next performed anti-CD68, anti-CD163, and anti-HLA-DR im-
munostainings on the renal biopsy specimens from these patients to

Table 2
Correlation of urinary sCD163 with renal function and clinicopathological parameters in patients with PGN.

u-sCD163 in FPGN u-sCD163 in DPGN

Non-Cres-DPGN Cres-GN

(n=42) (n=49) (n=75)

r P r P r P

Serum creatinine (mg/dl)
At peak 0.22 0.16 0.001 0.99 0.39 0.001
At biopsy 0.15 0.35 −0.05 0.72 0.37 0.001

Pathological changes
Glomerular
Total cresents (%) −0.09 0.57 0.12 0.43 0.24 0.04
Cellular −0.17 0.28 0.24 0.10 0.23 0.04
Cell-fibrous −0.22 0.16 −0.002 0.99 −0.09 0.47
Fibrous 0.15 0.34 −0.16 0.26 −0.15 0.21

Sclerosis (%) −0.12 0.43 −0.19 0.20 −0.04 0.74
Tubular
Brush border loss 0.22 0.16 0.23 0.11 −0.15 0.21
Atrophy 0.003 0.98 −0.16 0.29 0.01 0.94

Interstitial −0.09 0.57 −0.26 0.08 0.01 0.92
Inflammation −0.008 0.96 −0.25 0.08 0.01 0.93
Fibrosis −0.12 0.45 −0.24 0.10 0.01 0.92

Abbreviation: U-sCD163, urinary soluble CD163; PGN, proliferative glomerulonephritis; FPGN, focal proliferative glomerulonephritis; DPGN, diffuse proliferative
glomerulonephritis; Non-Cres-DPGN, none crescentic diffuse proliferative glomerulonephritis; Cres-GN, crescentric glomerulonephritis.
The bold meant elevated urinary sCD163 levels preferably indicate disease activity in crescentic GN.

Fig. 2. Comparison the diagnostic significance of u-sCD163 and traditional AKI biomarkers (KIM-1 and NGAL) and other macrophage biomarkers (CD68
and CD11b). (A) ROC curves derived from all the patients depicting the ability of u-sCD163, u-CD11b, u-CD68, u-KIM-1 and u-NGAL levels to detect ATIN/ATN. (B)
ROC curves derived from all the patients depicting the ability of u-sCD163, u-CD11b, u-CD68, u-KIM-1 and u-NGAL levels to detect DPGN. (C) ROC curves derived
from all the patients depicting the ability of u-sCD163 and proteinuria levels to detect DPGN.
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Fig. 3. Urine sediment macrophage subtypes in different groups of patients and the diagnostic significance. (A) Representative images of urine sediment co-
stained with anti-CD68 (Green) and anti-HLA-DR (Red) (Left panels, M1 macrophage (yellow)), or with anti-CD68 (Green) and anti-CD163 (Red) (Right panels, M2
macrophage (yellow)) antibodies. Scale bars= 50 μm. (B–E) Comparison of total macrophage counts (CD68+ cells) (B), M1 macrophage counts (CD68+/HLA-DR+
cells) (C), M2 macrophage counts (CD68+/CD163+ cells) (D), and M1/M2 ratio (E) in urine sediment among different patient groups. (F–H) ROC curves depicting
the ability of M1/M2 ratio to predict ATIN (F), DPGN (G) and Cres-GN (H). Values are presented as median (interquartile range); P < .05 was considered statistically
significant. There were very few macrophages in the urine sediment from patients with TMA, ATN, or Non-P-GN, and therefore Figs. (B-E) only present the P values of
comparions among groups of ATIN, Focal-PGN, Non-Cres-DPGN and Cres-GN. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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assess the relationships among u-sCD163, urine macrophage subtypes
and renal infiltrated macrophage subtypes (Fig. 4A).

We found that macrophage subtypes varied according to different
renal tissue compartments as well as to different disease groups. In the
glomeruli, M2 macrophage predominated in DPGN, including both non-
Cres-DPGN (60.5%) and Cres-GN (57.6%); no macrophages were ob-
served in ATIN (Fig. 4A and B). In the interstitial compartment, M2 was
the main subtype of macrophage both in DPGN (72.3%) and in ATIN
(72.1%) (Fig. 4C). However, the mainly infiltrated macrophage subtype
in the tubule wall was M1 in both ATIN (74.7%) and DPGN (73.3%)
(Fig. 4D). A significant difference in the infiltrated macrophage subtype
was found in the tubular lumens, with an M2 predominance in DPGN
(73.8%) and M1 predominance in ATIN (66.9%) (Fig. 4E), which re-
sulted in a marked discrepancy of M1/M2 ratio between the two disease
conditions (ATIN, median 3.4, range 1.7–4.6; DPGN, median 0.27,
range 0.14–0.51) (P < .001).

By Spearman correlation analysis, u-sCD163 levels positively cor-
related with the numbers of glomerular infiltrated M2 macrophage
(r=0.61, P < .001) and urine sediment M2 macrophage (r=0.55,
P < .001). Urine M2 macrophages positively correlated with glo-
merular infiltrated M2 macrophages (r=0.88, P < .001), while urine
M1 macrophages correlated with interstitium infiltrated M1 macro-
phages (r=0.63, P= .009). This finding indicated that urine sCD163
levels and the urine M2 subtype can suggest infiltrated M2 macro-
phages in glomeruli, whereas the urine M1 subtype can suggest in-
filtrated M1 macrophage in interstitium.

3.6. Renal macrophage polarization is relevant to tissue injury

We next investigated the association of macrophage polarization in
different renal compartments to the severity of tissue injury. In Cres-
GN, M2 macrophages, but not M1 macrophages, predominated in the
glomeruli and significantly correlated to the proportion of cellular
crescents formation (r=0.33, P= .008, Fig. 4F). By immuno-
fluorescent staining, M2 macrophages could be detected breaking
through the glomerular basement membrane (GBM) into the bowman's
capsule (Fig. 4I), which indicated a disruptive force of M2 macrophages
in severe glomerulonephritis.

In the tubulointerstitial compartment, in both ATIN or Cres-GN, M1
macrophages were the leading subtype that infiltrated the tubule wall
and contributed to the tubule disruption (Fig. 4J). In ATIN, tubu-
lointerstitial M1 macrophages correlated to tubular injury acute scores
(r=0.52, P= .03), whereas the M2 subtype was associated with tu-
bulointerstitial chronic scores (r=0.46, P= .03) (Fig. 4G-H). These
data indicated that M1 macrophages played critical roles in the acute
tubular injury, while the M2 subtype might contribute to renal fibrosis
in ATIN.

4. Discussion

In the present study, we investigated associations between urinary
macrophage polarization markers and different causes of human

intrinsic AKI. These included urinary sCD163 (specific to M2 macro-
phage), urine sediment macrophage counts and subtype proportions,
and pathological quantification and localization of macrophage in the
kidney. In terms of diagnostic efficacy, we also compared u-sCD163
with previously well-recognized biomarkers of AKI including NGAL and
KIM-1, as well as other urine macrophage markers (CD68 and CD11b).
Our study revealed that assessing urine macrophage polarization could
serve as valuable biomarkers for identifying the type, intensity, and
location of kidney injury. All the markers of macrophage could differ-
entiate DPGN but u-sCD163 showed better performance, and only u-
sCD163 could differentiate ATN/ATIN. Thus, macrophage polarization
biomarkers could provide informative insight into the complex and
heterogeneous molecular mechanisms of various intrinsic AKI.

Our study showed that urinary sCD163 levels were significantly
elevated in diffuse proliferative nephritis compared to focal pro-
liferative nephritis, nonproliferative nephropathy (MCD, MN, and DN),
and nonglomerular acute lesions (ATN, ATIN and TMA). U-sCD163 was
also correlated with the severity and activity of glomerular injury re-
presenting by the values of serum creatinine, proteinuria, cellular
crescents, and glomerular M2 macrophage infilatrates. ROC curves in-
dicated that AUC is 0.88 for u-sCD163 > 120.3 pg/μmol to diagnose
diffuse proliferative nephritis and 0.78 for u-sCD163 > 371.9 pg/μmol
to diagnose cellular crescentic nephritis. These findings reinforce the
role of u-sCD163 levels in predicting inflammation and glomerular in-
jury in AASV, LN, and MPGN that have been reported recently by other
groups and expand its value in distinguishing intrinsic AKI of glo-
merular origin from those of nonglomerular AKI [20–24,28]. Due to the
lack of blood samples in our cohort, we did not analyze serum sCD163
and therefore could not correlate the levels of serum and urine sCD163
in our patients, yet it has been reported that there was no correlation
between serum sCD163 and urine sCD163 in patients with ANCA-as-
sociated vasculitis [22]. And it was reported that induction therapy at
the time of sampling and maintenance treatment did not influence u-
sCD163 levels [24]. One strength of the current study was that we
compared the diagnostic efficiency of u-sCD163 and other reported
biomarkers in AKI and DPGN. Our receiver-operating characteristic
curve analysis demonstrated that u-sCD163 was superior to u-CD11b
and u-CD68 for the differentiation of DPGN and ATN/ATIN.

In our patient settings, it was observed that M2 macrophages pre-
dominated in the compartments of glomeruli, bowman's capsule, and
tubular lumen in proliferative nephritis, which was in line with a urine
sediment M2 macrophage predominance. In contrast, in ATIN, most of
the macrophages in urine sediments were the M1 subtype, which was
consistent with the M1 macrophages infiltrating the tubule wall and
presenting inside the tubular lumen. It is thus can be speculated that in
proliferative nephritis, especially in crescentic nephritis, glomerular
infiltrated M2 macrophage migrates through the destroyed capillary
loop and presents in the tubular lumen, whereas in ATIN, the more
invasive M1 macrophages directly infiltrate the tubular wall and go
through into the tubular lumen (Fig. 5). This discrepancy in macro-
phage polarization between glomerular and interstitial inflammation
results in a significant difference in urine sediment macrophage subtype

Fig. 4. Macrophage subtypes in renal biopsies and pathological relevance of renal macrophage polarization. (A) Representative images of renal biopsied
specimens co-stained with anti-CD68 (Green) and anti-HLA-DR (Red) (M1 macrophage) or anti-CD163 (Red) (M2 macrophage) antibodies. Scale bars= 50 μm.
Glomeruli are outlined with full lines and crescents are marked with dotted lines. White arrows point at M1 macrophages infiltrating in the tubule wall and the red
arrows point at M1 macrophages inside the tubular lumen (c, g) in ATIN and Non-Cres-DPGN. Yellow arrows point at M2 macrophages in the the glomeruli and
cellular crescents (f, j) and inside the tubular lumen (h, l) of Non-Cres-DPGN and Cres-GN. (B-E) Comparions of M1 or M2 subtype percentage to the total macophages
counts in the compartments of glomerulus (B), interstitium (C), tubular wall (D), and tubular lumen (E) among different patient groups. Values are presented as the
mean ± SEM; P < .05 was considered statistically significant. (F) Correlation of M2 macrophage counts in glomerulus to the proportion of cellular crescents
formation in Cres-GN. (G) Correlation of M1 macrophage in interstitium counts to tubular injury acute score in ATIN. (H) Correlation of M2 macrophage percentage
in interstitium to tubulointerstitial chronic score in ATIN. (I) Co-staining of anti-CD163 (Red) and anti-COL-IV(α3) (Green) antibodies in Cres-GN. Left panel presents
a glomerulus with cellular crescent formation and broken bowman's capsule. Right panel is the higher magnification of the outlined area. White arrows point at the
CD163+M2 macrophages (Red) breaking through the ruptured glomerular basement membrane (Green). (J) Co-staining of anti-CD68 (Green) and anti-HLA-DR
(Red) antibodies in ATIN. M1 macrophages penetrate into the tubule wall (White arrows) and cross into the tubular lumen through the breaking tubule structure (Red
arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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composition, which therefore could effectively help identify the loca-
tion of kidney inflammatory injury. In this way, an M1 predominance in
the patients' urine sediment (M1/M2 > 2.35) highly suggests ATIN-
induced intrinsic AKI with a sensitivity of 98% and specificity of 100%,
while when M2 dominates in the urine sediment (M1/M2 < 0.27),
crescentic nephritis should be considered (sensitivity of 100% and
specificity of 69%). This could be particularly meaningful when a pa-
tient with underlying CKD, for example, IgA nephropathy, develops
acute renal function decline. Noninvasive urine macrophage polariza-
tion biomarkers could, therefore, help define whether the AKI was due
to crescents formation or from tubulointerstitial nephritis caused by
various medications.

In vitro-based M1/M2 macrophage subtypes have been increasingly
linked to renal injury and repair; however, the contribution of in vivo
macrophage plasticity to human kidney injury is poorly understood
[19]. Although CD163+ M2 macrophages were found to be the major
subtype of macrophages in both glomerular and interstitial compart-
ments of PGN and in the interstitium of ATIN, the pathological re-
levance of these macrophages seemed to be different in various con-
ditions. In the light of reported evidence including ours [21–24,29–31],
CD163+ M2 macrophages correlate with the severity of glomerular
destruction, indicating their potential role in facilitating acute in-
flammatory damage of glomeruli. While in the interstitial compart-
ment, HLA-DR+ M1 macrophages correlate with the severity of acute
tubulointerstitial injury, tubulitis, and renal tubular dysfunction,
CD163+ M2 macrophage tended to be more relevant to interstitial fi-
brosis. These results suggest that M1 macrophages might be active
mediators in human acute tubulointerstitial injury, while M2 macro-
phages might contribute to repair and fibrosis in the interstitial com-
partment.

5. Conclusions

In conclusion, our findings not only provide biomarkers that could
help differentiate the type, intensity, and location of kidney injury,
which may help guide clinical interventions, but also identify pheno-
typic and functional characteristics of macrophages in response to
various stimuli in the local microenvironments of kidney injuries.
Further understanding alterations of kidney microenvironment and the
factors that control the phenotypes and functions of macrophages may
offer an avenue for the development of new cellular and cytokine/
growth factor-based therapies as alternative treatment options for pa-
tients with kidney disease.
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Fig. 5. Proposed model of macrophage polarization in ATIN and Cres-GN. (A) In ATIN, the glomerulus is kept intact. Although both M1 and M2 macrophages are
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the tubular lumen and in the urine sediment. (B) In Cres-GN, M2 macrophges predominate in the glomerulus, break through the capillary wall, contribute to crescent
formation, and take the majority of macrophages in the tubular lumen and in the urine sediments.
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