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M2 Macrophage Infiltrates in the Early Stages of
ANCA-Associated Pauci-lmmune Necrotizing GN

Lei Zhao,* Michael Z. David," Elizabeth Hyjek,* Anthony Chang,* and Shane M. Meehan*

Abstract

Background and objectives This study examined kidney biopsies with focal segmental glomerular fibrinoid
necrosis to identify early features of pauci-immune necrotizing GN and the primary effector cells mediating
initial capillary injury.

Design, setting, participants, & measurements Seventeen consecutive kidney biopsies with focal pauci-immune
necrotizing GN, obtained over a 6-year period (2007-2012), were studied. Neutrophils and CD68*, CD163*,
CD3*, CD56", and CD20* cells were scored in paraffin sections counterstained with periodic acid—Schiff. Electron
microscopy was performed in 15 of 17 biopsies and additional examples of pauci-immune necrotizing GN (1=25).
Biopsies with thin basement membrane nephropathy (1=5) served as immunohistologic normal controls.

Results Biopsies with pauci-immune necrotizing GN had a mean of 10 (range=3-25) normal-appearing glomeruli, a
mean of 2 (range=1-5) glomeruli with segmental fibrinoid necrosis, and a mean of 2 (range=1-11) glomeruli with
cellular crescents. CD68* and CD163* macrophages predominated at sites of fibrinoid necrosis in pauci-immune
necrotizing GN, exceeding the quantity of neutrophils and T cells (mean scores [SD]=2.5 [0.7] and 2.2 [0.75] versus
0.6 [0.5] and 0.1 [0.3], respectively; P<<0.001). B and natural killer cells were rare. Normal-appearing glomeruli in pauci-
immune necrotizing GN had significantly more CD68* and CD163* macrophages than the controls (CD68*, 0.9 [0.3]
versus 0.4 [0.3]; CD163*, 1 [0.4] versus 0.4 [0.3]; P<<0.001). The quantity of other glomerular infiltrates did not differ
from controls. The serum creatinine level at biopsy correlated with the glomerular CD68 and neutrophil scores (r=0.74
and r=0.71, respectively; P=0.001) but did not correlate with the extent of fibrinoid necrosis (r=0.36). Macrophages were

localized at minute perforations and attenuations of the capillary basement membrane by electron microscopy.

Conclusions Early pauci-immune necrotizing GN is characterized by a selective localization of CD163* M2
macrophages at sites of glomerular fibrinoid necrosis and in normal-appearing glomeruli. These observations
indicate that alternatively activated macrophages are positioned as potential effectors of glomerular injury in the
early stages of pauci-immune necrotizing GN and may be potential targets for therapeutic intervention.
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Introduction

The earliest diagnostic change in renal biopsies from
patients with pauci-immune crescentic GN (CGN) is
segmental fibrinoid necrosis (FN) of the glomeruli,
and this is thought to be a key initial event of crescent
formation (1). The mechanism of initial capillary in-
jury is uncertain; however, ANCA with specificity for
myeloperoxidase (MPO) and proteinase 3 (PR3),
polymorphonuclear neutrophils (PMNs), monocytes,
and macrophages are thought to contribute (2-7). A
primary role for T cell-mediated immune mecha-
nisms is inferred from studies of pauci-immune nec-
rotizing GN (PNGN) in human ANCA-associated
vasculitis (AAV) that localize T cells and macrophages
in glomeruli with cellular crescents (CCs) (8-14). These
prior studies of PNGN analyzed diffuse, well devel-
oped CGN, and the question of whether the T cells
and macrophages serve as primary effectors or are
part of a secondary response to tissue injury remains
unresolved.

Copyright © 2015 by the American Society of Nephrology

The goal of our study was to examine early lesions of
PNGN in human renal biopsies and characterize po-
tential effectors at sites of initial glomerular injury. We
reasoned that focal and segmental glomerular injury is
an earlier phase of the vasculitic process than diffuse
and global glomerular injury, and we hypothesized that
macrophages and PMNs are potential mediators of
early vasculitic injury. Features of capillary injury that
may precede exudative lesions of FN were sought at
the minutest perforations of the glomerular basement
membrane (GBM) by electron microscopy and in normal-
appearing glomeruli from biopsies with focal PNGN.
The inflammatory infiltrates were characterized by mor-
phologic and immunohistochemical analyses.

Materials and Methods
Patients

Seventeen consecutive biopsies with focal necrotiz-
ing GN obtained over a 6-year period (2007-2012)
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were chosen on the basis of segmental FN affecting <50% of
the glomeruli and adequate tissue for immunohistochemis-
try. Five patients with anti-GBM GN with focal segmental
EN and eight patients with immune complex-mediated nec-
rotizing and CGN (four patients with lupus nephritis and
four patients with IgA nephropathy) with focal segmental
FN were selected for comparison of infiltrating cell pheno-
types. Five biopsies with thin basement membrane nephrop-
athy were used as normal controls for immunohistochemical
studies. Clinical and laboratory data were collected retro-
spectively from medical records. The Institutional Review
Board approved this study.

Morphologic Analyses and Immunohistochemistry

Two-micrometer paraffin sections were stained using he-
matoxylin and eosin, periodic acid-Schiff, and Jones methe-
namine silver methods. We tabulated detailed glomerular
histologic features from the index biopsies. The extent of
tubulointerstitial inflammation, interstitial fibrosis and tubu-
lar atrophy, and arterial and arteriolar sclerosis were scored
using the Banff schema for these lesions (15). Direct immu-
nofluorescence staining for IgG, IgA, IgM, C3, Clq, k- and
A-light chains, and fibrinogen was performed in each case.
Fluorescein-labeled antibodies to IgG, IgA, IgM, k- and
A-light chains, C3, Clq, and fibrinogen (Dako, Carpinteria,
CA) were used in a standard one-step technique on 4-um
frozen sections from 16 of 17 patients and 2-um paraffin-
embedded tissue sections from one patient. The tissue samples
for immunofluorescence had an average of 4.2 glomeruli
(range=1-11). Immunofluorescence staining intensity was
graded from 0O to 4+.

mAbs with specificity for CD68 (a general marker of mac-
rophages, Clone PG-M1; Dako), CD163 (a marker of al-
ternatively activated/M2-type macrophages, Clone 10D6;
Novacastra, Newcastle, United Kingdom), CD3 (a marker of
T cells, Clone 565; Novacastra), CD56 (a marker of natural
killer cells, Clone 504; Novacastra), and CD20 (a marker of
B cells, Clone L26; Dako) were used to identify inflammatory
cell phenotypes using standard immunohistochemical tech-
niques in an automated stainer (Ventana; Ventana Medical
Systems, Tucson, AZ). All immunohistochemically stained
sections were counterstained using periodic acid-Schiff.
PMNs were identified by their segmented, densely hematox-
yphilic nuclei and eosinophilic or amphophilic cytoplasm.

Scoring

To quantify glomerular inflammatory cells, the glomeruli
were divided into four compartments: (1) the site of FN, (2)
the endocapillary space (outside of FN), (3) the extracapillary
space (outside of FN), and (4) the pericapsular compartment.
For each compartment, scores of 0=0 positive cells, 1=1-4
cells, 2=5-10 cells, and 3>10 cells were applied. To perform
correlation analyses, the average score for each inflamma-
tory cell phenotype was calculated as the sum of the scores
in each compartment of each glomerulus in the biopsy di-
vided by the total number of glomeruli in the biopsy sample.
This mean composite score was correlated with the serum
creatinine. Interstitial inflammatory cells were scored in se-
rial 20X fields as O=none, 1=scattered positive cells in =50%
of the field, 2=scattered positive cells in >50% of the field,
3=contiguous positive cells (unifocal), 4=contiguous positive
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cells (multifocal, <50% of the field), and 5=diffuse positivity
in entire field. The scores were averaged for each case.

Electron Microscopy

Tissue was fixed in 2.5% glutaraldehyde in 0.1% Millonig’s
phosphate buffer, washed, postfixed in 1% osmium tetrox-
ide, dehydrated, and mounted in Epon resin. Ultrathin sec-
tions were stained on copper palladium grids using uranyl
acetate and lead citrate. Stained sections were viewed and
photographed using a Phillips CM-10 transmission electron
microscope (Phillips Systems, Andover, MA).

Fifteen of 17 index patients had one or more glomeruli
available for electron microscopy. An additional 25 biopsies
were selected from 138 consecutive examples of PNGN re-
ceived over a 5-year period (2008-2012) on the basis of hav-
ing at least one glomerulus with segmental perforation of the
GBM available for ultrastructural study. Multiple grids of
one to four glomeruli were evaluated in each patient. Mor-
phologic features evaluated included GBM attenuation, re-
dundancy (defined as loss of attachment to cells or matrix)
and perforation, fibrin deposition, endothelial and podocyte
injury, and presence of one or more macrophages and
PMN . Inflammatory infiltrates were not further quantified.

Statistical Analyses

Data are presented as mean (SD) except where indicated.
Mann-Whitney U tests were used to compare scores. Pearson
correlation coefficients were determined for the scores of in-
flammatory cells and the serum creatinine levels at the time of
biopsy. Logarithmic and square root transformations were
used to normalize data as appropriate. All statistical tests
were performed using Stata statistical software (Stata Corp.
LP).

Results
Clinical Features

Seventeen needle core biopsies with scant staining for Igs
(IgG, IgA, IgM, k, and A) and complement components (C3
and Cl1q) were classified as focal PNGN (1=16) and crescen-
tic PNGN (n=1) by the Berden system (16) (Table 1). The
study cohort had an average age of 42.2 years old; six pa-
tients were men, and 11 patients were women. Most presen-
ted with mild elevation of serum creatinine. Hematuria was
evident in 17 patients, and proteinuria was present in 16 of
17 patients (0.2-2.3 g/d in 15 patients and 4 g/d in one
patient). Eight patients had anti-MPO specificity, and six
patients had anti-PR3 specificity. Three patients were
ANCA-negative. Ten patients had extrarenal disease, and
seven patients had renal limited disease. All biopsies were
obtained before any medical intervention.

Light Microscopy

Segmental FN and CCs affected at least one glomerulus in
all 17 biopsies (Figure 1, Table 1). Glomeruli with segmental
FN had intact Bowman'’s capsules. Tubulointerstitial mono-
nuclear inflammation and vascular pathology are summa-
rized in Table 1. One biopsy had focal necrotizing arteriolitis.

Immunofluorescence Microscopy
Direct immunofluorescence revealed glomerular Ig de-
posits in nine biopsies (IgG=0.5-1+ in six biopsies,
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Table 1. Clinical and histologic data for patients with pauci-
immune necrotizing GN and controls

PNGN (n=17)

Mean age, yr (range) 42.2 (3-74)

Sex 6 men, 11 women

Race/ethnicity 12W,3L,2B

Proteinuria 16

Hematuria 17

Mean serum creatinine, 1.43 (0.5-6.6)
mg/dl (range)

Mean eGFR, ml/min per 81.3 (10.3-195.4)
1.73 m? (range)

ANCA-positive 14
Anti-MPO 8
Anti-PR3 6

ANCA negative 3

No. of glomeruli per 14 (5-27)
biopsy®

No. with segmental 2 (1-5)
fibrinoid necrosis (range)

No. with cellular 2 (1-11)
crescents (range)

No. with fibrous or 0.53 (0-3)
fibrocellular crescents
(range)

No. with normal 10 (3-25)
appearance (range)

No. of globally 0.6 (0-3)
sclerotic (range)

Interstitial inflammation 1.1+0.8
score®

Tubulitis score 0.7x1

Interstitial fibrosis score 0.4+0.5

Tubular atrophy score 0.4*0.5

Acute tubular necrosis/injury 0

Arteriosclerosis score 0.8+0.9
Arteriolosclerosis score 0.6=0.8
Controls
Anti-GBM GN (n=5)
No. of glomeruli 10 (5-14)
per biopsy®
No. with segmental 2 (1-4)
fibrinoid necrosis (range)
Immune complex GN (n=38)
SLE 4
IgAN 4
No. of glomeruli per biopsy® 24.5 (10-45)
No. with segmental 1.5(1-4)
fibrinoid necrosis (range)
TBMN (n=5)
No. of glomeruli per biopsy® 13 (8-22)

PNGN, pauci-immune necrotizing GN; MPO, myeloperox-
idase; PR3, proteinase 3; GBM, glomerular basement mem-
brane; SLE, systemic lupus erythematosus; IgAN, IgA
nephropathy; TBMN, thin basement membrane nephropathy;
W, white; L, Latino; B, black.

“Data given as mean (range) per biopsy.

PMean score using the Banff schema (0-3)£SD.

IgA=0.5-1+ in two biopsies, and IgM=0.5-1+ in six biop-
sies). Granular deposits were present in the mesangium in
seven biopsies and the capillary walls in two biopsies.
Complement was detected in glomeruli in 10 of 16 biopsies

(C3=0.5-2+ in 10 biopsies and C1q=0.5-1+ in 2 biopsies),
in the mesangium in seven biopsies, and along capillary
walls in four biopsies. Focal segmental staining of the glo-
meruli for fibrinogen was also evident in 11 biopsies.

Immunoperoxidase Studies

Infiltrating Cells at Sites of FN in PNGN. Light micro-
scopic GBM rupture was observed with and without fi-
brin deposition (Figures 1 and 2). FN had numerous
CD163"CD68" cells within and surrounding fibrinoid exu-
dates (Figure 1, B and C). PMNs were also frequently lo-
calized at these sites (Figure 1A).

CD163*CD68" cells exceeded the quantity of other inflam-
matory cell phenotypes in glomeruli with FN (1=28 glomer-
uli with lesions of interest studied by immunoperoxidase)
(Figure 2). At sites of glomerular FN, CD68" and CD163"
cells exceeded CD3" cells and PMNs (average score [SD] for
CD68" cells=2.5 [0.7] and CD163" cells=2.2 [0.75] versus 0.1
[0.34] for CD3* cells and 0.6 [0.5] for PMNSs; P<0.001 for
each). The differences in scores of CD163" and CD68" cells
were not significant (P=0.18). CD56" and CD20" cells were
not identified at sites of FN. The endocapillary cell popula-
tion in glomeruli with segmental FN consisted predomi-
nantly of CD68" (score=1.5 [0.8]) and CD163" cells
(1.3 [0.96]), each of which exceeded CD3* cells (0.2 [0.4])
and PMNs (0.7 [0.54]; P<0.001 for each comparison).
PMNs exceeded CD3" cells in the endocapillary compart-
ment (P=0.007). Extracapillary cells in areas outside of
segmental FN were predominantly CD163" and CD68"
(scores=1.6 [0.9] and 2.1 [0.8], respectively, versus 0.2 [0.5]
for CD3" cells and 0.2 [0.6] for PMNs; P<0.001 for each).
Pericapsular cells were also predominantly CD163* and
CD68" (scores=2.4 [0.7] and 2.1 [0.7], respectively, versus
1.1 [0.8] for CD3" cells; P<0.001 for each comparison). Peri-
capsular PMNs were rare (score=0.1). Endocapillary, extrac-
apillary, and pericapsular CD56" and CD20* cells were
rarely present in these glomeruli. There were no significant
differences in the inflammatory cell phenotypes in biopsies
from patients who were anti-MPO-positive (1=8) compared
with anti-PR3—positive (1=6).

Infiltrating Cells at Sites of FN Compared with CC in
PNGN. Thirty-two glomeruli studied on immunoperoxidase
sections had CCs. Five glomeruli had both CCs and FN
(Figure 2). Extracapillary CD163" cells and PMNs were more
numerous in glomeruli with CCs than those with segmental
FN (mean score=2.5 [0.8] versus 1.6 [0.9] for CD163" cells;
P<0.001; and 0.9 [0.9] versus 0.2 [0.6] for PMNs; P<<0.01)
(Figure 2). More CD68*, CD163", and CD3" cells were evi-
dent at sites of FN in CCs than sites of FN only; however, the
numbers of glomeruli available with global CCs and FN
were few (1=5). In general, the numbers of CD68", CD163",
and CD3" cells and PMNs were increased in all compart-
ments of glomeruli with CCs compared with those with FN
only (Figure 2).

Infiltrating Cells at Sites of FN in PNGN Compared
with Anti-GBM GN and Immune Complex-Mediated
GN. CD163"CD68" macrophages predominated at sites
of segmental FN in PNGN, anti-GBM GN, and immune
complex-mediated GN, greatly exceeding the quantity of
neutrophils and T cells (score of CD163=2.8 [0.5] and score
of CD68=2.5 [0.6] versus score of PMNs=0.3 [0.5] and
score of CD3=0 [0] in anti-GBM GN; P<0.001 for each;
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Figure 1. | Neutrophils, CD68* and CD163* macrophages, and rare CD3" T cells are localized at sites of fibrinoid necrosis. (A) Segmental
fibrinoid necrosis (FN) with capillary basement membrane perforation, fibrin thrombosis and exudation, polymorphonuclear neutrophils,
mononuclear cells, and swollen extracapillary cells. (B) Segmental FN showing localization of CD68" cells around and within the lesion.
Pericapsular CD68" cells are also evident. (C) Segmental FN showing localization of CD163* cells in the lesion. Pericapsular CD163* cells are
prominent. (D) CD3" cells were located primarily in the pericapsular region in glomeruli with segmental FN.
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Figure 2. | Macrophages are more numerous in glomeruli with FN and cellular crescents (CCs) from biopsies with pauci-immune necrotizing
GN. (A) CD68"* and CD163" macrophages are the most abundant infiltrates in glomeruli with segmental FN, exceeding polymorphonuclear
neutrophils (PMNs), T cells, B cells, and natural killer cell infiltrates (data for 28 glomeruli from 14 patients; mean+SD). (B) Macrophages,
PMNs, and T infiltrates are more pronounced at sites of FN and in endocapillary, extracapillary, and pericapsular sites in glomeruli with CCs.
Pericapsular B cells are also more prominent in glomeruli with CCs (data for 32 glomeruli from 15 patients; mean+SD). Endo, endocapillary;
Extra, extracapillary; @FN, at the site of fibrinoid necrosis; Peri, pericapsular.

score of CD163=2.4 [0.7] and score of CD68=2.2 [1.1] ver- in the endocapillary (CD68 scores=1 [0.5] versus 0.6 [0.55];
sus score of PMNs=0.9 [0.6] and score of CD3=0.2 [0.4] in CD163 scores=1 [0.6] versus 0.3 [0.46]), extracapillary (CD68
immune complex-mediated GN; P<0.001 for each) (Fig- scores=0.3 [0.5] versus 0.01 [0.1]; CD163 scores=0.4 [0.57]
ure 3). B and natural killer cells were rarely detected. versus 0.02 [0.13]), and pericapsular (CD68 scores=1.3 [0.5]
There were no significant differences in the distribution versus 0.7 [0.5]; CD163 scores=1.7 [0.7] versus 0.9 [0.6]) com-
or frequency of infiltrating phenotypes between these partments (P<0.001 for each comparison) as depicted in Fig-
types of necrotizing GN. ure 4. Biopsies with PNGN had more pericapsular CD3"

Infiltrating Cells in Normal-Appearing Glomeruli from  cells in normal-appearing glomeruli compared with glomer-
Biopsies with PNGN. Glomeruli without necrosis or cres-  uli from thin basement membrane nephropathy (score=0.8
cents had more CD68" and CD163" cells compared with nor-  [0.4] versus 0.2 [0.5]; P<0.001). Extracapillary CD68" and
mal controls with thin basement membrane nephropathy CD163" cells were identified in 31% and 32%, respectively,
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of normal-appearing glomeruli evaluated from biopsies with
PNGN; 75% of biopsies with PNGN had at least one glo-
merulus with extracapillary CD68" cells, and 60% of biopsies
had extracapillary CD163" cells in otherwise normal-appearing
glomeruli (Figure 5).

Interstitial Infiltrates. To determine the relationship of
interstitial infiltrates with the extent of glomerular disease,
we divided the index biopsies into three groups by the
percentage of normal-appearing glomeruli: >75% (n=6),
60%-75% (n=5), and <60% (n=6). Biopsies with >75% normal-
appearing glomeruli had significantly greater interstitial
infiltrates of CD68" (2 [0.3] versus 1 [0.2]) and CD163" mac-
rophages (2.7 [0.6] versus 1.5 [0.5]) and PMNs (0.65 [0.5]
versus 0.08 [0.3]) than controls (P<<0.001). Infiltrates of
CD3*, CD56", and CD20" cells were similar to the controls.
There was a slight increase of interstitial CD3" T cells and
PMN:s as glomerular involvement by FIN and CCs increased
(data not shown).

Clinical and Pathologic Correlations

The serum creatinine level at biopsy correlated with the
glomerular CD68 score (r=0.74; P=0.001) and glomerular
PMN score (r=0.71; P=0.001). The creatinine level also
showed weak correlations with the proportion of CCs
(r=0.63; P<<0.01), the tubulointerstitial inflammatory score
(r=0.69; P=0.001), and the tubulointerstitial CD68 score
(r=0.59; P<0.01) but not with the extent of segmental FN
(r=0.36). There was a negative correlation of the propor-
tion of normal-appearing glomeruli with the serum creat-
inine level (r=—0.62; P<<0.01).

The extent of FN correlated weakly with the glomerular
CD68 scores (r=0.51; P=0.05) and had no correlation with
other histologic parameters. The extent of CCs correlated
with CD68 (r=0.83; P<0.001), CD163 (r=0.8; P<0.001), and
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PMN (r=0.75; P=0.001) scores in glomeruli and showed
weak correlation with glomerular CD3 (r=0.62; P<<0.01)
and tubulointerstitial CD68 (r=0.59; P<<0.01) scores.

Ultrastructural Studies

Ultrastructural lesions in glomeruli from biopsies with
PNGN were divided into four groups: (1) exudative (1=15),
(2) early (n=8), (3) scarred (n=2), and (4) nonspecific ab-
normalities (n=12) (Figures 6 and 7). Two patients had no
glomeruli, and one patient had severe autolytic artifact.

Exudative lesions of segmental FN were characterized
by perforations of the GBM varying from 5 to >25 um in
dimension (Figures 6A and 7), exudation of fibrin and
thrombosis, macrophages, and PMNs as depicted in Fig-
ure 7. The GBM also had segmental marked attenuation
characterized by marked thinning (mean thickness=88 nm,
n=11) with redundancy (Figure 6D). Endothelial cells were
swollen, detached from the GBM, or lost in capillaries with
and without GBM perforation. Podocyte foot processes
were effaced segmentally (40%) or globally (20%). Three
biopsies had scant segmental electron dense deposits in
notch regions (n=1), subendothelial and intramembranous
locations (n=1), and mesangial locations (n=1).

The smallest perforations and segments of marked GBM
attenuation were classified as early lesions (n=8) (Figure 7).
They were identified in the capillary wall (67%) and the
mesangium (56%) (Figure 6, B and C). Minute capillary
basement membrane perforations measured from <1 to 5
um. They were accompanied by swelling and detachment
of the podocytes and endothelium, indicating an acute in-
jury process. Podocyte cytoplasmic projections plugged
minute gaps in the GBM in four of these biopsies. Podo-
cyte bridges were not seen. Monocytes or macrophages
were the predominant infiltrating cell type, and cell
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Figure 3. | Macrophages are the predominant infiltrates in segmental fibrinoid necrosis of all causes. Infiltrating cell populations in glomeruli
with segmental FN from biopsies with (A) pauci-immune necrotizing GN compared with (B) antiglomerular basement membrane GN (10
glomeruli from five patients) and (C) immune complex—mediated GN (nine glomeruli from six patients). The distribution and phenotypes are
similar in each group, suggesting common effectors of glomerular injury in FN (data presented as means+SDs). Endo, endocapillary; Extra,
extracapillary; @FN, at the site of fibrinoid necrosis; Peri, pericapsular; PMN, polymorphonuclear neutrophil.
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Figure 4. | Macrophages are increased in normal-appearing glomeruli in PNGN compared with controls. Infiltrating cells in glomeruli of
normal controls with thin basement membrane nephropathy (C N; 63 glomeruli from five patients), normal-appearing glomeruli in pauci-
immune necrotizing GN (PNG N; 139 glomeruli from 17 patients), and segmental fibrinoid necrosis in pauci-immune necrotizing GN (FN; 28
glomeruli from 14 patients). There is progressive increase of (A) endocapillary, (B) extracapillary, and (C) pericapsular CD68" and CD163" cells
with lesser infiltrates of other phenotypes (data presented as means+SDs).

Figure 5. | Macrophage infiltrates in normal-appearing glomeruli from biopsies with PNGN. (A) Endocapillary and pericapsular CD68" cells.
(B) Endocapillary and pericapsular CD163* cells. (C) Endocapillary and extracapillary CD68" cells. (D) Endocapillary and extracapillary

CD163" cells.

processes could be seen in contact with the attenuations
and at gap sites (Figure 6, B and C). Three of these biopsies
had scant electron dense deposits, including subepithelial
humps (n=2) and subendothelial or intramembranous de-
posits (n=2).

Two biopsies had segmental collagen deposition at sites
of minute GBM perforation and were classified as scarred
lesions. Macrophages were present at these sites. Twelve

biopsies had segmental attenuation (25%) and wrinkling with
redundancy (33%) of the GBM, one or more infiltrating
macrophages (50%) and PMNs (33%), and effacement of the
podocyte foot processes (segmental=17% and global=25%)
(Figure 7). Podocyte bridges were not observed. Occasional
electron dense deposits were evident in four biopsies, in-
cluding subepithelial humps in the notch region (1=2), sub-
endothelial deposits (17=2), and mesangial deposits (1=1).
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Discussion

Involvement of macrophages in AAV has largely been
recognized as granuloma formation in disorders character-
ized by granulomatosis and polyangiitis. In this study, we
present novel observations of macrophage involvement in
the early phases of necrotizing GN in patients with AAV with
and without granulomatosis. CD163*CD68* macrophages
were identified at sites of FN, and macrophages were local-
ized to the minutest sites of GBM injury. Macrophages have
long been recognized in CGN (8,11,12,17-19). However, the
data supporting a role for macrophages in the pathogenesis
of human CGN have been derived from biopsies with dif-
fuse, well developed CCs (15,17-19) with or without rupture
of Bowman'’s capsular basement membrane (20) and hence,
an advanced state of the injury process. The distinction of
effectors from responders is difficult in such complex lesions,
and therefore, we studied biopsies with predominantly normal-
appearing glomeruli. Our findings show that CD163*
macrophages (1) are present in glomerular capillaries in
the absence of FN and potentially before these lesions de-
velop, (2) are capable of exudation into Bowman’s space
in the absence of FN, (3) accumulate in greater numbers in
glomeruli with segmental FN, and (4) are present dif-
fusely in the interstitium in biopsies with limited focal
vasculitic GN. The selective accumulation and exudation
of CD163* macrophages may be precursor steps in the
evolution of FN and subsequent CC formation. Glomeru-
lar endocapillary and interstitial PMN and pericapsular
CD3* T cells were present in greater numbers when le-
sions of segmental FN developed.

Ultrastructural study of minute segmental glomerular
capillary wall perforations revealed attenuation and redun-
dancy of the GBM, acute endothelial and podocyte injury,

and colocalization of macrophages and occasional PMNs.
Because these lesions were seen frequently in AAV, it
seems probable that they precede full-blown exudative FN.
GBM perforations have been described in association with
endothelial injury, thrombosis, and fibrin exudation (21—
23) in older ultrastructural studies of CGN. One study
described dissolution or lysis of the capillaries without ne-
crosis and filling of GBM gaps by podocytes and endothe-
lial and mesangial cells (23). In the setting of AAV, these
nonspecific features of acute glomerular injury can be seen
together in glomeruli with and without FN and thus, con-
sidered evidence of early vasculitic injury. Podocyte
bridges (24) were not observed.

ANCA can bind to MPO and PR3 in monocytes and
macrophages, with resulting production of reactive oxygen
radicals and increased adhesion to endothelium (25). Mac-
rophages have an abundance of lysosomal enzymes, with
potential for cellular and matrix injury; however, a role for
them in vasculitic injury has not been established. It is
notable that FN in anti-GBM GN and immune complex—
mediated GN had similar distributions of CD163* macro-
phages and other inflammatory phenotypes, comparable
with lesions in PNGN. A precedent for common infiltrat-
ing cell types, independent of the initiating immune mech-
anism of glomerular injury, has been observed in murine
models of anti-GBM GN (26).

Macrophages have been divided into classically activated
M1 types, which promote tissue injury, and alternatively ac-
tivated M2 types, which promote tissue repair (27-30).
CD163 has complex biologic functions but is best charac-
terized as a hemoglobin scavenger receptor and an innate
immune sensor (27). CD163 expression is recognized as a
marker of alternative (M2-type) macrophage differentiation

Figure 6. | Ultrastructural features of minute exudative fibrinoid necrosis, glomerular basement membrane perforations, and attenuations. (A)
Exudative fibrinoid necrosis with glomerular basement membrane (GBM) perforation (arrows), fibrin thrombus attached to endothelium, and fibrin
exudate and mononuclear inflammatory cells with long processes attached to fibrin sheaves and thrombus. (B) Early lesion with a minute GBM
perforation (arrows), intracapillary mononuclear cells, and swollen epithelioid cells in Bowman'’s space. (C) Endocapillary mononuclear cells
extending processes through a minute GBM perforation (arrows). (D) Wrinkled redundant GBM at the mesangium (arrows) with cellular processes
extending from the capillary lumen (lower middle) and mesangial cells with numerous processes extending toward the redundant GBM.
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Figure 7. | The distribution of ultrastructural lesions seen in biopsies
with pauci-immune necrotizing GN (PNGN). Exudative lesions of
fibrinoid necrosis (n=15) are shown in green, early lesions (n=8) are
shown in red, and glomeruli without apparent diagnostic abnormal-
ities (nonspecific [NS], n=12) are shown in blue. Endothelial injury,
glomerular basement membrane attenuation and redundancy, po-
docyte injury, and mononuclear and polymorphonuclear neutrophil
infiltrates are common accompaniments of severe glomerular injury
and also present in less injured glomeruli from biopsies with PNGN.
Lesions designated NS may, in fact, be the earliest recognizable le-
sions of PNGN in the correct clinical and pathologic context. EDD,
electron dense deposit; FPE, podocyte foot process effacement;
#GBM, glomerular basement membrane perforation; Mnc, mono-
nuclear cell; PMN, polymorphonuclear neutrophil; W/R, wrinkling/
redundancy.

(28,29,31). Calprotectin is a marker of M1-type macrophage
differentiation and has been identified in macrophages in
CGN (12,32). Studies of M1 macrophages available in the
literature (12,32) and the identification of M2 macrophages
in our study together seem to indicate that both M1 and M2
macrophage phenotypes may be present simultaneously in
active lesions, although we could not confirm the presence of
Mi-type cells. Whether these are the same macrophages ex-
pressing each of these markers, representing plasticity of
macrophage differentiation (30) or separate populations of
these cells, is uncertain.

The serum creatinine values at the time of the index biopsy
correlated with the extent of glomerular macrophage and
PMN infiltration but not the extent of FN. These observations
are consistent with a functionally significant glomerular
inflammatory infiltrate; however, our sample size is rather
small. Others have observed correlation of glomerular and
interstitial macrophages with serum creatinine at biopsy (19).
The extent of glomerular necrosis and crescent formation
correlated with the serum creatinine at biopsy in a separate
study (33).

PMNs were scarce in normal-appearing glomeruli, more
numerous in glomeruli with FN, and still more numerous in
glomeruli with CCs. PMN infiltrates also tended to localize at
sites of FN. We used only light microscopy and electron
microscopy to identify PMN, and therefore, it is likely that
the extent of PMN infiltration is underestimated in this study.
CD3* T cells were present predominantly in pericapsular
locations in normal-appearing glomeruli and those with
EN. Endocapillary, extracapillary, and pericapsular CD3* T
cells increased considerably in glomeruli with CCs. Prior
studies of well developed crescentic lesions (11,13,18,19,34)
described greater numbers of CD68" cells, CD3" cells, and
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PMNs than were observed in the early lesions of this study.
Our observation suggests that T cells may infiltrate the in-
jured glomeruli later than macrophages and are most prom-
inent when CCs are well developed. CD56" natural killer
and CD20" B cells were notable for their absence from sites
of glomerular FN.

In summary, the study findings indicate selective accu-
mulation of CD163" macrophages in glomeruli with the ear-
liest recognizable lesions of PNGN. CD163" macrophages
accumulated in glomerular capillaries and Bowman’s space
in normal-appearing glomeruli and the interstitium, and
were more numerous in glomeruli with FN and those with
CCs. These observations indicate that alternatively activated
macrophages predominate at early lesions of pauci-immune
vasculitic GN and suggest a potential effector role for these
macrophages in glomerular injury in AAV.

Disclosures
None.
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