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Abstract

Background Macrophages play an important role in the pathogenesis of lupus nephritis (LN), but less is known
about macrophage subtypes in pediatric LN. Here we compared renal inflammation in LN with other inflammatory
pediatric kidney diseases and assessed whether inflammation correlates with clinical parameters.

Methods Using immunofluorescence microscopy, we analyzed renal biopsies from 20 pediatric patients with lupus
nephritis (ISN/RPS classes 11-V) and pediatric controls with other inflammatory kidney diseases for infiltration

with M1-like (CD68+/CD206 —, CD68+/CD163 —), M2a-like (CD206 +/CD68 +), and M2c-like macrophages (CD163 +/
CD68+) as well as CD3 +T-cells, CD20+ B-cells, and MPO + neutrophilic granulocytes. In addition, the correlation

of macrophage infiltration with clinical parameters at the time of renal biopsy, e.g., eGFR and serum urea, was investi-
gated. Macrophage subpopulations were compared with data from a former study of adult LN patients.

Results The frequency of different macrophage subtypes in biopsies of pediatric LN was dependent on ISN/RPS class
and showed the most pronounced M1-like macrophage infiltration in patients with LN class IV, whereas M2c-like mac-
rophages were most abundant in class Il and IV. Interestingly, on average, only half as many macrophages were found
in renal biopsies of pediatric LN compared to adult patients with LN. The distribution of frequencies of macrophage
subpopulations, however, was different for CD68 + CD206 + (M2a-like) but comparable for CD68+CD163 — (M1-like)
CD68+CD163 +(M2c-like) cells in pediatric and adult patients. Compared to other inflammatory kidney diseases

in children, fewer macrophages and other inflammatory cells were found in kidney biopsies of LN. Depending

on the disease, the frequency of individual immune cell types varied, but we were unable to confirm disease-specific
inflammatory signatures in our study due to the small number of pediatric cases. Worsened renal function, meas-
ured as elevated serum urea and decreased eGFR, correlated particularly strongly with the number of CD68 +/

CD163 —M1-like macrophages and CD20+ B cells in pediatric inflammatory kidney disease.

Conclusion Although M1-like macrophages play a greater role in pediatric LN patients than in adult LN patients,
M2-like macrophages appear to be key players and are more abundant in other pediatric inflammatory kidney dis-
eases compared to LN.
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Introduction

Systemic lupus erythematosus (SLE) is an autoim-
mune disease with a heterogeneous clinical picture.
Lupus nephritis (LN) is manifested in 50-80% of all SLE
patients, with varying degrees of severity [1]. The Inter-
national Society of Nephrology/Renal Pathology Soci-
ety (ISN/RPS) classification characterized LN classes in
2003 and revised them in 2018. It divides the pathology
into 6 classes according to histological findings. Class I,
minimal mesangial LN; class II, mesangial proliferative
LN; class III, focal LN; class IV: diffuse LN; class V, mem-
branous LN, and class VI, advanced sclerosing LN (very
rarely seen) [2]. Although lupus nephritis is an autoim-
mune disease with so far unclear presumably multifacto-
rial causes and therefore the same histological changes
do not necessarily have the same trigger [3, 4], there are
some characteristics that determine the clinical picture
in all patients [5]. Antibodies directed against double-
stranded DNA have been shown to play a crucial role
in the pathogenesis of SLE [3, 4, 6]. Deposits of immune
complexes in the glomeruli, which are accompanied
by complement activation, are also of great importance
for renal pathology [7-10]. In addition to the antibody-
producing plasma cells that produce the autoantibodies,
the disease process is also influenced by various other
immune cells. In the different stages of LN, B, and T
cells, as well as neutrophils and macrophages, play a key
role in the progression and maintenance of renal injury
[11-14]. While some immune cells are directly involved
in pathogenesis, others are involved in disease progres-
sion, for example by secreting pro-inflammatory and
profibrotic cytokines. In LN, these inflammatory factors
lead initially to acute kidney injury (AKI), but ultimately
to chronic kidney disease (CKD), which can progress
to end-stage renal disease (ESRD) [15]. Currently, anti-
inflammatory therapies such as glucocorticoids like
prednisone; anti-malarials or immunosuppressants like
cyclophoshamide, azathioprine, mycophenolate mofetil,
and cyclosporine; or removal of harmful autoantibodies
using plasmapheresis are used in the therapy of LN [16].
As targeted therapies, B-cell depletion with rituximab are
still used [16] and targeting of other immune cells such
as neutrophils, e.g., neutrophil extracellular traps, is dis-
cussed [17]. However, macrophage-specific therapies are
not yet available. To target macrophages therapeutically,
a better understanding of the role of these cells and indi-
vidual macrophage subpopulations in disease is essential.
Inflammatory cells, as well as renal cells, interact with
macrophages via interleukins, chemokines, and growth
factors, allowing them to differentiate into subtypes with
different characteristics [18—21]. Macrophages can dif-
ferentiate into a variety of subtypes and can be broadly
divided into two groups: M1 (classically activated)
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pro-inflammatory macrophages and M2 (alternatively
activated) immunomodulatory and more anti-inflamma-
tory macrophages [22]. M2 macrophages can be further
subdivided into M2a (anti-inflammatory, wound healing),
M2b (immunoregulatory, pro-infective), M2c (immuno-
suppressive, phagocytic, and involved in tissue remod-
eling), and M2d (tumor progression, angiogenesis) [23].
The first classification of macrophages was proposed by
Mantovani et al. [22]. The study of macrophage popula-
tions in tissue sections is challenging because suitable
markers that can be detected with antibodies do not exist
for all subpopulations. However, by combining different
antibodies, at least some subpopulations of macrophages
can be investigated. Since macrophage subpopulations
have different roles in inflammatory response and repair
processes they have an impact on the progression of LN
[21]. It is difficult to reduce the finding to a single cell
type with a single effect, as often the ratio between the
phenotypes of, e.g., macrophages also plays a role in the
final outcome of the effect [24]. In a previous study, we
demonstrated that the number of specific macrophage
populations in kidney biopsies from adult LN patients
differs according to lupus class and that M2c-like mac-
rophages are the predominant macrophages [25]. Data on
early macrophage inflammation in LN are lacking and it
is unclear whether class-specific macrophage populations
are similarly distributed in pediatric cases. Therefore, in
this study, 20 pediatric patients with LN were analyzed
and compared to the results of the study with adult LN
patients. In addition, to investigate whether there is an
LN-specific inflammatory cell signature, T cells, B cells,
and granulocytes in 4 additional pediatric inflammatory
kidney diseases were analyzed by multiple immunofluo-
rescence microscopy and compared with age-matched
zero-time biopsies as controls. Finally, the inflammatory
response was correlated with clinical and histopathologic
renal changes.

Methods

Renal tissue specimens

In our study, we analyzed macrophage polarization and
inflammatory cells in 73 pediatric cases with an age
range of 1-17 years including 20 patients with lupus
nephritis allocated to SLE classes II-IV according to ISN/
RPS [2]. For pediatric controls with other kidney dis-
eases, we included 11 cases with hemolytic uremic syn-
drome (HUS, including 8 cases with aHUS and 3 with
STEC-HUS), 11 cases with membranoproliferative glo-
merulonephritis (MPGN), 15 cases with post-infectious
glomerulonephritis (PI-GN, 9 streptolysin-positive and
7 streptolysin-negative), and 9 cases with ANCA-associ-
ated pauci-immune glomerulonephritis (PAUCI). Zero-
biopsies from pediatric donor kidneys (n=7) were used
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as healthy controls. All pediatric patients were treated
at the Children’s Hospital of the FAU Erlangen, and the
diagnoses were made by expert nephropathologists at the
Department of Nephropathology (KA, MBH). An over-
view of the composition and clinical data of the collective
of pediatric kidney patients is provided in Table 1. For
comparison, we reevaluated data on macrophage polari-
zation in adult patients with LN previously published by
Olmes et al. [25].

Multiple immunofluorescence staining

For all co-localization studies, kidneys were fixed in for-
malin, embedded in paraffin, and cut into sections of
2 um. Antigen retrieval was done using target retrieval
solution pH 6 (Dako Deutschland GmbH, Hamburg,
Germany) and cooking in a pressure cooker (Biocare
Medical, Pacheco, CA, USA) for 2.5 min at 110 °C. After
blocking with normal goat serum and 1% blotto sections
were incubated overnight at 4 °C using the following anti-
bodies diluted in 1% BSA in 50 mM Tris(hydroxymethyl)
aminomethan pH 7.6: iNOS, a rabbit polyclonal anti-
body against human iNOS (Abcam plc, Cambridge,
UK); CD68, a mouse monoclonal IgG3 antibody against
human CD68 (Dako Deutschland GmbH, Hamburg,
Germany); CD163, a mouse monoclonal IgG1 antibody
against human CD163 (Novocastra, Leica Biosystems
Newcastle Ltd; Newcastle, UK); CD206, a mouse mono-
clonal IgG1 antibody against human CD206 (Abnova,
Jhongli City, Taiwan); CD3, a monoclonal rat antibody
against human CD3 (Bio-Rad AbD Serotec GmbH, Puch-
heim, Germany); CD20, a monoclonal mouse IgG2a
antibody against human CD20 and MPO, a polyclonal
rabbit antibody against myeloperoxidase (Abcam plc,

Table 1 Characteristics of pediatric LN cohort
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Cambridge, UK). Detailed information on used antibod-
ies including immunoglobulin classes, dilutions, and pur-
chase numbers are listed in Supplemental Table 1. Three
different cocktails of primary antibodies were used: (1)
anti-CD68, anti-CD206, anti-CD3, and anti-CD20; (2)
anti-CD68, anti-CD163, and anti-iNOS; (3) anti-MPO.
Negative controls for immunostaining included either
deletion or substitution of the primary antibody with
equivalent concentrations of an irrelevant murine mono-
clonal antibody or pre-immune rabbit IgG. After wash-
ing in 50 mM Tris(hydroxymethy)aminomethan pH 7.6
supplemented with 150 nM NaCl and 0.01% Tween 20,
sections were incubated with the following secondary
antibodies: respectively, a goat anti-mouse IgG1 anti-
body conjugated to Cy3 (Dianova GmbH, Hamburg,
Germany); a goat anti-mouse IgG3 antibody conjugated
to Alexa Fluor 488 (Dianova); a donkey anti-rat IgG anti-
body conjugated to Alexa Fluor 647 (Invitrogen, Carls-
bad, CA, USA). Detailed information on used secondary
antibodies including dilutions and purchase numbers are
listed in Supplemental Table 2.

Finally, sections were digitalized with a slide scanner
(Zeiss Z1, Zeiss, Oberkochen, Germany) and analyzed
using Qupath software (version 0.2.3) [26].

Quantitative and qualitative evaluation of macrophages,
MPO +, CD3 +, and CD20 + cells in renal biopsies
CD68+/CD206—, CD68+/CD206+, CD68+/CD163—,
and CD68+/CD163+cells and total CD68+ cells as well
as CD3+, CD20+, and MPO +cells were counted manu-
ally in the whole slide scans of renal biopsies and Qupath
software at X400 magnification. After evaluation of section

Lupus ISN/RPS classes

Class Il Class lII? Class IV ClassV
Number of patients [n] 4 6 6 4
Age of Patients [years] 12.8+0.8 142+16 157413 135+15
Male [n] 1 1 0 1
Female [n] 3 5 6 3
Hypertensive patients [%] 25 0 50 50
Diabetic patients [%)] 0 0 0 0
Serum creatinine [mg/dl] 0.7+0.2 0.5+0.1 09+03 19+23
Serum urea [mg/dl] 348+109 20.7+£63 51.0£21.0 59.8+62.0
GFR after Schwartz [ml] 104.6+£26.2 126.0+27.3 845+263 98.6+56.6
Proteinuria [g/m?/24 h] 0.16£0.06 0.79+0.85 1.79+£1.93 293+264
Hematuria [n/pl] 10.0+10.0 485.0+£602.6 4083+471.0 920.0+1433.6
Glomerular injury score [score 0-4] 16+03 21402 24+04 25+09

2 Including 2 cases diagnosed for both classes Ill and V but listed only in class Ill due to the presence of activity. If variables are not expressed as a single value, data

were shown as mean+SD
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area, inflammatory cell counts were normalized by calcu-
lation of positive cells per mm?

To investigate the effects of macrophage polarization
on glomerular inflammation and crescent formation, we
focused on biopsies from patients with ISN/RPN class IV
juvenile LN, as this group was the largest in the juvenile
LN cohort and crescents were present. In this group, a
total of 75 individual glomeruli of 6 biopsies were evalu-
ated by counting the different macrophage subpopula-
tions and other inflammatory cells (CD3+, MPO +, and
CD20+) per glomerular section in the same glomerulus
of the same or subsequent section. In crescentic glomer-
uli, inflammatory cells were also differentiated between
those located in the tuft and those located in the crescent.

Histopathological evaluation

Changes in glomerular morphology including endothe-
lial injury, mesangial matrix accumulation, sclerosis, and
crescent formation were evaluated by a semi-quantitative
glomerular injury score (GIS) using PAS-stained paraffin
sections. Glomeruli without changes were graded with
0, glomeruli with changes present in up to 25% of the
tuft=score 1, glomeruli with changes present in 26-49%
of the tuft=score 2, glomeruli with changes present in in
50-75% of the tuft=score 3, glomeruli with changes pre-
sent in more than 75% of the tuft area=score 4.

Evaluation of retrospective clinical data

Clinical parameters from patients were retrospectively
acquired from the time point of biopsy collection. The
following parameters were included for correlation anal-
ysis of the evaluated macrophage subpopulations, inflam-
matory cells, and injury scores using SPSS software:
patient age, hypertension, diabetes, proteinuria, hematu-
ria, eGFR [27], serum creatinine, and serum urea.

Statistical analyses

After testing for normal distribution of values using the
Kolmogorov—Smirnov test and finding that many data
sets are not normally distributed, data were analyzed
using the Kruskal-Wallis test and Dunn’s multiple com-
parison test as a post hoc test for comparison of SLE
ISN-RPS classes and comparison with other pediatric
inflammatory kidney diseases. In all tests, p<0.05 were
considered statistically significant. Data are presented
as bars representing the mean+SEM. Spearman’s test
was used to test the correlation of renal macrophage,
T-cell, B-cell, and neutrophil infiltration with kidney
injury scores and clinical data. Statistical analyses were
performed using SPSS for Windows software (version
28.0 SPSS, IBM, Munich, Germany) or GraphPad Prism
for Windows software (version 5.02, GraphPad soft-
ware Inc., San Diego, CA, USA). Hierarchical clustering
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analysis (Euclidean distance, complete-linkage) using
data for inflammatory cell counts per cortex area was
performed in the R software environment v. 4.3.1 (R Core
Team (2023). R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing,
Vienna, Austria. URL http://www.R-project.org/) rely-
ing on the pheatmap package v. 1.0.12 (Kolde R (2019).
_pheatmap: Pretty Heatmaps, https://CRAN.R-project.
org/package=pheatmap). Prior to cluster analysis, 31
patients with missing values in macrophage or inflamma-
tory cell counts have been excluded and values of inflam-
matory cell counts per area have been mean-centered.

Results

Characteristics of pediatric SLE patients with ISN/RPS
classes II-V and controls

This study included 20 pediatric SLE patients with
LN ISN/RPS classes II-V. Biopsies from patients with
HUS, MPGN, PI-GN, PAUCI, and zero-time trans-
plants served as control groups. Most of the pediatric
LN patients were female (#=17) and only 3 male and
hereby differed to sex distribution in the control groups
that either had a balanced sex ratio or even contained
more males (Tables 1 and 2). The mean age in pediatric
SLE patients ranged from 12.8 to 15.7 years in the dif-
ferent ISN/RPS classes (Table 1), whereas the pediatric
cases in the HUS and PI-GN control groups were sig-
nificantly younger (Table 2). The percentages of reported
hypertension ranged in the ISN/RPS lupus classes from
0 (class III) to 50% (class IV) (Table 1). In controls, none
of the zero-biopsies had a hypertensive donor, while in
the inflammatory kidney disease controls the percentage
of hypertensive patients ranged from 22.2% in PAUCI to
100% in the HUS group (Table 2). None of the patients
was diagnosed with diabetes in any of the groups studied.

Regarding the clinical data on kidney function, serum
creatinine levels in pediatric LN were only moderately
elevated with highest mean in the ISN/RPS class V
(1.9+£2.3 mg/dl). In contrast, creatinine levels in control
groups with inflammatory kidney diseases reached higher
mean values with the highest in patients diagnosed with
PAUCI (4.4 mg/dl, Table 2). However, the variability in
serum creatinine levels was high in all groups.

Similarly, serum urea was also moderately elevated and
glomerular filtration rate was hardly reduced in pediatric
LN and we observed more severe impairment of kidney
function in controls with inflammatory kidney diseases
(Tables 1 and 2). Proteinuria and hematuria showed
again high variability and were relatively low compared
to other inflammatory kidney disease controls (Tables 1
and 2). Glomerular injury score varied within groups but
mean values were lowest in zero-time controls and pedi-
atric LN class II, while in all other groups, the mean GIS
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Table 2 Characteristics of pediatric controls with inflammatory kidney disease and zero-time biopsies

Controls

HUS MPGN PI-GN PAUCI Zero-biopsies
Number of patients [n] 11 11 15 9 7
Age of patients [years] 58+43 104451 84+44 13.14£20 147425
Male [n] 3 6 9 5 7
Female [n] 8 5 6 4 0
Hypertensive patients [%] 100 364 40.0 22.2 0
Diabetic patients [%)] 0 0 0 0 0
Serum creatinine [mg/dl] 41+44 13+16 13+16 44+49 1.0+06
Serum urea [mg/dl] 164.1£1504 626+42.3 626+423 81.2+523 148+6.3
GFR after Schwartz [ml] 256+250 82.0+395 713417 38.0+279 8434280
Proteinuria [g/m?/24 h] 20£19 25419 22422 1.1+£15 n.d
Hematuria [n/ul] 278+487 1178+2935 7683+ 11,560 25213869 n.d
Glomerulosclerosis index [score 0-4] 28+06 23405 29405 33405 0.6£0.6

If variables are not expressed as a single value, data were shown as mean = SD. n.d. no data available

was above 2 (Tables 1 and 2). The renal changes assessed
by GIS were comparable in the presented juvenile LN
cohort compared to the former adult LN study (mean age
34-40 years, Supplemental Table 3).

Comparison of macrophage subpopulations in ISN/RPS
classes in pediatric versus adult patients
Immunofluorescence staining was used to examine both
the total number of CD68-positive macrophages and dif-
ferent subpopulations by combining with markers for
M2a (CD206) and M2c (CD163) (Fig. 1A—F). Unfortu-
nately, detection of iNOS as a marker of M1-like mac-
rophages in immunofluorescence was not successful,
so we alternatively determined CD68+CD163 —and
CD68 +CD206 — cells as M1-like macrophages (Fig. 1C,
E, green arrowheads). In addition, CD3-positive T cells,
CD20-positive B cells (Fig. 1G-I), and MPO-positive
neutrophils (data not shown) were assessed in the kidney
biopsies of pediatric patients with lupus nephritis. Since
we wanted to investigate whether macrophage infiltra-
tion in kidney biopsies with LN differs in pediatric com-
pared to adult patients, we divided the cases of pediatric
LN according to ISN/RPS classes and compared them
with an old data set in which we had investigated mac-
rophage infiltration in mainly adult LN patients (Olmes
et al.) [25]. For this purpose, we removed 3 pediatric LN
cases to receive an exclusively adult LN patient collective.
First, we analyzed the total CD68 + macrophage infiltra-
tion in all 4 SLE-ISN/RPS classes studied in both pedi-
atric and adult LN. Interestingly, the mean numbers of
total macrophages was in pediatric LN patients ranged
between 102 and 472 cells per mm? in the different LN
ISN/RPS classes but showed high variation especially

in classes II and V (Fig. 2A). In adult patients with class
II and IV LNs, the total number of macrophages was
approximately three times higher than in juveniles
(Fig. 2A, D). Due to the low number of cases, especially
in pediatric LN patients, significant differences between
LN ISN/RPS classes could only be described in the
cohort of adult LN patients, and here the infiltration with
total macrophages was significantly higher in LN class
IV compared to classes II and V (Fig. 2D). For M1-like
macrophages, we examined two different populations,
the CD68+CD206 and the CD68+CD163 cells. While
the number of CD68+ CD206 macrophages in pediatric
LN patients showed only minor differences when com-
paring the different ISN/RPS classes, this cell population
was more than 3 times more abundant in class IV than
in classes II and V in adult LN (Fig. 2B, E). In contrast,
CD68 +CD163 —macrophages showed a similar distri-
bution pattern across LN classes in pediatric and adult
patients with the highest number in class IV, but were
approximately twice as abundant in pediatric as in adult
LN (Fig. 2C, E).

Although the counts of M2a-like macrophages did
not show significant differences when comparing LN
classes in either juveniles or adults. However, the distri-
bution was quite different. While most M2a-like mac-
rophages were detected in classes II and V in pediatric
LN (Fig. 2G), this subpopulation was similarly abundant
in all classes in adults (Fig. 2]). In contrast, the distribu-
tion of M2c-like macrophages with high numbers in
classes II and IV was very similar in pediatric and adult
patients, but this subpopulation was almost 4 times more
abundant in kidneys from adult LN patients compared
to children (Fig. 2H, K). In contrast, the ratio values of
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Fig. 1 Immunofluorescence staining of inflammatory cells in pediatric kidneys. A CD68 + macrophages. B CD163 +cells. C Merge of CD68 +and
CD163 +cells representing M2c-like macrophages. D CD68+ macrophages. E CD 206+ cells. F Merge CD68+and CD206 + cells, representing
M2a-like macrophages. G Renal T lymphocytes (CD3 + cells). H Renal B lymphocytes (CD20+ cells). I Band T Lymphocyte overlap (CD3 +and

CD20+cells. Scale bar represents 50 um

M1-like/M2a-like macrophages in pediatric LN patients
were significantly higher in class IV compared to class II
and up to 10 times higher compared to adult LN patients
(Fig. 21, L).

M1-like macrophages dominate in glomeruli of pediatric
LN ISN/RPN class IV patients and are associated

with MPO + neutrophilic granulocyte and CD3 + T-cell
numbers

Next, we investigated whether macrophage subpopulations
influence glomerular inflammation and crescent formation.
We focused on lupus nephritis ISN/RPS class IV because
this is the LN group with the most cases and includes glo-
meruli with crescent formation. Representative images of
glomeruli from this group show that M1-like macrophages
(CD68+CD206—, Fig. 3A; CD68+CD163—, Fig. 3B,
green staining) are the dominant macrophage subpopu-
lation. Macrophages were the most abundant inflamma-
tory cells in the glomeruli with a mean of 81.6%, followed

by MPO+neutrophilic granulocytes, which represented
17% of the glomerular inflammatory cells (Fig. 3C, D).
CD3+cells were rarely found in the glomeruli examined,
both in the glomerular tuft and in the crescents (Fig. 3B, C).
However, CD3+T cells were more abundant in glomeruli
with crescents (Fig. 3E), whereas the number of MPO +cells
was comparable in glomeruli with and without crescents
(Fig. 3D). CD20+B cells were almost completely absent
in the glomeruli (Fig. 3B, F). M1-like macrophages were
present in the glomeruli of juvenile LN class IV patients,
as evidenced by higher numbers of CD68+CD206—ver-
sus CD68+CD206+ macrophages (Fig. 3G-J) and CD68+
CD163—versus CD68+CD163+macrophages (Fig. 3K-
N). Interestingly, this subpopulation was more abun-
dant in crescentic glomeruli (Fig. 3H, L, J). Spearman
correlation analysis showed that the number of glo-
merular MPO+neutrophilic granulocytes was sig-
nificantly correlated with the number of M1-like
macrophages, i.e, mainly CD68+CD206— (r=0.608) and
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Compared to other inflammatory kidney diseases, patients
with lupus nephritis have low macrophage, T-cell, B-cell
and neutrophil infiltration in pediatric kidney biopsies

In addition to a control group of healthy pediatric
patients, we also studied renal biopsies from pediatric
patients with other inflammatory kidney diseases such
as hemolytic uremic syndrome (HUS), membranopro-
liferative glomerulonephritis (MPGN), postinfectious
glomerulonephritis (PI-GN), and ANCA-associated
pauci-immune glomerulonephritis (PAUCI). Compared
with renal biopsies from patients with other inflam-
matory kidney diseases, the LN group has the low-
est number of total macrophages in the renal cortex
(Fig. 4A). However, due to the relatively large variance
and small number of cases, only the comparison with
the PAUCI group, which had almost 5 times as many
macrophages on average, reaches the significance level
(Fig. 4A). When comparing individual macrophage
subpopulations, the number of macrophages in the LN
group (containing all LN classes examined) was only
slightly and never significantly increased compared to
the control group (Fig. 4). Both CD68+ CD206 —and
CD68+ CD163 — M1-like macrophages were signifi-
cantly increased in the PAUCI group compared to the
LN group (Fig. 4B, C). In addition to the PAUCI group,
CD68 + CD206 — macrophages were also high in the
PI-GN group and CD68+CD163 — macrophages were
significantly higher in the HUS group compared to
healthy control and LN (Fig. 4B, C). Despite up to five
times higher mean numbers of M2a-like macrophages
compared to healthy controls, no significant differ-
ences can be described between investigated groups
of inflammatory kidney disease (Fig. 4D). In contrast,
M2c-like macrophages were significantly and approxi-
mately threefold more abundant in kidney biopsies
from HUS patients compared to LN, MPGN, and con-
trols (Fig. 4E). Compared to the control group, the
mean M1/M2 ratio in LN was only slightly higher, and
the mean ratios in the other inflammatory kidney dis-
eases were on average about twice as high as in the con-
trol group, but did not reach significance (Fig. 4F).

(See figure on next page.)
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The relatively low macrophage infiltration in pediatric
LN is also accompanied by low infiltration with CD3-
positive T cells, CD20-positive B cells, and MPO-positive
neutrophilic granulocytes compared to controls (Fig. 5).
A particularly high infiltration with CD3-positive T cells
and CD20-positive B cells was detected in the PAUCI
group, each of which was significantly increased com-
pared to the control and LN groups (Fig. 5A, B). T and
B cells were also significantly more abundant in the kid-
ney of pediatric HUS patients compared with the control
and LN groups, but only B cells reached the significance
level (Fig. 5A, B). Neutrophils were more than tenfold
higher on average in MPGN, PI-GN, and PAUCI, but
never reached the significance level when comparing the
groups (Fig. 5C).

Different pediatric inflammatory kidney diseases

do not cluster according to their inflammatory marker
profiles

We used clustering analysis to explore whether the
studied juvenile renal diseases grouped on the basis of
the distribution of macrophage subpopulations and
other inflammatory cells. However, with respect to the
inflammatory cell infiltrate, some cases per disease clus-
tered in a specific range, while others with the same
diagnosis did not (Fig. 6). For example, as expected
from the individual analyses, many cases with PAUCI
and HUS clustered together showing elevated inflam-
matory cell counts, while many LN and controls showed
low inflammation and clustered together. Overall, how-
ever, the number of different inflammatory cells showed
high variability and samples with the same disease did
not cluster together (Fig. 6).

The extent of inflammatory cell infiltration often correlates
with renal function and damage

The extent of morphologic renal damage in the differ-
ent pediatric inflammatory kidney diseases was deter-
mined using a glomerulosclerosis score ranging from 0
to 4 (Fig. 7A-D) and showed significant glomerulosclero-
sis in all groups compared with controls (Fig. 7E). Renal

Fig. 3 Distribution of macrophage-subtypes in pediatric LN ISN/RPN class IV in glomeruli with and without (w/0) crescents. A Representative
multiple immunofluorescence staining for CD68+and CD163 + cells using biopsies from patients with ISN/RPN class IV. B Multiple
immunofluorescence staining for CD68 +, CD206+CD20+, and CD3 +cells using the same glomerulus imaged in (A) in another section. C

Pie chart showing the distribution of different inflammatory cells in glomeruli from pediatric LN biopsies with ISN/RPN class IV. D MPO +cells /
glomerular cross-section (GCS). E CD3 +T-cells / GCS. F Glomerular CD20+ B-cells. G Glomerular total CD68 + macrophages per GCS (first antibody
panel). H Glomerular CD68 +CD206 —M1-like macrophages/ GCS. | Glomerular CD68 + CD206 + M2a-like macrophages. J Ratio of glomerular
CD68+CD206 —/CD68+ CD206 + macrophages. K glomerular total CD68 +macrophages per GCS (second antibody panel). H Glomerular

CD68 +CD163 —M1-like macrophages/ GCS. I Glomerular CD68+CD163 +M2c-like macrophages. J Ratio of glomerular CD68+CD163 -/

CDeé8 +CD163 4+ macrophages. (*p < 0,05). Scale bar represents 50 um
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A CD68+total macrophages in the inflammatory kidney in pediatric patients with significantly higher in PAUCI patients compared to the LN
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C CD68+ (D163 —M1-like macrophages significantly higher in PAUCI than in LN patients. D CD68 + CD206 + M2a-like macrophages, significantly
higher in PAUCI than in LN patients. E CD68 + CD163 +M2c-like macrophages, significantly higher in HUS pediatric patients compared to MPGN, LN
patients and our pediatric control group. F Ratio of CD68 + CD206 —and CD68 +CD206 + (M1-like and M2a-like macrophages) in pediatric patients.

(*p<0.05; **p<0.01)

function, as measured by eGFR after Schwartz and serum
urea, was barely impaired in LN compared to controls
(Fig. 7F, G). The most severe impairment of renal func-
tion was observed in the HUS group (Fig. 7F, G). In con-
trast, proteinuria was present in all groups studied, with a
large variance within groups and no significant difference
between groups (Fig. 7H).

Finally, we correlated the cortical infiltration of dif-
ferent inflammatory cell populations with renal func-
tional parameters and glomerular injury, independent of

the particular pediatric kidney disease (Fig. 8). Almost
all inflammatory cells showed a significant positive cor-
relation with renal function, measured as eGFR and
serum urea. CD68+CD163 —as well as CD3+, CD20+,
and MPO-+cells correlated particularly strongly with
serum urea concentrations (Fig. 8A). There were less
obvious correlations with proteinuria, but these also
showed an association with Mil-like macrophages
(CD68+CD163—). Glomerular injury score correlated
positively with total macrophages, but especially with
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M2c-like macrophages and CD20+B cells (Fig. 8A).
The frequency of CD3+T cells, CD20+B cells, and
MPO +neutrophilic granulocytes in the renal cortex cor-
related significantly, but to different degrees, with the
different macrophage populations (Fig. 8B). CD3+ cor-
related most strongly with the total number of mac-
rophages (r=0.712), CD68+CD163—(r=0.647), and
CD68+CD163+(r=0.627) (Fig. 8B). A similar association
was observed for CD20+ B-cells, which, however, corre-
lated most strongly with CD68+ CD163 —macrophages
(Fig. 8B). In contrast, the number of MPO + cells correlated
primarily with the number of CD68+CD163—(r=0.610)
and CD68+CD163+(r=0.626) macrophages. Thus,
CD68+CD163 —macrophages play a special role in the
inflammatory process as indicated by their strong associa-
tion with other inflammatory cell types.

Discussion

Macrophage subpopulations in pediatric and adult
patients with LN

It is well known that macrophages play an impor-
tant role in the pathogenesis of LN [28-30], but less is
known about macrophage subtypes in the pathogenesis
of LN, especially in human LN. In a previous study, we
showed that surprisingly, most macrophages in the kid-
neys of adult lupus patients expressed CD163 and were
classified as predominantly M2-like macrophages [25].
We also demonstrated in adult LN that the number of
cells in a given macrophage subpopulation differs as a
function of ISN-RPN lupus class [25]. In this study, we
investigated whether the polarization of macrophages
in pediatric patients differs from that in adults. Here,
we observed that the number of renal macrophages in

kidneys from patients with pediatric LN was lower by
about half compared to biopsies from adult LN patients.
Interestingly, the distribution of abundance of total,
CD68+CD206—, and CD68+ CD206+ macrophage
subpopulations in kidneys from pediatric and adult
LN patients were different in ISN-RPN lupus classes.
Although the proportion of M2-like macrophages
expressing CD163 and/or CD206 is also significantly
higher than the proportion of MI1-like macrophages
in kidneys from most pediatric LN patients (ISN/RPN
classes II, III, and V), M1-like macrophages were sig-
nificantly higher in pediatric LN than in kidneys from
adult patients with LN and even the dominant sub-
population in ISN/RPN class IV. In animal models
of LN, pro-inflammatory M1-like macrophages have
been shown to be particularly important at the onset
of LN disease. MRL'" lupus mice transiently exposed
to ischemia/reperfusion developed defective renal
repair with expansion of M1-like macrophages leading
to an earlier onset of LN [31]. This is consistent with
the fact that in the early, active phase of lupus disease
in MRL" mice pro-inflammatory cytokines such as
TNFa and IL-1 were increased, which are also involved
in macrophage differentiation and can induce differ-
entiation into M1-like macrophages [32]. In our pedi-
atric LN cohort only in biopsies from patients with
ISN/RPN class IV, Ml-like macrophages were the
dominant macrophage subtype in the cortex and the
glomeruli. Although SLE may have been present for a
longer period of time in our pediatric patients, these
cases probably represent the onset of the disease rather
than cases from adult LN patients and may explain the
higher proportion of M1-like macrophages in pediatric
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compared to adult LN biopsies. This assumption is sup-
ported by the fact that only 2 biopsies with pediatric
LN showed signs of chronic changes such as increased
interstitial fibrosis and only one biopsy contained a
fibrous crescent. The role of macrophage subtypes in
the development of LN disease is still unclear. There are
studies suggesting that either M1 or M2 macrophages
play a more important role in the pathogenesis of LN.
Stimulation with a TLR2 agonist allowed monocytes

to differentiate primarily into M2-like macrophages
and delayed disease development in the NZB/W lupus
mouse model [33]. In contrast, transferring in vitro
polarized M1l-like macrophages in a murine lupus
model aggravated glomerular injury [34]. In our study,
CD68 +CD206 —and CD68+ CD163 —cells were more
abundant in glomeruli with crescent formation. The
higher numbers of CD3 + T-cells in crescentic glomer-
uli might be promoted by the pro-inflammatory effects
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of these M1-like macrophages. Another study showed
that in NZB/W lupus mice treated with CTLA4Ig and
anti-CD153, M2b macrophages were a marker for suc-
cessful remission [13]. However, there is also evidence
that CD163-positive macrophages are involved not only
in healing after acute injury, but also in the progression

of kidney disease. Glomerular crescents, typical of LN
classes III and IV, contain mainly M2-like macrophages,
and the number of CD163 —and CD206-positive mac-
rophages correlated positively with the activity index
[35]. CD163-positive macrophages are thought to be
anti-inflammatory, but studies in an LN mouse model
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have shown that these macrophages exhibit Bachl-
mediated reduced expression of heme oxygenase-1,
which can also be induced in vitro by stimulation with
type 1 interferons [36]. Kishimoto et al. therefore sug-
gested that these CD163-positive macrophages are
dysregulated and tend to be pro-inflammatory [36].
The human study [35] on the role of macrophage sub-
populations in crescent formation is performed in adult
patients. Our data in pediatric LN patients show that
crescent formation in the pediatric setting is associ-
ated with the presence of M1-like macrophages, and
this may represent an early phase of the disease or be
specific to the age of the patient group. Proinflamma-
tory Ml1-like macrophages may also attract CD3+T
cells, which were found in higher numbers in crescentic
glomeruli than in noncrescentic glomeruli in our study.
In all glomeruli, both M1-like macrophage subpopula-
tions correlated significantly with MPO + neutrophilic
granulocytes due to their destructive nature. How-
ever, our data can only describe associations between
these inflammatory cells, but cannot clarify which

inflammatory cells are the first to enter the glomerulus
and attract the other immune cells.

Inflammatory response in pediatric LN compared to other
pediatric inflammatory kidney disease

Surprisingly, the inflammation in our pediatric LN cases
was quite low compared to the other pediatric inflamma-
tory kidney diseases studied. Macrophages, neutrophils,
T cells, and B cells were more abundant on average in
all other diseases studied, although the comparisons did
not reach the significance level due to the small number
of cases. Therefore, we have not been able to describe a
pattern of inflammatory cell infiltrate characteristic of
each disease. M2-like macrophages, such as M2c-like
and M2a-like macrophages, appear to be more abun-
dant than M1-like macrophages in other kidney diseases.
This has also been shown in several studies mainly in
adult patients [37, 38]. Inflammatory cells contribute sig-
nificantly to the development of pathological changes in
renal diseases. Depending on the disease, the importance
of each immune cell type certainly varies in pathogenesis.
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It is striking that the biopsies with PAUCI show the high-
est numbers for almost all immune cells. However, in
our study with only small numbers of pediatric patients
with inflammatory kidney disease, we could not con-
firm disease-specific inflammatory signatures. Further-
more, reports describing renal inflammation in pediatric
patients are lacking.

Relevance of inflammatory cell infiltration for renal
function and damage

Macrophages appear to play a major role in the patho-
genesis and progression of LN. The number of CD68-
positive macrophages correlated significantly with serum
creatinine and proteinuria in a study of LN patients [28]
and interstitial CD68-positive macrophages were the
best predictor for progression of LN [39]. In our previ-
ous study of adult patients with LN, we demonstrated
the clearest correlation for renal function, as assessed by
serum urea and creatinine, with M2-like macrophages,
specifically CD163-positive M2c macrophages [25]. Since
CD163-expressing macrophages are a potential source of
soluble CD163 (sCD163), it is no surprise that sCD163
levels also correlated with LN disease activity, fibrinoid
necrosis, and cellular crescents [40]. Another study sug-
gested sCD163 as a marker for LN disease severity and
an important indicator of poor prognosis in LN patients
[41]. This fits well with our data that CD163-positive
macrophages, in particular, correlate positively with glo-
merular injury and impaired kidney function in our study
of pediatric inflammatory kidney diseases. This suggests
an involvement of macrophage subpopulations in patho-
genesis and progression of nephropathies. While M1-like
macrophages in particular are considered to be pro-
inflammatory and detrimental to functional kidney cells,
this may not be limited to M1-like cells as CD163-pos-
itive cells may also exhibit pro-inflammatory properties
[34]. M2-like macrophages are known to reduce inflam-
mation. M2a macrophages, characterized by CD206,
clear immune complexes, cellular debris, secrete anti-
inflammatory cytokines such as IL-10, but also promote
fibrosis by secreting TGF-f3 [42]. CD163-positive M2c-
like macrophages are capable of phagocytosis and play an
important role in immune regulation and tissue remod-
eling [22]. Macrophages are also key effectors in secret-
ing cytokines driving autoimmunity [43]. In addition to
macrophages, many other immune cells are involved in
the pathogenesis of inflammatory kidney disease. In our
study, we showed that the number of T cells, B cells and
neutrophilic granulocytes correlated with serum urea, as
a marker of renal function and glomerulosclerosis. We
observed the highest correlation with CD20-positive B
cells. Autoantibodies are directly involved in the patho-
genesis of several inflammatory kidney diseases such as
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LN and ANCA-associated pauci-immune GN (PAUCI)
and can locally activate complement and hereby attract
macrophages and neutrophils via C5a to the site of
inflammation [44]. Surprisingly, we also found high num-
bers of CD20-positive cells in kidney biopsies of pediatric
HUS patients. However, the pediatric HUS cases in our
cohort were characterized by particularly severe renal
damage and may not be representative. In our pediatric
inflammatory kidney disease cohort, we also detected
many neutrophils in the biopsies, which may be involved
in the pathogenesis of kidney disease by direct cellular
damage or by neutrophil extracellular traps [45]. Thus,
the observed renal damage cannot be explained by mac-
rophage infiltration alone, but probably results from the
interaction of the different inflammatory cells.

Limitations of the study

Cases of pediatric inflammatory kidney disease with
renal biopsies are rare and therefore the numbers are
infrequent. This is especially true for the individual ISN/
RPS lupus classes. The classification of macrophages into
M1- and M2-like macrophages is very simplified, as it is
known that far more separate macrophage populations
can be differentiated using analysis of central transcrip-
tional regulators related to overall macrophage activation
and regulators related to stimulus-specific programs [46].
The characterization of macrophage subtypes using sur-
face markers on tissue sections is difficult due to the lack
of suitable antibodies, so that only M1-like and M2-like
macrophage populations could be described. To com-
pare macrophage subpopulations in kidney biopsies from
pediatric and adult patients with LN, data from a previ-
ous study using the same antibodies but a different detec-
tion method (IHC) were used.

Conclusion

Although M1-like macrophages play a greater role in
pediatric LN patients than in adult LN patients, M2-like
macrophages appear to be key players and are also more
abundant in other pediatric inflammatory kidney dis-
eases. Interestingly, inflammation was relatively low in
LN compared to other inflammatory kidney diseases in
children. Not only macrophage subpopulations, but also
other immune cells such as CD20-positive B cells corre-
lated positively with the severity of kidney disease.

Abbreviations

eGFR Estimated glomerular filtration rate

GN Glomerulonephritis

HUS Hemotytic uremic syndrome

MPO Myeloperoxidase

MPGN Membranoproliferative glomerulonephritis
PAUCI Pauci immune glomerulonephritis

PI-GN Post-infectious glomerulonephritis
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