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Zusammenfassung

Zusammenfassung

Der systemische Lupus erythematodes (SLE) ist eine komplexe Autoimmunerkrankung mit
einem breiten Spektrum klinischer und immunologischer Manifestationen, von denen die
Lupusnephritis eine der Hauptursachen fiir Morbiditdt und Mortalitét darstellt. Es ist bekannt,
dass Chemokine und Chemokinrezeptoren die Gewebeinfiltration aktivierter Leukozyten
vermitteln und auch bei SLE und der Lupusnephritis zu Gewebeentziindung und
Organschéddigung beitragen. Der atypische Chemokinrezeptor 2 (ACKR?2), friiher als D6 oder
CCBP2 bezeichnet, ist ein Mitglied der Unterfamilie atypischer Chemokinrezeptoren, die keine
klassische Signaltransduktion und inflammatorische Zellaktivierung auslosen, sondern als
Scavenger-Rezeptoren das Chemokinsystem modulieren, indem sie beispielsweise gebundene
Chemokine internalisieren, ihrem intrazelluliren Abbau zufithren und damit lokale

Chemokinkonzentrationen verringern konnen.

Angesichts der bekannten Rolle von ACKR2 bei der Begrenzung von lokaler Entziindung in
vivo und der vielféltigen Funktionen von ACKR2 bei Ausbildung angeborener und adaptiver
Immunantworten wurden in der vorliegenden Arbeit ein moglicher entziindungsbegrenzender
Effekt von ACKR2 und eine mogliche Beeinflussung der systemischen Autoimmunitét im
Verlauf von SLE und Lupusnephritis analysiert. Um funktionelle Effekte von ACKR2 beim
SLE zu charakterisieren wurden die Auswirkungen einer Ackr2-Defizienz in C57BL/6 lpr
(B6lpr) Maiusen untersucht, die ein etabliertes Mausmodell einer Lupus-artigen
Autoimmunerkrankung darstellen. Hierfiir wurden Ackr2-defiziente B6lpr-Méuse (Ackr2-/-
B6lpr) durch Kreuzen von Ackr2-defizienten C57BL/6- mit Fas-mutierten (Ipr) C57BL/6-
Mausen erzeugt und ihr Phinotyp mit Wildtyp-B6lpr-Méusen (WT-B6lpr) verglichen.

Nach entziindlicher Stimulation von Glomeruli und tubulointerstitiellem Gewebe, die aus
Nieren von WT-B6lpr- und Ackr2-/-B6lpr-Mausen isoliert wurden, zeigte sich eine vermehrte
Produktion des proinfammatorischen Chemokins CLL2 durch Ackr2-defiziente
tubulointerstitielle Zellen, nicht jedoch Glomeruli. Dies ist mit einem reduzierten Ackr2-
vermittelten Abbau von Chemokinen in der tubulointerstitiellen Gewebefraktion vereinbar.
Diese in vitro-Daten stehen im Einklang mit der bekannten Expression von ACKR2 in
lymphatischen Endothelzellen, die im tubulointerstitiellen Kompartiment, nicht jedoch

Glomeruli vorhanden sind und weisen gemeinsam mit einer induzierten Ackr2 mRNA-
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Expression in WT-B6lpr-Méusen auf einen potentiell entziindungsbegrenzenden Effekt von

ACKR?2 auch im Verlauf der Lupusnephritis hin.

In vivo zeigten Ackr2-/-B6lpr-Mause im Alter von 28 Wochen jedoch eine vergleichbare
Nierenschiddigung im Vergleich zu Wildtyp-B6lpr-Méusen, wie durch dhnliche Albuminurie,
Plasmakreatinin- und Blutharnstoffstickstoffwerte sowie renale mRNA-Expression der
tubuldren Schadensmarker NGAL und KIM-1 belegt. Entsprechend war die morphometrische
Bewertung der Aktivitits- und Chronizititsindizes fiir die Lupusnephritis in beiden Genotypen
identisch. Ackr2-/-B6lpr-Méuse zeigten allerdings eine signifikant hohere renale Infiltration
von CD3+ T-Zellen, nicht jedoch Granulozyten, Makrophagen und dendritische Zellen, wie
durch Durchflusszytometrie und immunchemische Férbung nachgewiesen wurde. Weitere
histologische Analysen ergaben in Ubereinstimmung mit den vorangegangenen in vitro-
Untersuchungen, dass T-Zellen vermehrt im tubulointerstitiellen Kompartiment von Ackr2-/-
B6lpr-Mausen akkumulierten, wéhrend die Leukozytenzahl in Glomeruli bei beiden
Genotypen vergleichbar war. Dariiber hinaus zeigte die histologische Analyse signifikant
vermehrte peribronchiale Leukozyteninfitrate in Ackr2-/-B6lpr-Miusen. Der Befund ging mit
einer signifikant hoheren pulmonalen CD3+ T-Zell-Infiltration in der immunhistologischen

Auswertung einher.

Der CCL2-Proteingehalt in entziindeten Nieren und Lungen der Ackr2-/-B6 Ipr-Méuse war mit
dem Wildtyp vergleichbar, wihrend sich ein signifikant erhohter CCL2-Plasmaspiegel in
Ackr2-/-Bélpr-Méausen zeigte. Hinsichtlich der systemischen Immunaktivitit fiihrte Ackr2-
Defizienz zu einer verminderten Aktivierung dendritischer Zellen in Lymphknoten. CD4 T-
Zellzahl und Aktivierung waren in Lymphknoten dagegen vergleichbar, in den Milzen jedoch
gegeniiber WT-Bo6lpr-Mausen gesteigert. Die Produktion zirkulierender Lupus-Autoantikorper
und das AusmaR der glomeruldren Immunglobulinablagerung wurden durch Ackr2- Defizienz

nicht beeinflusst.

Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass im B6lpr-Mausmodell des SLE
eine Ackr2-Defizienz das Ausmal} der systemischen Autoimmunaktivitit nicht vermindert.
Zudem scheint der in vitro nachgewiesene Effekt von Ackr2, in B6lpr-Nieren lokale
Chemokinkonzentration begrenzen zu konnen, in geschiddigten Nieren und Lungen der
Ackr2-/-B6lpr-Miuse in vivo durch andere Chemokin-abbauende Mechanismen kompensiert
zu werden. Die erhohten CCL2-Plasmaspiegel in Ackr2-/-B6 lpr-Méusen konnten dagegen

iiber verstirkte Leukozytenmobilisierung aus dem Knochenmark zu der nachgewiesenen
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vermehrten tubulointerstitiellen und pulmonalen T-Zell-Infiltration und ihrer vermehrten
Akkumulation in der Milz beitragen. Diese fiihrt jedoch bei unbeeinflusster renaler und
pulmonaler Entziindung nicht zu einer vermehrten Organschidigung. Wéhrend friihere
experimentelle Daten darauf hinweisen, dass Ackr2 in der Regenerationsphase nach akuter
Nierenschiddigung durch Verminderung lokaler Chemokinkonzentrationen renale Entziindung
begrenzen und damit die Entwicklung eines chronischen Nierenschadens verhindern kann,
scheint diese protektive Effekt bei autoimmunologischer, chronisch anhaltender

Gewebeschiadigung wie bei der Lupusnephritis keine entscheidende Rolle zu spielen.

Vi
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Summary

Systemic lupus erythematosus (SLE) is a complex autoimmune disease that presents with a
broad spectrum of clinical and immunologic manifestations, of which lupus nephritis is the
leading cause of morbidity and mortality. It is known that chemokines and chemokine receptors
mediate infiltration of activated leukocytes into inflamed tissue and contribute to tissue
inflammation and injury in SLE and lupus nephritis. The atypical chemokine receptor 2
(ACKR?2, previously known as D6 or CCBP2) belongs to the subfamily of atypical chemokine
receptors. These are non-signaling decoy receptors which do not induce intracellular signaling
and cell activation, but modulate the chemokine system, e.g. by internalizing and degrading
bound chemokines. This reduces local chemokine concentrations and may exert anti-

inflammatory effects.

Given the known function of ACKR2 in limiting inflammation in vivo and its multiple roles of
ACKR?2 in innate and adaptive immune response, potential roles of ACKR2 in reducing
inflammation and tissue injury in SLE and lupus nephritis were investigated, as well as effects
on systemic autoimmune responses. To characterize functional roles of ACKR2 in SLE,
genetic Ackr2 deficiency was introduced into C57BL/6lpr (B6lpr) mice, a well-established
murine model of lupus-like autoimmune disease. After generating Ackr2-deficient B6lpr
(Ackr2-/-B6lpr) mice by crossing Ackr2-deficient C57BL/6- with Fas-mutated (Ipr) C57BL/6
mice their phenotype was compared to wildtype B6lpr (WT-B6lpr) littermates.

Inflammatory stimulation of glomeruli and tubulointerstitial tissue isolated from WT- and
Ackr2-/-B6lpr mice lead to increased production of the pro-inflammatory chemokine CCL2 by
Ackr2-deficient tubulointerstitial cells, but not glomeruli. These results are consistent with
reduced Ackr2-dependent degradation of chemokines in the tubulointerstitial compartment.
They correlate with the known expression of ACKR2 in lymphatic endothelial cells, which in
kidneys are present in the tubulointerstitium, but not in glomeruli. Together with induced
mRNA expression of Ackr2 in WT-B6lpr mice compared to healthy WT controls, these results
suggested a potential anti-inflammatory effect of ACKR2 in lupus nephritis.

In vivo, Ackr2-/-B6lpr mice at 28 weeks of age showed similar renal functional parameters as
compared with WT-B6lpr mice, as evidenced by similar albuminuria, plasma creatinine and
blood urea nitrogen levels, as well as renal mRNA levels of the tubular damage markers NGAL

and KIM-1. Consistently, morphometrical assessment of the activity and chronicity indexes for

Vi
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lupus nephritis were comparable between the two genotypes. However, Ackr2-/-B6lpr mice
revealed a significantly higher renal infiltration of CD3+ T cells, but not neutrophils,
macrophages or dendritic cells as demonstrated by flow cytometry and immunochemistry
staining. Consistent with the previous in vitro findings, immunohistochemistry further
demonstrated that increased T cells predominantly accumulated in the tubulointerstitial
compartment of Ackr2-/-B6lpr mice, whereas leukocyte numbers in glomeruli were
comparable to wildtype. In addition, histology analysis showed significantly increased
peribronchial lung infiltrates in Ackr2-/-B6lpr mice. This finding correlated with a significantly

higher pulmonary CD3+ T cells infiltration as assessed by immunohistochemistry.

CCL2 protein content in inflamed kidneys and lungs of Ackr2-/-B6lpr mice was comparable
to WT-B6lpr mice. However, Ackr2-deficient mice demonstrated increased plasma levels of
CCL2. Analysis of systemic autoimmune responses revealed a reduction of activated dendritic
cells in lymph nodes of Ackr2-deficient B6lpr mice. CD4+ T cell numbers and activation were
comparable in lymphatic tissue of Ackr2-/- and WT-B6lpr mice, but increased in Ackr2-/-B6lpr
spleens. In addition, Ackr2 deficiency did not affect levels of circulating lupus-associated

antibodies and the extent of glomerular immunoglobulin deposition.

In summary, the results of this work demonstrate that Ackr2 deficiency does not significantly
inhibit systemic autoimmune reactivity in the murine B6lpr model of SLE. Although in vitro
tissue culture experiments revealed a capacity of Ackr2 to reduce local chemokine
concentrations in the renal tubulointerstitial compartment, this did not translate into increased
renal or pulmonary chemokine levels in Ackr2-deficient mice in vivo, suggesting compensatory
mechanisms for local chemokine degradation in B6lpr mice with lupus nephritis and lung
injury. On the other hand, higher CCL2 plasma levels in Ackr2-/-B6lpr mice may mediate
increased tubulointerstitial, pulmonary, and spleen T cell infiltration through enhanced
mobilization of leukocytes from the bone marrow. However, this did not exacerbate renal or
pulmonary inflammation and parenchymal injury in the absence of enhanced local
inflammation. Whereas previous reports clearly demonstrate a beneficial effect of ACKR2 in
limiting renal inflammation and kidney disease after episodes of acute renal injury with
subsequent regeneration, this protective effect is not present in chronic progressive renal

damage due to ongoing autoimmune-mediated tissue injury like lupus nephritis.

vii



Introduction

1. Introduction

1.1. Systemic lupus erythematosus

1.1.1. Brief introduction to systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease that affects 8-180
cases per 100,000 individuals. Its precise etiological mechanisms remain unclear [1]. It is
characterized by the loss of T and B cell tolerance to self-antigens, resulting in the activation
of both innate and adaptive immunity [2]. Aberrant autoantibody production, immune complex
formation and complement activation result in a broad spectrum of clinical manifestations
ranging from mild fever and fatigue to life-threatening organ damage. As in other autoimmune
diseases, genetic predisposition, epigenetic, hormonal and environmental factors are known

contributors to the pathogenesis of SLE [3,4] (Figure 1).
Innate immunity

The innate immune system comprises of a variety of immune cells, including mononuclear
phagocytes like macrophages and dendritic cells (DCs), granulocytes and innate lymphoid cells
that circulate in blood and provide protection against pathogens or other environmental

challenges.

Although the underlying mechanisms of SLE are yet to be defined precisely, dysregulated DC
homeostasis has been implicated in SLE. DCs contribute to disease development both as
antigen presenting cells (APCs) and as the main source of type I interferon (IFN), suggesting

it could be a potential therapeutic target in the treatment of SLE [5-7].

Dysregulation of macrophages has been recently identified as another key feature in SLE
pathogenesis. It seems that impaired macrophages have reduced ability to clear apoptotic cell
debris which results in persistent exposure of nuclear self-antigens to adaptive immune cells
[8]. Moreover, abnormal M1/M2 macrophage polarization is also involved in adaptive immune

activation and tissue damage during SLE [9,10].
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Adaptive immunity

The function of autoreactive B cells and T cells are well-studied in SLE (Figure 2). Several
studies have demonstrated that defective B cell tolerance for self-antigens will result in the
generation and activation of autoreactive B cells, contributing to SLE [11,12]. In addition, B
cell survival, proliferation and differentiation are also affected by altered signaling through B
cell receptor, B cell activating factor receptor and toll-like receptors (TLRs) [13]. Similarly, T
cell subsets are critically involved in regulating B cell responses and organ inflammation in

SLE [14,15].
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Figure 1: Overview of the pathogenesis of systemic lupus erythematosus. Genetic, epigenetic,
hormonal, environmental and immunoregulatory factors have impact on the immune system either
sequentially or simultaneously. These pathogenic factors promote the generation of autoantibodies,
immune complexes, inflammatory cytokines and T cells, which all contribute and aggravate
inflammation and thus result in various tissue and organ damage.
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Various immune cells participate in the production of pathogenic autoantibodies. B cells are
well-understood participants in SLE pathogenesis, via the differentiation into pathogenic B
cells and plasma cells and subsequent generation of autoantibodies, but the role of T cells
remains uncertain. Recent evidence in a mouse model and in humans demonstrate that B cells
could not trigger SLE pathogenicity without the assistance of the helper T lymphocytes [16,17].
In patients with SLE, treatment with rituximab against CD20 resulted in a lack of significant
clinical benefits [18,19]. Therefore, T cells may possess a key role in the development and

progression of SLE and lupus nephritis.

Autoantibodies are central players in the development of lupus nephritis. They bind to the
abundant nuclear and cellular antigens, leading to the formation of immune complexes and
deposition of immune complexes in glomeruli [20]. Impaired clearance of immune complexes
may be associated with genetic polymorphisms of Fc receptors and autoantibodies to C1q and
C3b [21,22]. In addition to activating complement, intraglomerular immune complexes can
initiate intrarenal inflammation and injury by engaging leukocyte Fc receptors [23].
Complement-mediated renal injury, especially activation of the alternative pathway, has been

observed in human and murine lupus nephritis [24,25].
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Figure 2: Cellular contributions to the development of lupus nephritis. Apoptotic cells and
neutrophils form the apex of the pathogenetic cascade leading to systemic lupus erythematosus and

lupus nephritis. They are involved in the generation of critical ligands to produce type I interferons
(IFNs). Neutrophils are particularly prominent in mediating organ damage. They release neutrophil
extracellular traps (NETs), a major source of nucleic acid antigens, through NETosis. A wide variety
of cells produce type I IFNs, but mainly plasmacytoid dendritic cells produce the increased level of
these inflammatory cytokines. Apoptotic debris can also promote inflammatory cytokine production,
which is involved in the recruitment of immune cells into inflamed tissues. Mature dendritic cells can
activate autoreactive T cells. B cells and T cells are both involved in autoreactivity, with B cell-derived
plasma cells persistently producing antibodies and with T helper 17 cells driving the expression of IL-
17 to induce kidney injury. BAFF-R, BAFF receptor; MHC, major histocompatibility complex; TLR,
Toll-like receptor; NET, neutrophil extracellular trap.
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1.1.2. Lupus nephritis

Lupus nephritis (LN) is an immune complex-mediated glomerulonephritis and remains one of
the most common manifestations of SLE. In many cases, LN is typically discovered by the
examination of urine and results in the diagnosis of SLE. Risk factors for patients with SLE to
develop LN include male sex, younger age and white ethnicity. Kidney biopsy is currently used
to establish the diagnosis of LN, and to correctly classify LN into six distinct classes which has
therapeutic and prognostic implications (Tablel). Although the role of the first kidney biopsy
is well established, the role of a second biopsy within the disease course is still controversial.
Previous studies have shown a striking discrepancy between clinical manifestations and
histologic findings [26,27]. Thus, further research is needed to validate the utility of repeated
biopsies for guiding personalized lupus treatment based on clinical and pathologic features and
molecular biology. A recent study using single-cell RNA sequencing observed that gene
expression profiles of immune cells in urine highly correlated with the gene signature of kidney
immune cells, which could make it possible that invasive biopsy would be replaced by urine
tests in the future [28]. Clearly, early and accurate diagnosis of LN is of vital importance for
prompt initiation of treatment. LN is generally treated with anti-inflammatory and
immunosuppressive drugs, such as corticosteroids, antimalarials, cyclophosphamide and
mycophenolic acid derivates. However, despite increased treatment options, conventional
treatments are not uniformly effective against LN, and up to 50% of patients may relapse
[29,30]. Furthermore, at least 10% of patients with LN develop ESRD within decades from the
initial event, and drug-induced toxicity is particularly concerning. Undoubtedly, recent
therapeutic advances only achieved modest progress in improving outcomes in patients with
LN, which highlights the urgent need for improved and optimized approaches to LN

management.
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Table 1: The 2003 International Society of Nephrology/Renal Pathology Society
(ISN/NPS) classification of LN [31]

Classification category

Histology

Clinical features

I: minimal mesangial LN

II: mesangial proliferative
LN

III: focal LN

IV: diffuse LN

V: membranous LN

VI: advanced sclerotic LN

Mesangial immune deposits by
immunofluorescence, but
normal glomeruli by light
microscopy

Purely mesangial hyper
cellularity or mesangial matrix
expansion

Active or inactive focal,
segmental, or global
endocapillary or extracapillary
glomerulonephritis involving <
50% of all glomeruli, typically
with focal subendothelial
immune deposits, with or
without mesangial alterations

Active or inactive focal,
segmental, or global
endocapillary or extracapillary
glomerulonephritis involving
>50% of all glomeruli, typically
with focal subendothelial
immune deposits, with or
without mesangial alterations

Global or segmental
subepithelial immune deposits
or their morphologic sequelae
by light microscopy or
immunofluorescence or electron
microscope, with or without
mesangial alternations

<90% of glomeruli globally
sclerosed without residual
activity

Asymptomatic

Microhematuria or
non-nephrotic
proteinuria

Hematuria,
proteinuria,
hypertension, nephritic
syndrome

Most common and
sever form of LN,
nephritic syndrome,
high dsDNA and low
C3, especially in
active disecase

Nephritic syndrome
with normal renal
function, hypertension

Progressive renal
failure with
proteinuria and normal
urinary sediment
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1.1.3. Mouse models of SLE and lupus nephritis

Animal models of human disease have long been employed in an effort to define pathogenic
mechanisms as well as to test therapeutic agents. Several murine models were also established

for SLE and LN.

In the last four decades, spontaneous or induced mouse models of lupus were developed.
Classic models of spontaneous lupus include NZB/NZW F1 strains, the NZM strains, the
BXSB/Yaa strains and the MRL/Ipr mouse model of SLE. Induced mouse models include the
chronic graft-versus-host disease (cGVHD) models and the pristane-induced lupus model
(Table 2). As science and technology progressed, gene knockout techniques, transgenic
techniques and humanized mouse models have been extensively used to investigate a specific
gene or molecule in the pathogenesis of lupus. Most of these models present a subset of
symptoms akin to those observed in human lupus, namely, autoantibody over-production,
immune complexes formation, lymphoid activation, and lupus nephritis. However, none of
current lupus model is fully representative of human lupus, both in clinical features, genetics
and underlying mechanisms. Due to the fact that SLE is so heterogeneous in humans not one
inbred mouse model can manifest the entire clinical spectrum of human lupus [32,33]. Despite
their distinct limitations, mouse model of lupus contributed significantly to our understanding

of the etiology of lupus and the development of new therapies for the disease.
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Table 2: Overview over spontaneous and induced mouse models of lupus

Strain Generation Sex bias  Autoantibodies Main clinical
manifestation
NZB/NZW  New Zealand Black Female  ANA, Splenomegaly,
F1 crossed with New anti-dsDNA, lymphadenopathy,
Zealand White rheumatoid glomerulonephritis,
factor, vasculitis, synovitis
ubiquitin, gp70 and leukopenia
anticardiolopin
NZM Backcross between 2410 Overlap with Splenomegaly,
2410/2328  NZB/NZW F1 and Female; NZB/NZW F1 lymphadenopathy
NZW followed by 2328 and
brother and sister Both glomerulonephritis
mating
BXSB/Yaa  Backcross C57BL/6 Male ANA, Splenomegaly,
female and SB/Le anti-dsDNA, lymphadenopathy,
male cryoglobulin, glomerulonephritis
gp70 and cerebritis
MRL/lpr Intercrossing four Both ANA, Splenomegaly,
different strains of anti-dsDNA, lymphadenopathy,
mice (LG, B6, AKR anti-Sm, glomerulonephritis,
and C3H) anti-Ro vasculitis, arthritis,
and anti-La skin rash and
cognitive dysfunction
B6/lpr lpr mutation in Fas Female  ANA, Splenomegaly,
gene on B6 anti-dsDNA, lymphadenopathy and
background anti-Sm, glomerulonephritis
anti-histone,
rheumatoid
factor
Pristane Intraperitoneally Female  Anti-RNP, Glomerulonephritis;
induced injection of pristane anti-dsDNA, anemia,
anti-Sm, arthritis and serositis
anti-histone
Graft Injection of donor Female  Auto Ab Immune complex
versus host lymphocytes to a nephritis,
disease semiallogenic proteinuria
(GVHD) recipient
Resiquimod Topical applicationto Female  Anti-dsDNA Glomerulonephritis
induced the ear and dilated
cardiomyopathy
Anti-GBM  Intravenous injection  Both - Glomerulonephritis
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1.2. Chemokines and chemokine receptors

Chemokines and their receptors are known to play a crucial role in orchestrating the movements
of circulating leukocytes in response to physiological and pathological stimuli, resulting in
innate and adaptive immune responses and contributing to the pathogenesis of many human
diseases including SLE (Figure 3). Approximately 50 chemokines are classified into CC, CXC,
CX3C and XC subfamilies based on the nature of a specific cysteine motif [28]. Chemokines
guide cell migration by binding to their specific cell surface-expressed receptors which belong
to the subfamily of class A G-protein-coupled receptors (GPCRs). Thus far, 10 CCR family
members, 7 CXCR family members in addition to CX3CR1 and XCR1 chemokine receptors
have been identified [34]. Pharmacological modulation of chemokine receptors has been of
great interest, and considerable effort has been devoted to developing antagonists that modulate
inflammation and immunity. However, subsequent research has clearly shown that the
chemokine/chemokine receptor system is even more complex, with many receptors sharing
overlapping ligand specificity, formation of receptor homo- and heterodimers and the
description of “atypical” receptors with anti-inflammatory properties. Therefore, a much more
comprehensive understanding of its function is required it to be precisely targeted in specific

diseases.

1.2.1. The functional role of chemokines and chemokine receptors

Many studies thus far have noted that the biological activity of the chemokine network is by
no means limited to cell migration, and leukocytes trafficking in particular (Figure 3). As
reviewed elsewhere, a wide variety of cellular and tissue responses can be induced by the
activation of chemokine receptors on leukocytes, including proliferation, differentiation,
angiogenesis, degranulation, and tumor metastasis [35-37]. Moreover, several chemokines and
chemokine receptors may have direct antimicrobial activities to reduce infection [38].
Additionally, a variety of non-leukocytic cell types, including epithelial cells, endothelial cells,
neurons, and mesenchymal cells can express chemokine receptors and respond to a wide range
to chemokines [39-42]. For example, many CXC chemokines are involved in angiogenesis
with the ELR motif showing positive or negative angiogenic activity [43,44]. Interestingly,
adipocytes express chemokine receptors and respond to chemokines. This can upregulate
inflammatory genes and impair insulin-dependent uptake of glucose inducing insulin resistance.
More recently, accumulating studies have identified chemokines and chemokine receptors as

important mediators in the initiation or progression of cancer [45-48]. Tumor cells of non-
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leukocytic origin infiltrate the tumor microenvironment and provide a secondary source of
chemokines that affect tumor growth, angiogenesis, and metastasis [49,50]. Taken together,
these innovative findings may provide a scientific rationale for the development of novel

therapeutic strategies that target chemokines as well as their receptors in a broad variety of

human diseases
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Figure 3: Involvement of chemokines and chemokine receptors in systemic lupus erythematosus.
In patients with SLE, renal epithelial and endothelial cells release the chemokines CCL2, CCL3 and
CX;CL1 that facilitate monocyte recruitment through CCR1, CCR2 and CX3CR1, respectively. Renal
epithelial, endothelial cells and podocytes also release inflammatory chemokines that promote T cell
recruitment via CCRS5, CXCR3 and CXCR4. Renal dendritic cells produce CXCL13 that promote B
cell recruitment through CXCRS. CCL, CC chemokine ligand; CCR, CC chemokine receptor; CX3CL,
CX;C chemokine ligand; CX3CR, CX3C chemokine receptor; CXCL, CXC chemokine ligand; CXCR,
CXC chemokine receptor.

1.2.2 Chemokines and chemokine receptors as therapeutic targets in lupus nephritis

Chemokines and chemokine receptors have been recognized in the last few years as
therapeutically targetable mediators of renal leukocytes recruitment and subsequent injury in
LN. In MRL/lpr mice, treatment with a small molecule CCR1 antagonist reduced numbers of
renal T cells and monocytes/macrophages. This was associated with a reduced amount of
proliferating and apoptotic cells in renal infiltrates, less tubular atrophy, and augmented

interstitial fibrosis [51]. However, CCR1 blocking did not change glomerular IgG deposits and
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circulating anti-dsDNA IgG, suggesting a direct role of the CCR1 antagonist in preventing
glomerular macrophages and T cells recruitment, but not systemic autoimmune activity.
Furthermore, CCR1 antagonist administration was effective in improving LN in NZB/W F1

mice, as demonstrated by ameliorated glomerular pathology and reduced proteinuria [52].

In lupus-prone mice, expression of CCL2 and its receptor CCR2 was found to be upregulated
in the kidney during progressive LN. Using CCL2 deficient mice, studies have shown that
CCL2 mostly mediates glomerular infiltration of macrophages and not T cells, and CCL
deficiency lead to less proteinuria and reduced glomerular injury, i.e. glomerulosclerosis,
hypercellularity, and crescent formation [53,54]. Moreover, CCL2 deficiency resulted in a
substantial reduction in interstitial infiltration of both macrophages and T cells. This was
associated with less tubulointerstitial injury including tubular atrophy and apoptosis [53,55].
In addition, a non-redundant role for CCR2 in LN was demonstrated in CCR2-deficient
MRL/lpr mice [56]. CCR2-deficient animals developed less lymphadenopathy, a reduced
systemic T cell response, and reduced lesion scores associated with less renal infiltration of T
cells and macrophages. Together, these results suggest a direct function of the CCL2/CCR2
axis in mediating LN development. As interference with CCL2/CCR2 network had the most
beneficial effects in terms of injury and inflammation in several renal disease models [57-59],
blocking the activity of CCL2/CCR2 in lupus-prone mice was examined as a promising
potential therapeutic approach. Similar to CCL2/CCR2 knockout MRL/Ipr mice, CCL2 and
CCR2 antagonist experiments resulted in a survival benefit with reduced LN in treated mice.
This was associated with reduced recruitment of T cells and macrophages into the glomerular

and tubulointerstitial compartments [56,60-63].

The critical role of CXCL12 and CXCR4+ cells in the pathogenesis of LN was also investigated
by studies with anti-CXCL12 neutralizing antibodies in NZB/W F1 mice and CXCR4
antagonists in B6, SleYaa lupus-prone mice [64,65]. Renal pathology, including proteinuria,
deposition of immune complex, and renal inflammation was significantly reduced in the treated
mice compared to controls. Systemic autoimmune responses such as the level of circulating
autoantibodies and activated T cells in the spleen and lymph nodes were reduced as well,
suggesting the involvement of CXCL12/CXCR4 in the development of LN both locally in the

kidneys and systemically in lymphoid tissues of lupus-prone mice.

The advent of lupus-prone mice allowed researchers to perform mechanistic studies to better
understand LN pathogenesis. A common concern and criticism of mechanistic studies done in

mice is that mice and human immune systems differ in a variety of areas and thus make it
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difficult to translate mechanistic insights gained from mouse studies to clinical trials [66].
Therefore, it is necessary to understand the similarities and differences between lupus-prone
murine models and SLE patients in the functional contribution of chemokines and chemokine
receptors to disease pathology. For example, CXCL9 is preferentially used in lupus-prone mice

whereas CXCL10 appears to be predominately expressed in the kidney of SLE patients [67,68].

Several commercially developed chemokine receptor antagonists were reported to fail in
clinical trials and did not reach their expectations in treating lupus [69-71]. SLE targets the
joints, hearts, kidneys, skin, and many other organs. It is difficult to identify tissue-specific
chemokines or chemokine receptors critical for the development of lupus. Systemically
blocking a chemokine or chemokine receptor may cause a variety of negative side effects other
than disease remission, such as the increased risk of cancer and infection [71]. However,
targeting chemokines or chemokine receptors may still be a promising therapeutic option in
treating lupus. Further studies are warranted to investigate the complicated chemokine and
chemokine receptor system, with new compounds and therapeutic interventions designed to
target chemokine and chemokine interactions more specifically. This has the potential to reduce
off-target effects and adverse reactions previously observed for monoclonal antibodies and

immunosuppressive drugs.

1.2.3 Atypical chemokine receptors

Atypical chemokine receptors (ACKRs) are a group of structural decoy chemokine receptors
involved in a variety of physiologic and pathologic contexts. The ACKR family currently
consists of four members, AKCR1 (DARC), ACKR2 (D6), ACKR3 (CXCR7) and ACKR4
(CCRL1). These receptors are mainly expressed by immune cells, vascular and lymphatic
endothelial cells and some tumor cells. Following the discovery of four ACKRs, two other
candidate ACKRs, ACKRS5 (CCRL2) and ACKR6 (PITPNM3) have been identified to date
and await functional confirmation [72,73]. ACKRs were found to bind to chemokines with
high affinity, but do not induce cell migration because of their structural inability to couple to
G proteins. This characteristic is in contrast to canonical chemokine receptors, which have the
canonical G protein-activating DRYLAIV motif. Below, biology of four ACKRs will be

reviewed.
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ACKR1

ACKRI1, also known as the Duffy antigen receptor for chemokines (DARC), was discovered
in the 1990s. It binds more than 20 CC and CXC inflammatory chemokines [74]. From the
structural perspective, it lacks the entire DRYLAIV consensus motif in the second intracellular
loop and has no more than 25% homology with G protein-coupled receptors (GPCRs) [75].
ACKRI1 is expressed on erythrocytes, postcapillary venular endothelial cells and kidney
epithelial cells [76]. After binding and internalization of chemokines, it not only scavenges
chemokines, but can function as an intracellular chemokine transporter and translocate bound

chemokines to specific cell surface areas of polarized cells for presentation to leucocytes.

Accumulating evidence demonstrated that ACKR1 expressed by erythrocytes negatively
regulates the bioavailability of circulating chemokines. It was reported that individuals lacking
ACKRI1 expression on erythrocytes were characterized by a higher concentration of circulating
chemokines in the blood. In contrast, ACKR1 expressed by endothelial cells modulates
chemokine internalization and transcytosis, thereby promoting the presentation of chemokines

to the luminal surface of vascular endothelial cells and mediating pro-inflammatory functions.

Indeed, ACKR1 was found to be upregulated in various models of inflammatory conditions.
Reduced neutrophil recruitment was found in Ackrl knockout (KO) mice in a model of acute
lung injury induced by acid and was associated with lung protection [77]. ACKRI1 also controls
inflammatory responses in models of acute kidney injury (AKI) induced by ischemia or
lipopolysaccharide (LPS) [78]. After bone fracture, Ackrl KO mice exhibited reduced
macrophage infiltration and pro-inflammatory cytokine expression, promoting cartilage
formation [79]. ACKRI1 was expressed by the aorta and was associated with a pro-
inflammatory phenotype that induced excessive production of chemokines (CCL2 and CXCL1)
and increased atherosclerotic lesion size [80]. Additionally, it was found that ACKRI
expression on endothelial cells was essential for neutrophil recruitment to the inflamed
synovium in rheumatoid arthritis [82]. More recently, it appeared that ACKR1 could functions
as a tumor suppressor in several models, for example by scavenging angiogenic chemokines

and inhibiting tumor vascularization [83-86].
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ACKR3

ACKR3, originally known as receptor dog cDNA 1 (RDC 1) or CXCR?7, was first described as
an orphan GPCR that binds CXCL12 and CXCLI11 [87]. In contrast to other chemokine
receptors that are characterized by having the canonical DRYLAIV motif, it contains the
sequence DYRLSIT and interacts with CXCL12 monomers in extracellular loops two and three
using a unique N-terminal binding site [88,89]. ACKR3 acts as a scavenger receptor that
promotes CXCL12 internalization, but also causes activation of the -arrestin pathway in tumor

cells, and modulates CXCR4 expression by forming heterodimers with CXCR4 [90,91].

ACKR3 continuously recycles between the cell membrane and the endosomal compartment,
which likely depends on the presence of ligands. Ligands act as agonists for ACKR3
internalization which concurs with degradation of CXCL12 and CXCLI11, thus supporting a
role for ACKR3 as a scavenging receptor [92]. Previous studies using zebrafish models have
also demonstrated the importance of ACKR3 in regulating cellular populations during
embryogenesis [93]. Data from Ackr3-deficient mice correlated with those observed in Cxcr4
KO mice, showing defects in cardiovascular and nervous system development, but not

hematopoiesis [94,95].

ACKR3 has proven to be an important receptor in a variety of pathophysiological conditions.
In relation to endothelial cells, ACKR3 is expressed in umbilical veins and aorta. Loss of
endothelial Ackr3 impaired vascular homeostasis and cardiac remodeling after myocardial
infarction, suggesting an important role of ACKR3 in promoting endothelial proliferation and
angiogenesis [96]. Additionally, ACKR3 is induced in pulmonary epithelial cells during
pulmonary inflammation, such as acute lung injury induced by lipopolysaccharide inhalation,
and it favors the circadian oscillations of CXCL12 via its scavenging activity [97]. Evidence
for a function of ACKR3 in neuronal migration has come from rodent studies that confirmed
its role in neuronal and astrocyte development during neurological diseases [98,99]. It should
be noted that ACKR3 is also expressed by renal vesicles and podocytes, and it is upregulated
by renal progenitors during acute kidney injury, which are important cells for renal
regeneration [ 100]. Furthermore, a pivotal role for ACKR3 in the development and progression
of cancers has emerged [101-103]. It has therefore been highlighted as a potential target for

therapeutic intervention.

Similarly to CXCR4, ACKR3 has been identified as a relevant factor in several autoimmune

diseases, including inflammatory bowel disease [98], rheumatoid arthritis [104] and
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experimental autoimmune encephalitis (EAE) [105]. In these contexts, ACKR3 is associated

with a pro-inflammatory phenotype by enhancing angiogenesis and leukocyte extravasation.

ACKR4

ACKR4, previously known as CCX-CXR, CCRL1 or CCRI1, is expressed on thymic
endothelial cells and keratinocytes as well as on lymphatic endothelial cells, astrocytes and
bronchial cells. Of note, the DRY-based motif in human ACKR4 is altered to DRYVAVT
sequence. ACKR4 has emerged as an important regulator of homeostatic chemokines. It was
found to bind the novel chemokine ligand CCL22 in addition to CCL19, CCL21, CCL25 and
CXCL13, and regulated their bioavailability both in vitro and in vivo without initiating cell
migration [106-109].

By controlling chemokine bioavailability, ACKR4 was shown to regulate DC migration into
lymphatics and T cells areas of lymph nodes. ACKR4 is best known for its role in maintaining
functional gradients of CCL19 and CCL21 to drive migration of CCR7 expressing DCs to the
subcapsular sinus of draining lymph nodes during the initiation phase of the adaptive immune
response [109,110]. In addition, a role of ACKR4 in regulating early activated B cell
differentiation has been proposed. It was shown that ACKR2 reduces early proliferation of B
cells, and by this reduces their numbers for subsequent differentiation. Consistently, Ackr4 KO
mice demonstrated enhanced plasma blast and germinal center B cell responses in a CCL19-
and CCL21-dependent manner [111]. Studies on ACKR4 in tumor progression are still
controversial. Emerging evidence suggested its protective role in several cancer models
[112,113], but it was also involved in epithelial-mesenchymal transition and metastasis
[114,115]. Furthermore, studies with Ackr4-deficient mice in an EAE model demonstrated that
defects in homeostatic chemokine clearance can lead to accelerated disease onset, which may

be attributed to excessive Th17 responses [116].
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1.3. The atypical chemokine receptor 2
1.3.1 Pathophysiology

ACKR?2 is composed of an N-terminal domain that contains several acidic amino acids and
sulfated moieties, which are important for ligand recognition [117,118]. Similar to other
members of the ACKR family, ACKR2 was found to bind to chemokines with high affinity
but does not induce cell migration because of its structural inability to couple to G proteins.
This characteristic is in contrast to canonical chemokine receptors such as CCR1, CCR2, and

CXCR4, which have the canonical DRYLAIV motif.

ACKR2 has been described as being expressed on parenchymal cells and leukocyte populations,
including trophoblasts in the placenta [ 119], innate-like B cells [120], T cells [121], DCs [122]
and alveolar macrophages [123]. Further analysis has demonstrated that ACKR2 is mainly
expressed by lymphatic endothelial cells in resting tissues [124]. However, not all lymphatic
vessels express ACKR2, suggesting that ACKR?2 is regulated by lymphatic endothelial cells,

but the mechanism of this regulation is not fully understood.

Although an interaction between ACKR2 and CCL2 is involved in the majority of described
inflammatory disorders, this interaction is not exclusive. ACKR2 has been shown to interact
with multiple additional chemokines, such as CCL4, CCL5, CCL7, CCLS8, CCL11 and CCL12.
After ligand binding, ACKR2 can activate a B-arrestin-dependent pathway that increases its
plasma membrane localization to optimize receptor internalization and recycling to the cell
membrane following endosomal degradation of bound chemokines [125,126] (Figure 4).
ACKR2 promotes the resolution of inflammation by scavenging almost all inflammatory CC
chemokines, and Ackr2-deficient mice exhibit exaggerated inflammation due to a lack of

chemokine clearance and increased accumulation of immune cells [127].
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Figure 4: Cellular functions of ACKR2. Atypical chemokine receptor 2 (ACKR?2) persistently traffics
from and to the cell surface and signaling induced by chemokines via ACKR2 can stimulate its
trafficking. ACKR2 regulates the internalization and degradation of chemokines which are captured on
the cell surface, followed by ACKR?2 recycling to the cell surface. ACKR2 constitutively modulates -
arrestin and activation of co-expressed conventional chemokine receptors, including CCR1, CCR4 and
CXCRS. CCR, CC chemokine receptor; CXCR, CXC chemokine receptor.

A role of ACKR2 in the context of autoimmune disease is also debated. Ackr2-deficient mice
were shown to be resistant to EAE [128] and have enhanced immunosuppressive activity in a
model of graft-versus-host disease [129]. This protection was explained by impaired DC
migration from the chemokine-rich site of immunization leading to reduced T cell priming
and/or increased mobilization of myeloid-derived suppressor cells. Importantly, using four
models of autoimmune disease, Hansel et al. subsequently showed that Ackr2 deficiency may

not affect T cell priming but enhances T cell polarization towards a Th17 phenotype [130].

Finally, ACKR2 could function as a tumor suppressor gene by reducing local concentrations

of inflammatory chemokines and subsequent leukocyte infiltration into precancerous
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inflammatory lesions, which has been shown using inflammation-dependent cancer models of
colon [131] and breast cancer [132]. Of note, Ackr2 deletion was found to result in profoundly
impaired metastatic development in spontaneous models of metastasis, indicating that the

ACKR?2 expression by the host can affect tumor progression and metastasis [133].

1.3.2  Role of Ackr2 in kidney disease

ACKR?2 in acute kidney injury

Acute kidney injury (AKI) induced by ischemia reperfusion injury (IRI) results in tubular cell
apoptosis and necrosis, accompanied by an influx of inflammatory and fibrogenic cells into the
renal interstitium [134,135], which underlies the progression from AKI to chronic kidney
disease (CKD). Moritz et al. [136] investigated the potential of ACKR2 as a therapeutic target
in an IRI rodent model, which is also used to study renal fibrosis in mice. Compared to sham-
operated mice, renal ACKR2 levels were significantly increased after IRI and were localized
to lymphatic endothelial cells in the tubulointerstitium but not to glomeruli. At 24 h after
bilateral IRI, a lack of Ackr2 had no obvious effects on renal function or structural parameters,
but enhanced the accumulation of CD11c+F4/80+ mononuclear phagocytes in ischemic
kidneys. In vivo evidence demonstrated that increased renal CCL2 levels in Ackr2-deficient
mice were associated with worsened tubular damage and infiltration of CCR2-expressing
macrophages in postischemic kidneys on day 5, but these effects were more prominent on week
5 after IRI, suggesting that increased tubulointerstitial CCL2 levels may enhance CCL2-CCR2-
dependent recruitment of inflammatory monocytes during the recovery and regeneration phase

after IRI.

The progression from AKI to CKD is characterized by interstitial fibrosis. Whether impaired
renal chemokine clearance could exacerbate renal fibrosis in Ackr2-deficient mice 5 weeks
after IR was further investigated. Ackr2 deficiency enhanced fibrosis in postischemic kidneys,
as revealed by increased levels of pro-inflammatory chemokines and CCR2-expressing
fibroblasts in these kidneys when compared to wildtype. Thus, in addition to limiting ongoing
inflammation, ACKR2 may directly reduce fibrotic tissue remodeling after renal IRI by

limiting CCL2-dependent fibrocyte recruitment into postischemic kidneys.
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ACKR?2 in immune complex-mediated glomerulonephritis

Increased production of CCL2 critically contributes to immune complex-mediated
glomerulonephritis and has been shown to correlate with excessive renal infiltration of
monocytes/macrophages and T cells [137,138]. Similarly, in renal biopsies of patients with
proliferative glomerulonephritis increased expression of CCL2 and macrophage infiltration

have been detected [139].

Bideak et al. [140] investigated the function of ACKR2 in murine autologous nephrotoxic
nephritis, which is a well-established model of a T cell-dependent progressive immune
complex glomerulonephritis. ACKR2 was prominently expressed in lymphatic endothelial
cells in the tubulointerstitial area. The researchers found that ACKR2 was critical in limiting
tubulointerstitial accumulation of CD4" T cells and macrophages, which are important
mediators of kidney injury, mainly by degrading the chemokine CCL2. Notably, a lack of
Ackr2 accelerated fibrotic remodeling in mice with autologous NTN, as revealed by
significantly increased expression of matrix components and prominent tubulointerstitial
accumulation of o-SMA™ myofibroblasts in Ackr2-deficient mice. Interestingly, Ackr2
deletion resulted not only in exacerbated renal inflammation due to increases in local
chemokine levels, but also reduced accumulation of activated renal DCs in draining lymph
nodes and subsequent T cell activation. This could potentially dampen nephritogenic T cell
responses, but did not result in reduced inflammatory renal injury in Ackr2-deficient kidneys.
Thus, ACKR2 limits renal inflammation during progressive immune complex-mediated
glomerulonephritis and prevents secondary tubulointerstitial fibrosis, a hallmark of CKD
progression. Therefore, ACKR2 is expected to be a potential therapeutic target for immune

complex-mediated glomerulonephritis.

ACKR?2 in aristolochic acid-induced nephropathy

Previous studies have reported that the acute phase of aristolochic acid-induced nephropathy
(AAN) is followed by persistent tubulointerstitial inflammation, which results in fibrosis and
development of CKD [149,150]. A similar study demonstrated that progressive peritubular
accumulation of macrophages and T cells facilitated the transition of the tubular necrosis phase

to the tubulointerstitial fibrosis phase [151].
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In this model recent evidence has shown significantly exacerbated impairments in renal
function and tubular injury in Ackr2-deficient mice, which were associated with excessive
tubulointerstitial leukocyte infiltration and increased renal expression of inflammatory
mediators. More importantly, it was demonstrated that ACKR2 decreased renal expression of
extracellular matrix molecules and prevented fibrotic remodeling and CKD progression in this
AAN model. This data together with the previous findings in the immune complex-mediated
glomerulonephritis model suggest a common role of ACKR2 in limiting persistent

inflammation and fibrotic remodeling following acute injury [136].

ACKR? in unilateral ureteral obstruction

Unilateral ureteral obstruction (UUO) is a classic rodent model of obstructive nephropathy
associated with progressive tubulointerstitial fibrosis. Prominent tubulointerstitial
accumulation of CCL2 and the concomitant recruitment of CCR2" leukocytes and fibrocytes
also occur during progressive renal injury in UUO after complete ureter ligation [152,153].
Thus, it was hypothesized that ACKR2 could also play a key role in reducing fibrotic
remodeling in the UUO model due to its CCL2 scavenging activity, given its localization in
the tubulointerstitial compartment [136,140]. However, a subsequent experiment demonstrated
that Ackr2 deletion did not affect tubular injury, inflammation, or progressive fibrosis in the
UUO model, despite elevated renal CCL2 levels and increased numbers of inflammatory
monocytes in Ackr2-deficient mice at day 14 after UUO [136]. Possible underlying
mechanisms could be the persistent and progressive injury in this non-reversible UUO model.
The absence of a regenerative repair phase following an acute episode of initial injury may

limit the potential of ACKR?2 to reduce ongoing inflammation and facilitate regeneration.

ACKR?2 in diabetic nephropathy

Diabetic nephropathy (DN) is a leading cause of CKD worldwide. Elevated expression of pro-
inflammatory chemokines and increased infiltration of inflammatory leukocytes contribute to
the development and progression of DN [141,142]. Previous studies have shown that inhibiting
renal inflammation by scavenging chemokines or blocking chemokine receptors can reduce

renal damage in DN [143,144].
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By binding and internalizing chemokines ACKR2 is implicated in limiting inflammation in the
pathogenesis of common metabolic disorders, such as obesity [145] and diabetes [146]. In
contrast, it was recently demonstrated in a mouse model of DN that Ackr2 deletion reduced
diabetic albuminuria and suppressed the development of DN [147]. Mechanisms to explain this
renoprotective effect of Ackr2 deletion in the context of DN are unclear. In renal biopsies of
patients with DN, expression of ACKR2 in tubules and interstitial cells dramatically increased,
while ACKR?2 staining was absent in glomeruli, suggesting that the direct effects of ACKR2
should be limited to the tubular and interstitial compartments in DN [147].

Unexpected protection induced by Ackr2 deletion was also observed in several other disease
models, including dextran sulfate-induced colitis [121], allergen-induced airway disease [148],
and spinal cord inflammation [128]. Therefore, considering ACKR2 only as an anti-
inflammatory scavenger was overly simplistic. Chemokine scavenging properties of ACKR2
may not only alter the function of pro-inflammatory leukocytes but could also limit anti-
inflammatory activity of certain leukocyte subsets leading to complex functional roles of

ACKR?2 depending on the pathological condition.

ACKR?2 in sepsis

Sepsis is a life-threatening organ dysfunction due to a dysregulated host response to infection.
Early data from experimental models indicated a central role for chemokines in recruiting
neutrophils to vital organs, leading to multiple organ failure including AKI [154,155]. Previous
studies have shown that ACKR2 is directly involved in the resolution of inflammation by
removing and degrading inflammatory CC chemokines [156,157]. Increased renal expression
of CCL2 was detected in the kidney in a sepsis model of cecal ligation and puncture (CLP)
[158]. Although neutrophil migration to the peritoneal cavity and bacterial load were
comparable between wildtype and Ackr2-deficient mice, increased renal chemokine levels,
neutrophil infiltration and exacerbated kidney functional impairment was observed in Ackr2-

deficient mice, thus raising the possibility that ACKR2 could be a promising target in sepsis.
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Table 3: Phenotype summary of ACKR2 knockout mice in different kidney disease

models
Disease  Time Inflammation  Fibrosis Cell infiltrates Histology Renal
model points function
IRI bilateral — Leukocytes < — —
24h Neutrophils <
CD11c+F4/80+ t
T cells «
unilateral ~ worse - Leukocytes T - worse
>d CD11c+F4/80+ t
CD11c+F4/80- «
T cells «
unilateral worse worse Leukocytes T worse worse
W CD11c+F4/80+ 1
CD11c+F4/80- «
Tecells T
NTN 14d worse worse Leukocytes T worse worse
CD3 Tecells T
CD4 Tecells T
CDllct t
F4/80+ 1
CDS8 T cells <
AAN 14d worse worse CD3 Tecells T worse worse
F4/80+ 1
uuo 7d  and <+ - Leukocytes + A -
l4d CD11b Ly6Che" «
CD3 Tecells T
CD11c+F4/80- 1
DN 2,4,6 better better Leukocytes | not better
months CD3 T cells | examined
Sepsis 1d worse not Neutrophils T not worse
examined examined

IRI, ischemic reperfusion injury; NTN, nephrotoxic serum nephritis; AAN, aristolochic acid
nephropathy; UUO, unilateral ureteral obstruction; DN, diabetic nephropathy.

22



Introduction

Challenges for the development of ACKR2 targeting therapies in kidney diseases

ACKR2 was first described in 1997 as a chemokine receptor, and since then a number of studies
characterized its physiological and pathological roles. Emerging evidence has demonstrated its
diverse functions in various rodent organs, tissues and cells. This project focuses on the role of
ACKR?2 in kidney disease and its role in protecting against inflammation and renal fibrosis. As
Ackr2 deficiency has been implicated in the progression and severity of CKD-associated
tubulointerstitial inflammation and fibrosis, ACKR2 is expected to be a pivotal therapeutic
target in this setting. While the conventional pharmaceutical approach would be to develop
chemokine receptor antagonists, in the case of atypical receptors, small molecule inducers of
ACKR expression or activity would be helpful. Such inducers might affect intracellular
pathways that enhance or stabilize ACKR expression or capitalize on our increasing knowledge

on the mechanism of cell surface mobilization of these receptors.

Notably, the expression of ACKR2 specifically in the tubulointerstitial compartment was
associated with its renoprotective role in various models of kidney diseases. Further in-depth
studies are warranted to examine whether ACKR2 will exhibit similar beneficial effects in
renal disease with different underlying inflammatory mechanisms and chronicity. Thus, the
role of ACKR2 in other glomerular or tubular diseases and the involved pathways need to be

further investigated.
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2. Hypothesis

The knowledge and data summarized so far suggest that

ACKR2 could preserve renal function by limiting renal inflammation and fibrosis

following acute episodes of renal injury

In particular, previous work showed that Ackr2 deficiency resulted in aggravated renal
inflammation and fibrosis in immune complex-mediated glomerulonephritis. In this context,
the structural and functional changes were attributed to increased tubulointerstitial chemokine
levels, leukocyte infiltration and fibrosis. Thus, it was hypothesized that in a mouse model of
LN, an autoimmune-mediated immune complex glomerulonephritis, ACKR2 could also limit

renal inflammation and fibrotic remodeling in a similar manner.

Of note, results in the autologous nephrotoxic nephritis mouse model also suggested that next
to anti-inflammatory and anti-fibrotic functions of ACKR2 in glomerulonephritis, ACKR2
may support migration of renal DCs into regional lymph nodes and subsequent activation of
nephritogenic T cells. Thus, ACKR2 may also facilitate systemic autoimmune responses in

SLE, despite its anti-inflammatory local effects in the kidney.

Therefore, the underlying hypotheses to be investigated in this work were as follows:

1. Deficiency of Ackr2 in lupus-prone B6/Ipr mice may increase inflammatory organ

injury due to reduced chemokine scavenging, including lupus nephritis.
jury

2. Deficiency of Ackr2 may alter systemic autoimmune responses in lupus-prone mice,
potentially reducing cellular und humoral autoimmune activity and subsequent tissue

injury.

To address these questions Ackr2-deficent B6/lpr mice were generated and their spontaneous
phenotype was characterized in comparison to wildtype B6/lpr littermates. This included
analysis of kidney and lung injury, as well as systemic autoimmune activity in the two

genotypes.
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3. Materials

3.1 Mouse strains

C57BL/6J Wild type

C57BL/6J Ackr2-/-

C57BL/6lpr/Ipr

3.2 Equipment

Balance
Analytic Balance, BP 110 S
Mettler PJ 3000

Cell Incubators

Type B5060 EC-CO2

Centrifuges

Heraeus, Minifuge T

Heraeus Biofuge primo

Heraeus Sepatech Biofuge A

ELISA-Reader

Tecan, GENios Plus

ELISA washer

Microplate-Washer ELx50

Charles River Laboratories, Sulzfeld,
Germany

Provided by Dr. Massimo

Locati, Humanitas Clinical and Research
Center, Rozzano, Italy

Charles River Sulzfeld, Germany

Sartorius, Gottingen, Germany

Mettler-Toledo, Greifensee, Switzerland

Heraeus Sepatech, Munich, Germany

VWR International, Darmstadt, Germany

Kendro Laboratory Products GmbH,
Hanau, Germany

Heraeus Sepatech, Munich, Germany

Tecan, Crailsheim, Germany

Biotek, Bad Friedrichshall, Germany
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Homogenizer

Ultra Turra T25 basic

Real-time-PCR

LightCycler480

Spectrophotometer

Beckman DU® 530
Nanodrop 1000

TaqMan Sequence Detection System

ABI prism ™ 7700 sequence detector

Flow cytometer

FACSCanto 11

Other equipment

Cryostat RM2155
Cryostat CM 3000
Microtome HM 340E
pH meter WTW
Thermomixer 5436
Vortex Genie 2™

Water bath HI 1210

IKA GmbH, Staufen, Germany

Roche Diagnostics, Mannheim, Germany

Beckman Coulter, Fullerton, CA, USA

Thermo Fisher Scientific, Wilmington,
DE, USA

PE Biosystems, Weiterstadt, Germany

BD Biosciences, Heidelberg, Germany

Leica Microsystems, Bensheim, Germany
Leica Microsystems, Bensheim, Germany
Microm, Heidelberg, Germany

WTW GmbH, Weilheim, Germany
Eppendorf, Hamburg, Germany

Bender & Hobein AG, Ziirich, Switzerland

Leica Microsystems, Bensheim, Germany
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3.3 Chemicals and materials

Chemicals

Acetone

Bovine Serum Albumin
DEPC

DMSO

EDTA

EDTA-Dikalium 0,2M
Ethanol

Eosin

Formalin

FACS Clean

FACS Flow

FACS Rinse

HCI (5N)

Magnesium chloride-:6H20
Potassium chloride
Potassium phosphate monobasic
Sodium acetate

Sodium azide

Sodium chloride

Sodium citrate

Sodium dihydrogen phosphate

Sodium hydrogen carbonate

SSC (Saline-sodium citrate Buffer)

Tris

Tissue Freezing Medium
Trypan Blue

Tween 20

Oxygenated water

Xylol

Merck, Darmstadt, Germany
Roche, Mannheim, Germany
Sigma-Aldrich, St. Louis, USA
Merck, Darmstadt, Germany
Calbiochem, San Diego, USA
neoLab, Heidelberg, Germany
Merck, Darmstadt, Germany
Sigma, Deisenhofen, Germany

Merck, Darmstadt, Germany

BD Biosciences, Heidelberg, Germany
BD Biosciences, Heidelberg, Germany

BD Biosciences, Heidelberg, Germany

Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Sigma, Deisenhofen, Germany
Roth, Karlsruhe, Germany
Leica, Nussloch, Germany

Sigma, Deisenhofen, Germany

Sigma-Aldrich, Steinheim, Germany

DAKO, Hamburg, Germany

Merck, Darmstadt, Germany
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Antibodies for immunohistochemistry

anti-F4/80
anti-CD3
anti-ER-HR3
anti-Ly6G
anti-o-SMA

Antibodies for FACS

Rat anti-mouse CD45-APC (Clone 30-F11)

Rat anti-mouse CD3e-FITC Alexa 488 (Clone 145-2C11)

Rat anti-mouse CD4-APC Alexa 647 (Clone RM4-5)
Rat anti-mouse CD8a-Cy5-PE (Clone 53-6.7)

Rat anti- mouse F4/80-APC (Clone C1:A3-1)

Rat anti-mouse CD69- PE (Clone H1.2F3)

Rat anti-mouse CD25-PerCP.Cy5.5 (Clone PC61)
Rat anti-mouse/human B220-PerCP (Clone RA3-6B2)
Rat anti-mouse MHC-II-PE (Clone I-A/b)

Rat anti-mouse CD21-FITC (Clone 7G6)

Rat anti-mouse CD23-PE (Clone B3B4)

Rat anti-mouse CD11b-PerCP (Clone M1/70)

Rat anti-mouse CD11¢c-FITC (Clone HL3)

Rat anti-mouse CD138-APC (Clone 281-2)

Rat anti-mouse Ly6G-FITC (Clone 1A8)

Rat anti-mouse Ly6C-FITC (Clone RB-8C5)

Enzyme-linked immunosorbent assays (ELISASs)

Total IgG, IgG1, IgG2a/c, 1gG3

Smith antigen

Serotec, Oxford, UK

Serotec, Oxford, UK

Dianova, Hamburg, Germany

BioRad Laboratories Inc., California, USA
Abcam, Cambrdge, UK

BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
AbD Serotec, Diisseldorf, Germany

BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany
BD Pharmingen, Heidelberg, Germany

BethyLabs, Montgomery, USA

Immunovision, Springdale, USA

dsDNA Metabion, Martinsried, Germany
Histone USB, Cleveland, USA

28



Materials and Methods

RF IgG
HRP-goat-anti-mouse 1gG
Poly-L-lysine

Mouse Albumin

Mouse CCL2

TMB Substrate Reagent Set

Creatinine FS

Urea FS

Cell culture

RPMI-1640 medium

Fetal Bovine Serum (FCS)

ITS, Insulin, Transferrin, Selenium
Collagenase
Penicillin/Streptomycin (100x)
HEPES Buffer Solution

PBS
Trypsin / EDTA

Miscellaneous

Needles
Nunc Maxisorp ELISA plate
Pipette tips 1-1000 pl

Jackson Immunoresearch, West Grove, USA
Rockland, Gilbertsville, USA
R&D Systems, Minneapolis, USA
Bethyl Laboratories, TX, USA
BD OptEiA, San Diego, CA, USA
BD Biosciences, San Diego, USA

DiaSys Diagnostic System, GmBH, Holzheim,

Germany

DiaSys Diagnostic System, GmBH, Holzheim,

Germany

GIBCO/Invitrogen, Paisley, UK

Biochrom KG, Berlin, Germany

Roche Diagnostics, Mannheim, Germany
Roche Diagnostics, Mannheim, Germany
PAA Laboratories GmbH, Colbe, Germany

ThermoFisher Scientific, Massachusetts,
USA

PAA Laboratories GmbH, Colbe, Germany
PAA Laboratories GmbH, Colbe, Germany

BD Drogheda, Ireland
Nunc, Wiesbaden, Germany

Eppendorf, Hamburg, Germany

Pre-separation filters Miltenyi Biotec, Bergish Gladbach, Germany

Plastic histosettes NeoLab, Heidelberg, Germany
Syringes Becton Dickinson GmbH, Heidelberg, Germany
Tissue culture dishes @ 100 x 20 mm TPP, Trasadingen, Switzerland

Tissue culture dishes @ 35 x10 mm TPP, Trasadingen, Switzerland
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Tissue culture flasks 150 cm?

Tubes 15 and 50 mL
Tubes 1.5 and 2 mL

RNA isolation

RNeasy Mini Kit
RNase-Free DNase Set

RNase-free-Spray

cDNA synthesis

5x First strand Buffer
25 mM dNTPs

0, MDTT
Hexanucleotide
linear Acrylamid
Superscript 11
RNAsin

RT-PCR

10x PE-Puffer

1,25 mM dNTPs

25 mM MgCl,

SYBR Green Dye detection
Taq DNA- Polymerase
qPCR Primers

Becton Dickinson, Franklin Lakes, NJ, USA
TPP, Trasadingen, Switzerland

TPP, Trasadingen, Switzerland

Qiagen GmbH, Hilden, Germany
Qiagen, Hilden, Germany
Gene Choice, Frederick, USA

Invitrogen, Karlsruhe, Germany
GE Healthcare, Miinchen, Germany
Invitrogen, Karlsruhe, Germany
Roche, Mannheim, Germany
Ambion, Darmstadt, Germany
Invitrogen, Karlsruhe, Germany

Promega, Mannheim, Germany

Finnzymes, Espoo, Finnland
Metabion, Martinsried, Germany
Fermentas, St. Leon-Rot, Germany
Applied Biosystems, Norwalk, USA
New England BioLabs, Ipswich, USA

Metabion, Martinstried, Germany
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Table 4: Primer sequences

Gene Forward sequence Reverse Sequence

18s 5’-GCAATTATTCCCCATGAACG-3’ 5’-AGGGCCTCACTAAACCATCC-3’
Ackr2 5’>-CTTCTTTTACTCCCGCATCG-3’ 5’-TATGGGAACCACAGCATGAA-3’
Arg-1 5’-AGAGATTATCGGAGCGCCTT-3’ 5’-TTTTTCCAGCAGACCAGCTT-3’
CCL2 5’-CCTGCTGTTCACAGTTGCC-3’ 5’-ATTGGGATCATCTTGCTGGT-3"
CCL5 5’-CCACTTCTTCTCTGGGTTGG-3’ 5’-GTGCCCACGTCAAGGAGTAT-3’
CCR2 5’-GGGCATTGGATTCACCAC-3’ 5’-CCGTGGATGAACTGAGGTAA-3’
CXCL10 5’-GGCTGGTCACCTTTCAGAAG-3’ 5’-ATGGATGGACAGCAGAGAGC-3’
CTGF 5’-AGCTGACCTGGAGGAAAACA-3’ 5’-CCGCAGAACTTAGCCCTGTA-3’
Fizz-1 5’-CCCTTCTCATCTGCATCTCC-3’ 5’-CTGGATTGGCAAGAAGTTCC-3’
Fibronectin 5’-GGAGTGGCACTGTCAACCTC-3’ 5’-ACTGGATGGGGTGGGAAT-3’

IFNy 5’-ACAGCAAGGCGAAAAAGGAT-3 5’-TGAGCTCATTGAATGCTTGG-3’
IL-18B 5’-TGGACCTTCCAGGATGAGGACA-3’ 5’-GTTCATCTCGGAGCCTGTAGTG-3’
IL-10 5’-ATCGATTTCTCCCCTGTGAA-3’ 5’-TGTCAAATTCATTCATGGCCT-3’
IL-12 5’-TTGAACTGGCGTTGGAAGCACG-3’ 5’-CCACCTGTGAGTTCTTCAAAGGC-3’
iNOS 5’-AGGGTCTGGGCCATAGAACT-3’ 5’-TGAAGAAAACCCCTTGTGCT-3’
KIM-1 5’-TCAGCTCGGGAATGCACAA-3’ 5’-TGGTTGCCTTCCGTGTCTCT-3’
Laminin 5’-CATGTGCTGCCTAAGGATGA-3’ 5’-TCAGCTTGTAGGAGATGCCA-3’
MSR-1 5’-CCTCCGTTCAGGAGAAGTTG-3’ 5-TTTCCCAATTCAAAAGCTGA-3’
MRC-1 5’-ATATATAAACAAGAATGGTGGGCA-3* 5-TCCATCCAAATGAATTTCTTATCC-3’
NGAL 5’-AATGTCACCTCCATCCTG-3’ 5’-ATTTCCCAGAGTGAACTG-3’

Procollagen 1
Procollagen 4
TNFa
TNFRI1
TNFR2
a-SMA
TLR-7
TLR-9

Ifitl

5’-ACATGTTCAGCTTTGTGGACC-3’
5’-GTCTGGCTTCTGCTGCTCTT-3’
5’-CCACCACGCTCTTCTGTCTAC-3’
5’-CTTCATTCACGAGCGTTG-3’
5’-GTCTTCGAACTGCAGCTG-3’
5’-ACTGGGACGACATGGAAAAG-3’
5’-GTGATGCTGTGTGGTTTGTCTGG-3’
5’-GCTGTCAATGGCTCTCAGTTCC-3’
5’-CAAGGCAGGTTTCTGAGGAG-3’

5’-TAGGCCATTGTGTATGCAGC-3’
5’-CACATTTTCCACAGCCAGAG-3’
5’-AGGGTCTGGGCCATAGAACT-3’
5’-ATGGATGTATCCCCATCA-3’
5’-AGATCTGGCACTCGTACC-3’
5’-GTTCAGTGGTGCCTCTGTCA-3’
5’-CCTTTGTGTGCTCCTGGACCTA-3’
5’-CCTGCAACTGTGGTAGCTCACT-3
5’-GACCTGGTCACCATCAGCAT-3’
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3.4 Solutions
Anesthesia mixture

Isoflurane Harvard Anesthesia System, UK

FACS-Buffer

500 ml D-PBS + 1 g BSA + 0.5 g NaAzide

Paris-Buffer, pH 7.4

2.4228 g Tris-HCI
7.31 g NaCl

0.7456 g KCl
0.8203 g Na acetate
0.9 g D-glucose
1000 mL ddH20

10x HBSS (Hank's balanced saline solution) with Ca, Mg, pH 7.4

4 g KCl1

0.6 g KH>PO4

80 g NaCl

0.621 g NaHPO4-2H>O
3.5 g NaHCO;

1.4 g CaCl,

1.0 g MgCly-6H>O

1.0 g MgSO4-7H,0

10 g D-Glucose

1000 mL ddH»O

10x HBSS (Hank's balanced saline solution) without Ca, Mg

4 ¢ KCl
0.6 g KHoPO4
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80 g NaCl
0.621 g Na,HPO4-2H,0
1000 mL ddH>0

DNase stock solution (1 mg/mL)

DNase (Type IV) 15,000 U/6 mg, Sigma-Aldrich, Steinheim, Germany
Reconstitute 6 mg of DNase with 6 ml of 50 % glycerol solution

50% (w/v) glycerol solution in 20 mM Tris/HCIl, pH 7.5, 1 mM MgCl2

2.4228 g Tris-buffer in 100 mL H>O, pH 7.4
15 g Glycerol 100 % + 30 mL Tris-buffer
0.0952 g MgCl»

Collagenase/DNAse solution

10 mg Collagenase
1 ml DNase-stock (1 mg/ml)
9 ml 1x HBSS (with Ca, Mg)

Prewarmed in water bath at 37°C

Collagenase solution

10 mg Collagenase
10 ml 1x HBSS (with Ca, Mg)

Prewarmed in water bath at 37°C

2 mM EDTA

100 pl of 0.2 M EDTA solution + 10 ml 1x HBSS

Prewarmed in water bath at 37°C

TAC Buffer, pH 7.2

50 mM Tris Buffer
450 mL 0.83% NH4Cl1
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10x PBS, pH 7.4

80 g NaCl

14.2 g Na2HPOq4
2 g KCl

2.7 g KH,POq4
1000 mL H>O

Tris-NaCl/ 0.05 % Tween-Buffer, pH 8.0

6.06 g Tris

8.18 g NaCl

1000 mL H20
0.05 % Tween 20
Coating-Buffer
1.59 ¢ Na,COs
2.93 ¢ NaHCO;
1000 mL H20

4. Methods
4.1 Animal studies

All mice were kept in poly-propylene cages under normal housing conditions with a 12 hours
light/dark cycle and unlimited access to water and food ad libitum. All experimental procedures
were performed according to the regulations of the Deutsches Tierschutzgesetz and the

European Directive 2010/63/EU.

4.1.1 Generation of Ackr2-/-B6lpr/Ipr mice

Ackr2-deficient mice were originally obtained from the laboratories of Dr. Massimo Locati
(Humanitas Clinical and Research Center, Rozzano, Italy) bred on a C57BL/6J background.
C57BL/6lpr/lpr mice were purchased from Charles River Laboratories and backcrossed with
Ackr2-/- mice. The first generation of offspring were heterozygous for both Ackr2 and the Ipr
mutation and again mated with each other. Homozygous mice of the F2 generation were born

at expected Mendalian ratios and were further crossbreed for the planned phenotype analysis.
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4.1.2 Plasma, urine and tissue collection

Blood samples were collected at the end of the study period. Samples were collected in micro
centrifuge tubes containing EDTA. Plasma was separated by centrifugation at 5500 g for 5
minutes and stored at -20°C for further measurements. Urine samples were collected at monthly
intervals and stored -20°C for further analysis. At the end of study, mice were sacrificed and
organ weights of lymph nodes and spleens were determined. Kidney, lung, lymph node and

spleen were harvested for histology analysis, flow cytometry, protein and RNA analysis.

4.2 Genotyping

For genotyping of mice, DNA samples were first isolated from the tip of the mouse tail. Gene

sequences were amplified by PCR and finally were evaluated in gel electrophoresis.
Genotyping was performed as follows:

Genomic DNA isolation: Tissue was placed in lysis buffer containing proteinase K at 55°C
under constant shaking for 3 hours until complete lysis was achieved. Incubation was stopped
for 45 minutes at 85°C to achieve complete heat inactivation of proteinase K. The genomic

DNA was eluted with a DNA kit as instructed by the manufacturer.

PCR: For lpr genotyping, 1 pl of the isolated DNA sample was mixed with 1 pl of each diluted
Fas forward, Fas reverse and Ipr reverse primers and a master mix of 2.5 ul of 10x PE buffer,
4.0 pl of 1.25 mM dNTPs, 5 ul of PCR optimizer, 0.2 pl of Taq polymerase and 9.3 ul of H2O
to a total volume of 25 pl. The master mix with ddH>O instead of added primers served as a
negative control. For Ackr2 genotyping, WT, heterozygous and homozygous mice were

examined with respective primers.

Gel electrophoresis: The obtained PCR products were evaluated using agarose gel
electrophoresis. The agarose gel was prepared by boiling 3 g of agarose in 150 ml 0.5x TBE
buffer, adding 7.5 ul ethidium bromide. The DNA fragments were separated by electrophoresis
according to length and were visualized under UV light (Figure 5).
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550kB

260kB

Figure 5: Genotyping of mice. (A) The length of the DNA fragment can be characterized using the
length standard in the left lane. The 521 kB band indicates the Ipr genotype. The wild type is indicated
by the band of 318 kB. (B) A solitary band at 260 kB indicated a wildtype and a 550 kB band indicated
an Ackr2 knockout genotype. The presence of both bands suggests a heterozygous genotype.

4.3 Urinary albumin to creatinine ratio

Urinary albumin

Urinary albumin levels were determined by an albumin ELISA kit from Bethyl laboratories
following the manufacturer ‘s instructions. In brief, the NUNC ELISA plate was coated with
100 pl capture antibody diluted in carbonate bicarbonate coating buffer (pH 9.6) and incubated
overnight at 4°C. On the next day the plate was washed 3 times with washing buffer and
blocked with blocking solution for 1 hour at room temperature. After blocking, the plate was
washed 3 times with washing buffer followed by addition of standards and diluted samples into
the respective wells, with subsequent incubated for 2 hours. Each well was washed again 3
times and incubated with diluted HRP-conjugated detection antibody for 1 hour. After
incubation, the plate was washed 10 times and tetramethylbenzidine (TMB) reagent was added
and incubated in the dark to develop color followed by addition of 100 ul of 2 N H>SO4. The
absorbance was read at 450 nm after the addition of stop solution, with a reference wavelength

of 620 nm using a spectrophotometer.
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Urinary creatinine, plasma BUN and creatinine determination

Urinary creatinine and plasma creatinine levels were determined with a Creatinine FS kit based
on Jaffe’s enzymatic reaction. Urine samples were diluted 10 times with ddH>O whereas
plasma samples were used undiluted. The standard samples in recommended concentrations
were prepared using the stock solution provided in the kit. Working reagent was prepared by
mixing 4 parts of reagent 1 (R1, sodium hydroxide) and 1 part of reagent 2 (R2, picric acid).
Subsequently, 10 pl of undiluted sample and standard were added to a 96-well plate with flat
bottom plate (Nunc maxisorb plate). 200 pl of working reagent was added to each well, and
after 1 minute of incubation, the absorbance of the reaction mixture was read immediately at
492 nm using an ELISA plate reader. The absorbance was measured again after 1 minute (A1)

and 2 minutes (A2) of additional incubation. The change in absorbance (A A) was defined as:
AA=[(A2 —Al) sample or standard] — [(A2 — A1) blank].
Creatinine concentration of samples was calculated as follows:

Creatinine (mg/dl) = AA sample /AA standard * Concentration of standard (mg/dl)

Plasma BUN levels were tested using the Urea FS kit from DiaSys Diagnostic System. Plasma
samples and prepared standard were added to a 96-well plate followed by immediate addition
of 200 pl working reagent. The reaction mixture was incubated for 1 minute before measuring
the absorbance at 360 nm, and again after 1 minute (A1) and 2 minutes (A2) using an ELISA

plate reader. The change in absorbance (A A) was calculated as:

AA=[(Al —A2) sample or standard] — [(A1l — A2) blank].

BUN concentrations of samples were calculated as follows:

Urea (mg/dl) = AA sample /AA standard * concentration of standard (mg/dl)

BUN (mg/dl) = Urea (mg/dl) * 0.467.

Urinary albumin to creatinine ratio (UACR)

Urinary albumin to creatinine ratios were calculated using albumin content of each sample
(mg/dl) divided by its creatinine concentration (mg/dl), and were expressed in mg/mg

creatinine.
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4.4 Histology and immunohistochemistry

Tissues harvested from all mice were placed in plastic histocassettes and immediately fixed in
10% formalin overnight. On the next day formalin-fixed tissues were processed with an
automatic tissue processor (Leica). Tissues were dehydrated by incubating in a series of
increasingly concentrated ethanol baths, followed by xylene to remove ethanol. Subsequently,
histocassettes were removed from the tissue processor and tissues were embedded in hot liquid
paraffin and solidified. These blocks were cooled down and later cut into 2-um sections for
subsequent staining or immunohistochemistry. The sections were deparaffinized using xylene
followed by incubation in a graded serious of ethanol (100%, 95%, 80% and 50%) and rinsed
with phosphate buffered saline (PBS). Periodic acid-Schiff (PAS) staining was performed

following routine protocols.

4.5 Immunohistochemistry

All immunohistochemistry staining was performed on 2 um thick paraffin-embedded sections.
Prior to antibody staining, the sections were incubated in a H>O> and methanol mixture (20 ml
30% H20: and 180 ml methanol) to block endogenous peroxidases, followed by washing with
PBS twice. To avoid non-specific binding and background staining, sections were pre-
incubated in 10% goat serum for 10 minutes. The following primary antibodies were used: rat
anti-Ly6B (dilution 1:100, clone7/4, BIO-RAD, CA, USA) for neutrophils, anti-CD3 (1:100,
clone 500A2, BD) for T cells, and anti-F4/80 (1:50, clone CI:A3-1, BIO-RAD, CA, USA) and
anti-ER-HR3 (1:50, clone ER-HR3, DPC Biermann, Bad Nauheim, Germany) for
monocytes/macrophages. Anti-mouse smooth muscle actin (1:100, clone 1A4, Dako,
Carpinteria, CA) was used to stain myofibroblasts. Negative controls were performed by
incubation with respective isotype antibodies instead of primary antibody. After incubation,
the sections were washed in PBS and labelled with secondary antibodies for 30 minutes.
Subsequently, sections were stained with 3°3’diaminobenzidine (DAB) and counterstained

with methyl green followed by washing with alcohol to remove excess stain and xylene.
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Histopathological evaluations

The severity of renal lesions was assessed using the activity and chronicity indices as described

for human lupus nephritis [159]. The following index was used analyzing PAS-stained renal

sections:
Activity index (0-24) Chronicity index (0-12)
Glomerular proliferation (0-3) x2 Glomerular sclerosis (0-3)
Cellular crescents (0-3) x2 Fibrous crescents (0-3)
Karyorrhexis /fibrinoid (0-3) Tubular atrophy (0-3)
necrosis
Leukocyte infiltration (0-3) Interstitial fibrosis (0-3)
Hyaline deposits (0-3)
Interstitial inflammation (0-3)

The severity of lung lesions was accessed in PAS-stained sections using an established semi-

quantitative method [160].

Score Lung peribronchiolar leukocyte
infiltration

0 None

1 3 cell layers in >50% of bronchi

2 3-6 cell layers in >50% of bronchi

3 > 6 cell layers in >50% of bronchi

4.6 Cytokine and SLE autoantibody ELISAs

Cytokines

Cytokine levels in plasma samples from mice or supernatants of in vitro cell stimulation
experiments were determined using ELISA kits according to the manufacturer’s instructions.
NUNC ELISA plates were coated with capture antibody in coating buffer and placed overnight
at 4°C. The plate was washed 3 times with washing buffer and blocked with reagent diluent for

a minimum of 1 hour at room temperature. After blocking the plate was washed 3 times. 100 pl
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of samples and standards diluted in appropriate diluent were added per well and incubated for
2 hours at room temperature. This was followed by washing for 3 times. Subsequently, HRP-
conjugated detection antibody was added to each well and incubated for 1 hour. The plate was
washed again for 3 times and incubated with freshly prepared TMB substrate solution in the
dark for 20 minutes. The reaction was stopped with 2 N H>SO4 and absorbance was determined

at the specified wavelength of 410 or 450 nm using a spectrophotometer.

Total IgG and isotype plasma levels

Quantification of plasma levels of IgG and its isotypes was performed with commercially
available ELISA kits (Bethyl Labs, Montgomery, TX, USA) using the following antibodies:
anti-mouse IgG, IgG1, IgG2a, IgG2b, IgG2c and [gG3. First, the NUNC maxisorp 96-well flat
bottom ELISA plate was incubated with diluted antibody for 1 hour at room temperature. After
incubation, the plate was washed 5 times and was blocked with blocking solution for 30
minutes. After blocking, diluted samples and standard were transferred to assigned wells and
were incubated for 1 hour. After washing the plate 5 times, wells were incubated with HRP
detection antibody for 1 hour. The plate was then developed by adding TMB substrate to each
well at room temperature in the dark for 15 minutes. The reaction was stopped by adding 2 N

H>SO4, and absorbance was read at 450 nm.

Anti-dsDNA antibody levels

For the detection of dsDNA antibodies in mouse plasma, plates were coated with 100 pl of
poly-L-lysine for 1 hour at room temperature. After washing the plate for 3 times with washing
buffer, sample wells were coated with dsSDNA (1 pg/ml) in SSC buffer. For standard samples,
wells were coated with total IgG antibody (1 pg/ml) with coating buffer. The plate was washed
5 times and 200 pl of assay diluent was added to each well and incubated for 30 minutes.
Standard dilutions and samples were pipetted into appropriate wells and incubated for 1 hour.
After washing the plate with washing buffer, 100 pl of secondary antibody was added and
incubated for 1 hour at room temperature. Five final washing steps were followed by TMB
substrate solution incubation in the dark for 15 minutes. The reaction was stopped with 2 N

H>S0O4 and absorbance was measured at 450 nm.
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Anti-histone antibody levels

NUNC ELISA plates were coated with 100 pl of histone solution (10 pg/ml) in coating buffer
overnight at 4 °C. On the next day the plate was washed 5 times with washing buffer and non-
specific binding was blocked with blocking solution for 90 minutes. Following washing, the
standard and samples were added into the respective wells and incubated at room temperature
for 1 hour. Subsequently, the plate was washed 10 times and the HRP-conjugated secondary
antibody was added. After washing the plate for 3 times, TMB substrate solution was added to
each well to develop color in dark. The reaction was stopped by addition of 2 N H2SO4. The

plate was read using an ELISA reader with a wavelength of 410 nm.

Rheumatoid factor levels

Plasma rheumatoid factor levels were quantified using a commercial ELISA kit (FUJIFILM,
Wako, Japan) according to the instruction manual. Briefly, plates were coated with diluted
capture antibody overnight at 4 °C. The 96 well plates were washed for 3 times and tap dried
on blotting paper. Samples and standard were diluted in required dilution and added in
respective wells and incubated for 2 hours at room temperature on a shaker. The plates were
washed for 3 times and then coated with TMB substrate in the dark without covering for 20
minutes. The reaction was stopped with 2 N H2SO4 and absorbance was measured at 450 nm

within 30 minutes.

Anti-Sm antibody levels

The NUNC ELISA plate wells were coated with Smith antigen at a dilution of 1:250 overnight
at 4 °C. Serum samples were applied at dilutions of 1:25 to 1:50. A horseradish peroxidase-
conjugated goat anti-mouse IgG was used as detection antibody at a dilution of 1: 50,000 in
assay diluent. 100 ul of TMB substrate solution was added and incubated for 15 minutes in the
dark followed by the addition of 2 N H>SOj4 to stop the color reaction. The absorbance was

measured at 450 nm within 30 minutes.
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4.7 RNA expression analysis

RNA isolation

Tissue samples from each mouse were preserved in RNA later immediately after tissue harvest
and stored at -20°C. Total RNA was isolated from tissues using PureLink RNA Mini Kit. In
brief, tissues were placed in 600 pl lysis buffer containing 1% p-mercaptoethanol and
homogenized with an electric homogenizer at 14,500 rpm for 30 s. The supernatants collected
after centrifugation at 5000 g for 5 minutes were mixed gently with an equal amount of 70%
ethanol. The whole mixture was then transferred to RNA columns and processed for RNA
isolation as instructed by the kit’s protocol. Isolated RNA was stored at -80°C for long-term
storage. The RNA was quantified and purity was determined by spectrophotometric
measurement of optical density (OD) at 260 nm and 280 nm using 2 pl of RNA sample.
260/280 nm OD ratios were calculated for each sample. Values of 2.0+0.2 were considered to
be of acceptable quality. If necessary, RNA integrity was additionally checked by denaturing
RNA gel electrophoresis. Electrophoresis was run at approximately 80 volts using running

buffer for 1 hour. The gel was visualized by UV lamp and documented.

cDNA synthesis and real-time RT-PCR

The isolated RNA samples were transcribed into cDNA using SuperScript II reverse
transcriptase. For a reaction size of 22.45 ul, RNA samples were diluted in RNAse-free
diethylpyrocarbonate (DEPC)-treated water to a concentration of 66.67 ng/ul in 15 pl and
added to RNase-free tubes. A master mix was prepared with reagents containing 4 pl of 5x first
strand buffer, 0.4 ul of 25 mM dNTP, 0.215 ul of hexanucleotide, 1 pl of 0.1 M dithiothreitol
(DTT), 0.5 pl of 40 U/ul RNasin, 0.25 pl of 15 pg/ml linear acrylamide, 0.435 pul of SuperScript
I reverse transcriptase or ddH>O in case of cDNA-free controls. The cDNA synthesis reaction
was carried out at 42 °C in a thermal shaker incubator for 90 min. The reaction was stopped
by incubating at 85°C for 5 minutes to inactivate the reverses transcriptase. The cDNA sample

was either directly used for real-time RT-PCR analysis or was stored at -20°C until use.

The synthesized cDNA samples were diluted in a 1:10 ratio with RNase-free water for the real-
time RT-PCR. 2 pl of diluted cDNA samples was placed in a 96-well PCR reaction plate, mixed
with 10 ul SYBR-Green mastermix, 0.6 pl forward and reverse primers of the specific genes,

respectively, 0.16 pl of TagMan polymerase and 6.64 ul of ddH>O. The plate was sealed,
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centrifuged briefly and placed in the LightCycler® 480. The protocol for RT-PCR were as
follows: The first incubation was carried out for 5 minutes at 95°C to guarantee complete
denaturation of cDNA. Subsequently, the template was amplified for 45 cycles, each cycle
comprising 15 seconds of incubation at 95°C followed by 1 min incubation at 65°C. All samples
were performed in duplicate, and negative controls contained no template cDNA. 18S rRNA
was used as a housekeeper gene for normalization. The CT values were recorded using the
LightCycler® 480 software and the results were evaluated with respect to the respective

housekeepers.

4.8 Flow cytometry

Preparation of murine spleen and lymph node cells

Spleens and lymph nodes were isolated from mice of all groups. Tissues were placed in pertri
plates containing 2-3 ml of ice-cold PBS. Subsequently, they were minced into fine pieces
using forceps. Cell suspensions were passed through a 70 um cell strainer and were carefully
transferred to a 15 ml Falcon tube, followed by centrifugation at 400 g at 4°C for 5 minutes.
For spleen cells the supernatant was discarded and the pellet was resuspended in pre-warmed
red blood cell (RBC) lysis buffer (0.3 M NH4Cl), with subsequent incubation at 37°C for 5
minutes. After centrifugation at 400 g the pellet was washed with ice-cold PBS followed by
centrifugation at 400 g for 5 minutes. Tissue was resuspended in cold PBS and passed through
70 pum cell strainers. After centrifugation, supernatants of spleen cell suspensions were
discarded and the pellets of spleen cells and previously obtained lymph node cells were

resuspended in ice-cold FACS buffer until further analysis.

Preparation of murine kidney cells

Kidneys were isolated from mouse and mechanically disrupted in pertri plates containing 2-3
ml of chilled Paris buffer. The tissue pieces were transferred into a Greiner tube filled with 10
ml Paris buffer using a syringe without cannula. Following centrifugation at 400 g, the
supernatant was poured off and the pellet was resuspended in 10 ml ice-cold HBSS (with Ca,
Mg) solution. After centrifugation and aspirating the supernatant, the cell suspension was
incubated in digestion buffer (collagenase + DNAse I in HBSS) at 37°C for 20 min with

occasional mixing in a water bath, followed by centrifugation at 400 g at 4°C for 5 minutes.
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The pellet was incubated in 5 ml of 2 mM EDTA in HBSS (without Ca, Mg) at 37°C for 20
min to stop the digestion. After centrifugation the supernatant was transferred to pre-cooled
Greiner tubes and was kept on ice. The remaining pellet was incubated again in collagenase
solution at 37°C for 20 min. The suspension was subsequently passed through 19-gauge, 26-
gauge and 30-gauge needles to break up remaining cell clusters and combined with the
previous supernatant stored in the Greiner tube. After centrifugation, the supernatant was
removed and the pellet was dissolved in FACS buffer and filtered through a 70 um cell strainer
followed by resuspension in 10 ml PBS. The cell suspension was centrifuged again at 400 g at

4°C for 5 minutes and was resuspended in FACS buffer until further analysis.

Analysis of cell populations in spleen, lymph node and kidney

The cell pellet obtained was resuspended in FACS buffer and non-specific binding sites on the
cell surface were blocked with a mixture of 5 pl of rat serum and 5 pl of mouse serum added
to 100 pl of cells. Then, cell suspensions were stained with different antibodies to detect
various cell populations (Table 5). Isotype controls were also used to compensate for the
spectral overlap of the fluorochromes. Flow cytometric acquisition was performed on BD
FACSCanto II (BD Biosciences, Heidelberg, Germany), and the raw data were analyzed using

Cellquest software (BD Biosciences).
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Table 5: Various leukocyte populations with the respective surface markers

T lymphocytes

Activated T lymphocytes
Regulatory T lymphocytes
Mature B lymphocytes
Marginal zone/Follicular B lymphocytes
Activated B lymphocytes
Plasma cells

Dendritic cells

Myeloid dendritic cells
Macrophages
Granulocytes

Inflammatory macrophages

CD45-PE, CD3-FITC, CD4-APC, CD8-PerCP
CD3-FITC, CD4-APC, CD8-PerCP, CD69-PE
CD3-FITC, CD4-APC, CD25-PerCP

B220-PE, IgM-APC, IgD-FITC

B220-FITC, CD21-APC, CD23-PE

CD45-APC, B220-PE, CD19-PerCP, CD69-FITC
B220-FITC, K light chain-PE, CD138-APC
CD45-FITC, CD11¢-PE, CD4-APC, CD8-PerCP
CD11¢-APC, CD40-FITC, MHCII -PE

CD45-APC, CD11b-PerCP, F4/80-FITC, MHC I[ -PE
CD45-APC, CD11b-PerCP, CD11¢-PE, Ly6G-FITC
CD45-APC, CD11b-PerCP, CD11¢-PE, Ly6C-FITC
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4.9 In vitro experiments

Magnetic cell sorting technique for compartment-specific isolation of renal cells

For separation of kidney tissue compartments the paramagnetic isolation method according to
Takemoto et al. was used [161]. Briefly, anesthetized mice were sacrificed by cervical
dislocation. The abdominal wall and chest were cut open by a longitudinal incision to expose
liver and heart. After cutting open the inferior vena cava below the right cardiac atrium, the
left cardiac ventricle was punctured. Using a pressure-controlled perfusion device filled with
40 ml of pre-warmed PBS and 200 pl of blocked Dynabeads, the beads were slowly injected
into the left cardiac ventricle. Successful perfusion was indicated by pale discoloration of
kidneys and liver. After completion of perfusion, organs were harvested, kidneys were minced
into 1 mm?® pieces and digested with collagenase A (1 mg/ml dissolved in HBSS) for 30
minutes at 37°C. Under these conditions, Bowmann's capsule of glomeruli and
tubulointerstitial tissue is digested, but the glomerular tuft with embolized paramagnetic
Dynabeads within glomerular capillaries remains intact. The digested tissue was gently pressed
through a 100 um cell strainer and transferred into a 15 ml tube placed in the magnetic particle
concentrator. Tissue was washed 5 times to obtain a pure glomerular fraction retained in the
tube due to embolized paramagnetic Dynabeads in the intact glomeruli. The first wash
contained tubular fragments and tubulointerstitial cells, the second wash contained
predominantly tubular fragments. After 3 further washes a purity of 95%-98% of the isolated
glomerular fraction was achieved when analyzing tissue fragments under the microscope

(Figure 6).

A B

Figure 6: Microscopic view of separated renal tissue compartments after perfusion with magnetic
beads. (A) Tubulointerstitial fraction. (B) Glomerular fraction.
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In vitro stimulation of glomeruli and tubulointerstitial tissue

Separated tissue compartments were cultured in Roswell Park Memorial Institution (RPMI)
1640 medium supplemented with 15% fetal calf serum (FCS), 15 mM HEPES, 0,66 U/ml
insulin and 100 U/ml penicillin containing 100 pl streptomycin. Plates were incubated in a 37°C
incubator for 24 hours. After incubation the media was separated from the tissue pellet by
centrifuging it at 400 g for 5 minutes. The pellet was suspended with FCS/PS free RPMI-1640
and the number of glomeruli was counted under the microscope using a Neubauer chamber
after suitable dilution. A total of 12,500 glomeruli and 100 pl tubulointerstitial cell suspensions
standardized to a protein content of 0.5 mg/ml were stimulated with recombinant murine TNF
(50 ng/ml) or PBS for 24 hours at 37°C. After centrifugation the supernatant was collected and
stored at -20°C until ELISA measurement.

Bradford protein assay

Protein content of the tubulointerstitial tissue samples were determined using the Bradford
assay. Briefly, 10 pl each of tubulointerstitial sample and serial dilutions of standard was added
into the respective wells, 200 ul Bradford reagent was mixed with the samples and then
incubated at room temperature for at least 5 minutes. The absorbance was read at 595 nm using

a spectrophotometer.

4.10 Statistical analysis

All statistics were performed using Prism 8.0 software (GraphPad Software, San Diego, CA).
Ilustrations were created with Biorender (https://biorender.com/). Data are presented as mean
+ SD. Prior to statistical analysis, data were checked for the Shapiro-Wilk normal distribution
test and homoscedasticity test (equality of variance). For more than two datasets, the normally
distributed and homoscedastic datasets were tested for statistical differences by one-way
analysis of variance (ANOVA). The post hoc Tukey test was applied for multiple comparisons.
Nonnormally distributed datasets were tested for statistical significance by Kruskal-Wallis test
and post hoc Dunn test for multiple comparisons. A p value < 0.05 was considered as statistical

significance.
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5. Results

5.1 Ackr2-dependent chemokine scavenging in tubulointerstitial tissue of B6 Ipr kidneys

and increased renal Ackr2 expression in B6lpr mice with lupus nephritis

The potential ability of ACKR2 to limit renal inflammation and injury in lupus nephritis of
B6lpr mice was first explored in vitro using glomeruli and tubulointerstitial tissue isolated from
WT-B6lpr and Ackr2-/-B6lpr mice. Untreated glomeruli and tubulointerstitial tissue of both
genotypes showed minimal and comparable secretion of the pro-inflammatory chemokine
CCL2 into supernatants. Inflammatory stimulation with TNF-o for 24 hours increased
production of CCL2 by Ackr2-deficient tubulointerstitial cells, but not glomeruli (Figure 7).
These results are consistent with reduced Ackr2-dependent degradation of chemokines in the
tubulointerstitial compartment. The restriction of ACKR2 effects to the tubulointerstitial tissue
fraction also correlates with the known parenchymal expression of renal ACKR2 in the

interstitial lymphatic endothelium, which is not present in glomeruli.
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Figure 7: Compartment-specific CCL2 release in renal tissue isolated from WT- and Ackr2-/-
Bé6lpr mice. Glomeruli (25,000/ml) and tubulointerstitial tissue (standardized using protein content
analysis) were isolated and stimulated with 50 ng/ml TNF for 24 hours in cell culture. Supernatants
were collected to determine CCL2 concentration. Concentration of CCL2 in unstimulated (Control) and
TNF-stimulated (A) glomerular and (B) tubulointerstitial tissue of WT- and Ackr2-/-B6lpr mice are
shown. **p<0.01; n.s. not significant.
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Furthermore, mRNA expression analysis demonstrated that renal Ackr2 expression was
induced by 4.3-fold in female WT-B6lpr mice at week 28 of age compared to age-matched
healthy B6 WT controls without the Ipr mutation. No expression was detected in Ackr2-/- mice
(Figure 8).
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Figure 8. Ackr2 mRNA expression in B6lpr mice at week 28 of lupus nephritis. nRNA expression
levels of Ackr2 were determined in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and
Ackr2-/-B6élpr mice. ***p<0.001; n.s. not significant.

Together, these results suggested a potential anti-inflammatory effect of ACKR2 in lupus
nephritis, and exacerbated renal injury when ACKR?2 activity is blocked or genetically absent.
As no specific ACKR2 antagonists are currently available this was further investigated in vivo
by comparing the spontaneous phenotype of female Ackr2-deficient B6lpr mice with WT

littermates until week 28 of age.

5.2 Effects of Ackr2 deficiency on survival rate and body weight of B6lpr mice

Female WT-B6lpr and Ackr2-/-B6lpr mice were followed-up for 28 weeks to characterize
spontaneous development of their lupus-like autoimmune phenotype and inflammatory organ
injury. Age-matched female WT and Ackr2-/- B6 mice without the lpr mutation served as

controls.
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Mouse survival rate was determined throughout the experiment. Two out of 15 mice died in
the WT-B6lpr group and one mouse out of 16 mice died in the Ackr2-/-B6lpr group until week
28, while all WT and Ackr2-/- control mice without the Ipr mutation survived until week 28.
Mortality was not significantly different between the WT-B6lpr group and the Ackr2-/-B6lpr
group, with a p=0.47 (Figure 9A).

Body weight was monitored every 4 weeks (Figure 9B). Although the body weight of all strains
continued to increase progressively during 28 weeks, healthy WT mice had a lower body
weight than the other three groups. However, at 28 weeks of age Ackr2-/-B6lpr mice had
similar body weights compared to their WT-B6lpr counterparts, indicating that Ackr2-

deficiency had no effect on body weight in lupus-prone B6lpr mice.
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Figure 9: Effect of Ackr2 deficiency on survival rate and body weight. (A) Kaplan-Meier survival
curves. Kaplan-Meier survival curves were compared with Mantel-Cox test. N=10 in wildtype (WT)
group, N=8 in Ackr2-/- group, N=15 in WT-B6lpr group and N=16 in Ackr2-/-B6lpr group. (B) Body
weight. *p<0.05.

5.3 Effect of Ackr2 on renal function and injury in B6lpr mice

To evaluate excretory kidney function in WT-B6lpr and Ackr2-/-B6lpr mice plasma creatinine
and blood urea nitrogen (BUN) levels were measured. At the age of 28 weeks, mice of both
genotypes showed no statistically significant differences in plasma creatinine and BUN levels,
and these were also comparable to WT and Ackr2-/- control mice without the Ipr mutation
(Figure 10A). Albuminuria as a functional marker of glomerular injury was measured in spot
urine samples of WT-B6lpr and Ackr2-/-B6lpr mice at regular intervals until week 28.
Albuminuria was expressed as urine albumin to urine creatinine ratios. WT- and Ackr2-/-B6lpr
mice displayed a normal range of albumin to creatinine ratios (ACR) until the end of the study

(Figure 10B, C).
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Figure 10: Effect of Ackr2 deficiency on renal functional parameters and injury. (A) Plasma
creatinine and BUN levels at 28 weeks of age. (B) The concentration of albumin and creatinine in spot
urine were measured by ELISA and Jaffe method, respectively, and albuminuria was quantitated by
calculating the urinary albumin to creatinine ratio (UACR). (C) UACR at 28 weeks of age. (D) Kidney
mRNA expression of the tubular injury markers KIM-1 and NGAL was measured by real-time
quantitative PCR. BUN, blood urea nitrogen; KIM-1, kidney injury marker-1; NGAL, neutrophil
gelatinase-associated lipocalin. ***p<0.001; n.s. not significant.
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This analysis of functional data suggests that WT-B6lpr mice until week 28 of life develop only
mild renal injury without significant impairment of renal functional parameters. Unlike
previous data obtained in the nephrotoxic serum nephritis model of immune complex
glomerulonephritis [140] no increased functional renal impairment in Ackr2-deficient B6lpr

mice could be detected.

To further investigate possible tubulointerstitial injury renal mRNA expression of the tubular
injury markers KIM-1 and NGAL was measured. Compared with age-matched WT and
Ackr2-/- control mice without Ipr mutations higher renal mRNA expression of these tubular
injury markers was present in WT-B6lpr and Ackr2-/-B6lpr mice at week 28 (Figure 10D).
However, Ackr2 deficiency did not affect the degree of tubular injury in B6lpr mice, as
evidenced by similar increases seen in renal mRNA expression of KIM-1 and NGAL in the

WT- and Ackr2-/-B6lpr group.

Moreover, by 28 weeks of age WT-B6lpr mice developed diffuse proliferative
glomerulonephritis with the presence of mesangial cell proliferation and glomerular
hypercellularity, as revealed by histology of PAS-stained kidney sections (Figure 11A).
Histology showed comparable glomerular injury between WT-B6lpr and Ackr2-/-B6lpr mice,
as demonstrated by similar activity and chronicity indices for lupus nephritis after
morphometrical assessment (Figure 11B). Similarly, glomerular deposition of murine IgG did
not reveal significant differences in both genotypes while almost no IgG deposition was

detected in the WT and Ackr2-/- control mice (Figure 12).

Taken together, these results demonstrate that B6lpr mice develop lupus nephritis with mild
glomerular and tubular injury until week 28, but this renal injury is not altered by Ackr2
deficiency. In particular, unlike Ackr2-/- mice with nephrotoxic nephritis [ 140] Ackr2-deficient

B6lpr mice do not present with exacerbated immune complex-mediated glomerulonephritis.
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Figure 11: Effect of Ackr2 deficiency on renal histopathology of B6lpr mice. (A) Renal sections of
28 weeks old mice from all groups were stained with periodic acid-Schiff (PAS) reagent. Representative
images of glomeruli (original magnification x400) and interstitium (original magnification x200) from
wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice are shown. (B) The
lupus nephritis activity and chronicity indices were determined by semiquantitative scoring on PAS-
stained sections from 28 weeks age old mice from all mice strains. ***p<0.001; n.s. not significant.
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Figure 12: Effect of Ackr2 deficiency on glomerular IgG deposition. (A) Renal sections were stained
for deposited murine IgG. Representative images of glomeruli from wildtype (WT) and Ackr2-/- control
mice, and WT-B6lpr and Ackr2-/-B6lpr mice are shown. Original magnification x400. (B)
Quantification of murine IgG deposition in glomeruli. Results were presented as the percentage of IgG
positive area in relation to glomerular tuft area. ***p<0.001; n.s. not significant.

5.4 Effect of Ackr2 deficiency on renal leukocyte infiltration and inflammation

Immune cells infiltration exacerbates renal injury in lupus nephritis. Pro-inflammatory
chemokines like CCL2, which may locally be scavenged and degraded by ACKR2, mediate
the recruitment of leukocytes into nephritic kidneys, most prominently T cells and mononuclear
phagocytes. To further investigate whether Ackr2 deficiency was correlated with increased
renal inflammatory cell infiltrates in B6lpr mice, renal leukocyte subsets were quantified by

flow cytometry in kidneys at week 28.

In comparison to WT and Ackr2-/- control mice B6lpr mice of both genotypes revealed
increased renal leukocyte infiltrates (Figure 11). Moreover, Ackr2-deficient B6lpr mice
showed significantly increased numbers of CD3+CD4+ T cells and CD19+ B cells, including
the activated CD69+CD19+ B cell subset in the kidneys. In contrast, numbers in WT- and
Ackr2-/-Bélpr mice were not different for CD11b+ mononuclear phagocytes, CD11b+Ly6G+
neutrophils, CD11b+Ly6C"#" inflammatory macrophages, CD11b+CDIlc+ DCs and
CD3+CD4-CD8-autoreactive T cells (Figure 13).
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Figure 13: Effect of Ackr2 deficiency on renal leukocyte infiltrates in B6lpr mice at week 28 of
lupus nephritis. Flow cytometry was applied to quantify (A) total leukocyte numbers and T cell subsets,
(B) B cells, (C) mononuclear phagocytes, Ly6G+ granulocytes, Ly6C"¢" inflammatory macrophages,
DCs in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice. *p<0.05;
**p<0.01; ***p<0.001; n.s. not significant.
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Flow cytometric analysis was confirmed by immunohistochemistry, which allowed for
additional compartment-specific evaluation of renal leukocyte infiltration. Consistent to the
flow cytometry results numbers of glomerular and tubulointerstitial CD3+ T cells and Ly6G+
neutrophils, as well as tubulointerstial ER-HR3+ or F4/80+ macrophages increased in WT- and
Ackr2-/-B6lpr mice with lupus nephritis compared to respective controls without the Ipr
mutation (Figure 14). Moreover, a significant increase in tubulointerstitial, but not glomerular
infiltration of CD3+ T cells was observed in Ackr2-/-B6lpr mice compared to WT-B6lpr
littermates. In contrast, neutrophil and macrophage infiltrates were comparable between the

two B6lpr groups as shown by flow cytometry (Figure 14).

Thus, Ackr2 deficiency in B6lpr mice increased tubulointerstitial T and B cells, but not
neutrophil or macrophage infiltration into injured kidneys. However, this was not associated

with more severe renal injury in Ackr2-/-B6lpr mice.
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Figure 14: Compartment-specific analysis of renal leukocyte infiltration in Bé6lpr mice at week 28
of lupus nephritis. (A) Renal sections were stained with antibodies for CD3 (lymphocytes), Ly6G
(granulocytes), and ER-HR3 and F4/80+ (macrophages). Representative images of glomeruli (original
magnification x400) and interstitium (original magnification x200) from wildtype (WT) and Ackr2-/-
control mice, and WT-B6lpr and Ackr2-/-B6lpr mice are shown. (B) Morphometric quantification of
immunochemistry staining. ***p<0.001; n.s. not significant.
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To analyze whether increased renal lymphocyte infiltrates in Ackr2-deficient B61pr mice would
correlate with more severe renal inflammation, renal expression of inflammatory mediators
was investigated. First, renal CCL2 protein content was determined in WT and Ackr2-/- control
mice, and in WT- and Ackr2-/-B6lpr mice at week 28 of age. Compared to WT-B6lpr mice a
trend towards increased CCL2 protein levels in Ackr2-deficient B6lpr kidneys could be
detected, although differences between analyzed groups did not reach statistical significance

(Figure 15).
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Figure 15: Renal CCL2 protein content in B6lpr mice at week 28 of lupus nephritis. Renal protein
levels of CCL2 were determined in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and
Ackr2-/-Ipr mice.

The mRNA expression of inflammatory chemokines, cytokines (Figure 16) as well as M1 and
M2 macrophage markers (Figure 17) in healthy WT and Ackr2-/- control mice was comparable,
but increased in B6lpr mice of both genotypes with lupus nephritis at week 28. However, all
analyzed inflammatory mediators were similarly expressed in WT- and Ackr2-/-B6lpr mice,

with the exception of a reduced expression of iNOS in Ackr2-deficient B6lpr kidneys (Figure
17).
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Figure 16: Effect of Ackr2 deficiency on renal mRNA expression of inflammatory markers in
Bo6lpr mice at week 28 of lupus nephritis. Renal mRNA expression of (A) pro-inflammatory
chemokines CCL2, CCLS5 and CXCL10 and (B) the cytokine TNFa and its receptors TNFR1 and
TNFR2 in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice. TNF,
tumor necrosis factor. ***p<0.001; n.s. not significant.
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Figure 17: Effect of Ackr2 deficiency on renal mRNA expression of macrophage markers in Bélpr
mice at week 28 of lupus nephritis. (A) Expression of M1 macrophage markers and (B) M2
macrophage markers in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr
mice. IFN, interferon; iNOS, inducible nitric oxide synthase; IL, Interleukin; MSR, macrophage
scavenger receptor; Arg, arginase; MRC, mannose receptor; FIZZ-1, resistin-like molecule al.
*#%p<0.001; n.s. not significant.
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In summary, these findings suggest that Ackr2 deficiency, despite promoting renal lymphocyte
accumulation, did not lead to more severe renal inflammation in B6lpr mice. Furthermore, lack
of Ackr2 did apparently not result in substantially reduced chemokine scavenging activity as
CCL2 protein content was only non-significantly increased in kidneys of Ackr2-/-B6lpr mice.
Apparently, loss of the chemokine scavenging activity of Ackr2 in kidneys of Ackr2-/-B6lpr
mice could be compensated by alternative mechanisms, indicating a redundant role of Ackr2

in this lupus nephritis model.

5.5 Effect of Ackr2 deficiency on renal fibrosis

Persistent renal inflammation will lead to renal fibrosis, which is also a hallmark of lupus
nephritis and an important prognostic marker for development of chronic renal functional
impairment. An increased number of a-smooth muscle actin (SMA)-positive myofibroblasts
contribute substantially to tissue fibrosis. Therefore, a-SMA staining was used to analyze the
extent of kidney fibrosis. As shown in Figure 18A, in addition to physiological staining of
arterial vessel walls a-SMA positive cells were mainly located in the tubulointerstitial area.
However, a-SMA staining was comparable between healthy control and B6lpr mice and was
not different in the respective Ackr2-deficient groups (Figure 18B). In contrast, compared to
the WT and Ackr2-/- controls renal mRNA expression of extracellular matrix components and
markers of fibrotic remodeling including procollagen 1, procollagen 4, fibronectin, laminin,
transforming growth factor-p (TGF-P), connective tissue growth factor (CTGF), and the
fibroblast marker a-SMA and the fibrosis-associated monocytic marker fibroblast-specific
protein 1 (FSP-1) significantly increased in WT- and Ackr2-/-B6lpr mice, but was not different
between these genotypes (Figure 18C).

62



Results

(@)

mRNA/18S rRNA (x10)

mRNA/18S rRNA (x106)

B6 Ackr2-/-
; (‘.%
e Ny o ‘ |
4 ; o . B n.s.
. X s
< J%. ) ~ oS n.s.
- jé.,,, T e n.s
: 5 ; Q = o
- £ 3 g X
3 i / < "
< S 4=
Ay « 5 1.0 =
R (]
] °
B6lpr Ackr2-/-lpr &
- +
: : g 0.5 o
§
N @(4 : %
8 V5 R 4
L °
) ~a 0.0
7 ~ 3 T T T T
~ /- i ’
3 ~&. \ N ,(\ cQ é& & \Q‘ \Q‘
) P G SRy < O O
z e { F L ®
> v &
1 vs:
Procollagen1 Procollagen4 Fibronectin Laminin
Sokok ki * sk
- ok Lill 800+ ns. 1500 —.
A0 n.s. 6000~ L5 n.s. ns
L ] -
3000-] " 600+ . 1000-] ..
4000
u
2000 oy =S 400-
g L
500 u
1000- B “0003 200 2 iﬁ ﬁ
0- . ) oL 2 ﬁﬁ:J T T Y T T T T 0 T T T T
X $ . - S ¢ NS
& & S Ry & o &8 & ‘5'\:\ o & ‘g\:\ o
¥ ¢<\, 0\ o 32 » ¥ Q ‘V\' 3 Q N
o & & & MR
* YO vs& vs;
TGF-8 CTGF a-SMA FSP-1
Fokok sk sk koK
ek 5 k% kokk e ek
000 n.s 8000~ n.s. 6000+ ns. 00 n.s
° " L
o o " m °
6000 )
1500+ ]
4000 ° 400+ -
1000 4000+ s
= 2000 200
500 2000 L ﬁ ™
[
-~ bt T T T -*: T T T T - T | T T
@ {VY ,b\Q( @BQ‘ ¢<‘ {V\ 3 G.Q* o < «'V\ &»\Q‘ QPQ‘
vg" N vg’»" L X & @'0 oy
&£ e &

Figure 18: Effect of Ackr2 deficiency on markers of renal fibrosis in B6lpr mice at week 28 of
lupus nephritis. (A) Renal accumulation of myofibroblasts was analyzed by o-SMA staining.
Representative images of renal sections from wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr
and Ackr2-/-B6lpr mice are shown. Original magnification x200. (B) Morphometric quantification of
a-SMA staining. Results are presented as the ratio of a-SMA positive area per total area of the renal
section. (C) Renal mRNA expression of the fibrosis-associated markers procollagen 1, procollagen 4,
fibronectin, laminin, TGF-B, CTGF, a-SMA, and FSP-1, and was analyzed in WT and Ackr2-/- healthy
control and B6lpr mice. TGF-, transferring growth factor; CTGF, connective tissue growth factor; a-
SMA, a-smooth muscle actin; FSP-1, fibroblast-specific protein 1. *p<0.05; ***p<0.001; n.s. not
significant.
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Taken together, these results show that Ackr2 deficiency did not affect the extent of renal
fibrosis in B6lpr mice with lupus nephritis at week 28, being consistent with comparable renal

inflammation in WT- and Ackr2-/-B6lpr mice.

5.6 Effect of Ackr2 deficiency on autoimmune lung disease

Next to lupus nephritis SLE can lead to tissue injury in a variety of organs, and lung injury is
one common manifestation in SLE. B6lpr mice developed significant autoimmune lung disease
at week 28 of age, with marked peribronchial inflammation. Semiquantitative assessment of
PAS-stained tissue sections demonstrated a significantly worsened lung injury score of 0.97 =
0.72 in Ackr2-/-B6lpr mice compared to 0.38 +0.48 in WT-B6lpr mice, while lung pathology
was absent in age-matched healthy WT and Ackr2-/- control mice (Figure 19). Of note, next to
peribronchal T cell infiltrates no other parenchymal lung injury, e.g. alveolitis or interstitial
fibrosis could be detected in WT- or Ackr2-/-B6lpr mice. Immunohistochemistry revealed
significantly increased numbers of peribronchial and perivascular CD3 T cells infiltrates in
Ackr2-/-Bélpr mice, whereas numbers of pulmonal granulocytes and ER-HR3 positive
macrophages were comparable to WT-B6lpr mice (Figure 20).
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Figure 19: Effect of Ackr2 deficiency on autoimmune lung disease. (A) Representative images of
PAS-stained lung sections from wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and
Ackr2-/-Bélpr mice at 28 weeks are shown. Original magnification x50. (B) Lupus lung disease score
as assessed by semiquantitative morphometric analysis. PAS, periodic acid-Schiff. *p<0.05;
*#%p<0.001; n.s. not significant.
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Figure 20: Effect of Ackr2 deficiency on lung leukocyte infiltration. Lung section of wildtype (WT)
and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice at 28 weeks were stained with
antibodies for CD3 (lymphocytes), Ly6G (granulocytes), and ER-HR3 (macrophages), and
Representative images of lung sections from each group are shown. Original magnification x200. (B)
Quantification of immunochemistry staining. *p<0.05; **p<0.01; n.s. not significant.

As increased pulmonary T cell recruitment in Ackr2-deficient B6lpr mice may be mediated by
reduced Ackr2-dependent chemokine scavenging and aggravated inflammation the extent of
pulmonary inflammation in WT- and Ackr2-/-B6lpr mice was compared. However, pro-
inflammatory chemokine CCL2 levels in lung tissue were not significantly different between
the two genotypes, despite significantly induced mRNA expression of Ackr2 in WT-B6lpr
mice compared to healthy WT controls (Figure 21). Moreover, mRNA expression of the
chemokines CCL2, CCLS5, CCL12, CXCL10 and the CCL2 receptor CCR2, inflammatory
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cytokines like TNFa and its receptors (Figure 22) as well as M1 and M2 macrophage markers
(Figure 23) were comparable between WT- and Ackr2-/-B6lpr mice, despite increased
expression of several of these inflammatory mediators in B6lpr mice compared to their healthy

counterparts, like CCL5, CCL2, CXCL10, CCR2, iNOS and MSR-1.

In summary, these results revealed that more severe autoimmune lung injury due to increased
pulmonary T cell infiltrates is present in Ackr2-/- mice, although Ackr2 deficiency did not
promote pulmonary accumulation of neutrophils or macrophages in B6lpr lupus mice. The
latter correlated with comparable CCL2 tissue levels and expression of inflammatory mediators
in WT- and B6lpr mice. Thus, similar to renal pathology, loss of the chemokine scavenging

activity of Ackr2 in lungs of Ackr2-/-B6lpr mice model could be compensated by alternative

mechanisms.
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Figure 21: Pulmonary CCL2 protein content and Ackr2 mRNA expression in B6lpr mice at week
28 of age. (A) Lung protein levels of CCL2 were determined in wildtype (WT) and Ackr2-/- control
mice, and WT-B6lpr and Ackr2-/-B6lpr mice. (B) Pulmonary Ackr2 mRNA expression in B6lpr mice
at week 28. mRNA expression levels of Ackr2 were determined in WT and Ackr2-/- control mice, and
WT-B6lpr and Ackr2-/-B6lpr mice. *p<0.05; ***p<0.001; n.s. not significant.
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Figure 22: Effect of Ackr2 deficiency on pulmonary expression of inflammatory markers. (A)
mRNA expression of pro-inflammatory chemokines CCL2, CCL5, CCL12, CXCL10 and chemokine
receptor CCR2 and (B)TNFa and its receptors TNFR1 and TNFR2 in wildtype (WT) and Ackr2-/-
control mice, and WT-B6lpr and Ackr2-/-B6lpr mice. *p<0.05; **p<0.01; ***p<0.001; n.s. not
significant.
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Figure 23: Effect of Ackr2 deficiency on pulmonary mRNA expression of macrophage markers
in B6lpr mice at week 28 of age. (A) Expression of M1 macrophage markers and (B) expression of
M2 macrophage markers was analysed in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and
Ackr2-/-B6lpr mice. IL, Interleukin; iNOS, inducible nitric oxide synthase; MRC, mannose receptor;
FIZZ-1, resistin-like molecule al; Arg, arginase; MSR, macrophage scavenger receptor. **p<0.01;
*#%p<0.001; n.s. not significant.
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5.7 Effect of Ackr2 deficiency on plasma CCL2 levels

To further investigated potential systemic effects of Ackr2 deficiency plasma CCL2 levels
were determined in WT-B6lpr and Ackr2-/-B6lpr mice and compared to healthy controls at 28
weeks age. Plasma CCL2 concentration was significantly higher in Ackr2-/-B6lpr mice
compared to Ackr2-/- control mice, and a similar trend was also observed for WT-B6lpr mice
when compared to control WT mice (Figure 24). This is consistent with previous studies that
reported a significant increase in CCL2 in lupus disease [162]. Moreover, CCL2 levels were
significantly higher in Ackr2-/-B6lpr mice compared to WT-B6lpr littermates. Thus, this data
suggests that increased T cells accumulation in kidneys and lungs could be mediated by

elevated systemic level of CCL2 in Ackr2-/-lpr mice [122].
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Figure 24: Plasma concentration of the pro-inflammatory chemokine CCL2. Plasma CCL2 levels
were determined in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice
at 28 weeks of age. ***p<0.001; n.s. not significant.

69



Results

5.8 Effect of Ackr2 deficiency on splenomegaly and lymphadenopathy

Next, potential effects of Ackr2 deficiency on systemic autoimmune activity were investigated.
Due to the lpr mutation a prominent clinical feature of lupus-like disease in B6lpr mice is a
lymphoproliferative syndrome with splenomegaly and lymphadenopathy. Ackr2 mRNA
expression levels in spleens were found to be significantly increased in WT-B6lpr mice with
SLE compared to healthy control WT mice (Figure 25). Therefore, spleen size and total lymph
node weight were analyzed in WT and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-lpr
mice to detect any effect of Ackr2 deficiency on lymphroliferative disease in the Bo6lpr
background. As shown in Figure 26A, female WT- and Ackr2-/-B6lpr mice both developed a
lymphoproliferative syndrome characterized by significantly enlarged spleen and lymph nodes
However, spleen weight and total lymph node weights were comparable in WT-B6lpr and
Ackr2-/-Bé6lpr mice (Figure 26B-C). Thus, despite induced Ackr2 expression in B6lpr spleens
Ackr2 deficiency did not affect the degree of lymphoproliferation in B6 Ipr lupus mice.
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Figure 25: Spleen Ackr2 mRNA expression in B6lpr mice at week 28. mRNA expression levels of
Ackr2 were determined in wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr
mice. ***p<0.001; n.s. not significant.
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Figure 26: Effect of Ackr2 deficiency on lymphoproliferation. (A) Representative images of mice
and spleens of wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice at 28
weeks of age are shown. (B) Spleen and (C) total lymph node weights of all groups. ***p<0.001; n.s.
not significant.

5.9 Effect of Ackr2 deficiency on lupus autoantibody levels and B cell expansion

The formation of anti-nuclear autoantibodies represents a crucial element in the pathogenesis
of SLE and lupus nephritis. Therefore, the effect of the Ackr2 genotype on lupus autoantibody
production was evaluated. At 28 weeks of age, plasma levels of total IgG and IgGl isotype
significantly increased in WT- and Ackr2-/-B6lpr mice compared to their respective healthy
WT and Ackr2-/- controls. However, total IgG and all IgG isotype levels were comparable in
WT- and Ackr2-/-B6lpr mice, demonstrating unaltered humoral immune activity in Ackr2-
deficient B6lpr mice (Figure 27A). In regards to specific anti-nuclear autoantibodies, plasma
levels of dsDNA autoantibodies, anti-histone antibodies, rheumatoid factor (RF) and Smith
autoantibodies increased in B6lpr mice but were also comparable between WT- and Ackr2-/-

Bo6lpr mice (Figure 27B).
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Figure 27: Effect of Ackr2 deficiency on plasma levels of total IgG, IgG isotypes and lupus
autoantibody production. Wildtype (WT) and Ackr2-/- control mice, and WT and Ackr2-/- B6lpr
mice were bled at the end point of the study to determine plasma levels of (A) total IgG and IgG isotypes
and (B) various lupus autoantibodies including dsDNA autoantibodies, anti-histone antibodies,
rheumatoid factor, and anti-Smith antibody by ELISA. **p<0.01; ***p<0.001; n.s., not significant.
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Consistent with the similar levels of circulating lupus autoantibodies, flow cytometry did not
reveal any differences in total numbers of various B cell subsets and plasma cells in spleens of
WT-B6lpr and Ackr2-/-B6lpr mice, although most of these cells were increased in both B6lpr
genotypes compared to healthy controls (Figure 28A). Leukocyte subtypes investigated
included total number of B cells, transitional B cells, mature B cells, follicular B cells, marginal
zone B cells, and plasma cells. Similar results were obtained when the total number of B cells
and plasma cells was determined in lymph node tissue, with the exception of significantly lower

numbers of plasma cells in lymph nodes of Ackr2-/- B6lpr mice (Figure 28B).

Together, this data suggests that Ackr2-deficiency in B6lpr mice did not substantially alter
systemic humoral autoimmune responses indicated by comparable SLE autoantibody levels in
WT- and Ackr2-/-B6lpr mice. In addition, B cell numbers were not significantly affected,
although in lymph nodes plasma cells significantly decreased in the Ackr2-/-B6lpr group.
However, with comparable plasma cell numbers in spleens the latter did apparently not affect
systemic humoral autoimmune activity and the production of autoantibodies that cause immune

complex glomerulonephritis in SLE.
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Figure 28: Effect of Ackr2 deficiency on numbers of B cell subsets in spleen and lymph nodes. (A)
Spleen B cell subsets and (B) lymph node B cell subsets were quantitated by flow cytometry identifying
B220+ IgM+ transitional B cells, B220+ IgM+ IgD+ mature B cells, B220+ CD21"¢" CD23"" marginal
zone B cells, B220+ CD21"Y CD23"e" follicular B cells, and B220+ CD138+ plasma cells. *p<0.05;
**p<0.01; ***p<0.001; n.s., not significant.
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5.10 Effect of Ackr2 deficiency on the accumulation and activation of dendritic cells and

macrophages

ACKR?2 has been described to facilitate the migration of antigen-presenting cells to draining
lymph nodes for effective T cell priming by reducing pro-inflammatory chemokine
concentrations in draining lymphatic capillaries [163]. Therefore, flow cytometry was
performed to quantify DC subsets and characterize their activation state in spleens and lymph
nodes harvested from WT and Ackr2-/- control mice, WT-B6lpr mice, and Ackr2-/-B6lpr mice
at 28 weeks of age. Total numbers of DCs and several DC subsets were significantly higher in
WT- and Ackr2-/-B6lpr spleens compared to respective healthy control mice, but were not
significantly different (Figure 29A). Consistent with this finding mRNA expression of the DC-
related IFN-dependent genes Ifitl, TLR7 and TLRY were comparable in spleens of both strains
(Figure 29C). Total DC numbers in lymph nodes were similarly increased in B6lpr mice of
both genotypes compared to WT and Ackr2-/- control mice. However, in lymph node tissue
Ackr2-/-B6lpr mice showed significantly lower numbers of CDI11c+MHCII+ DCs,
CD11c+CD4+ DCs, and CD11c+CD40+ activated DCs in comparison to WT-B6lpr littermates
(Figure 29B).

Analysis of macrophage accumulation revealed that numbers of both CD11b+ myeloid
leukocytes and CD11b+ F4/80+ MHCII+ macrophages were elevated in spleens and lymph
nodes of WT- and Ackr2-/-B6lpr mice compared with healthy control mice, but were
comparable in the two B6lpr groups (Figure 30).

In summary, these results indicate that consistent with earlier reports [140] [163] Ackr2
deficiency reduced numbers of activated DCs in lymph nodes of B6lpr mice, possibly due to
impaired influx from peripheral tissues due to less chemokine scavenging in draining
lymphatics. This may also contribute to reduced generation of plasma cells, which were also
found to be reduced in lymph nodes of Ackr2-/-B6lpr mice. However, Ackr2 deficiency did
not alter numbers of DCs in spleens, which may explain overall comparable systemic

autoimmune activity in WT- and Ackr2-/-B6lpr mice.
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Figure 29: Effect of Ackr2 deficiency on dendritic cells in spleens and lymph nodes of B6lpr mice.
(A) Dendritic cell (DC) subsets in spleen and (B) lymph nodes from wildtype (WT) and Ackr2-/- control
mice, and WT-B6lpr and Ackr2-/-B6lpr mice were quantified by flow cytometry. (C) mRNA expression
levels of the IFNa-dependent genes Ifitl, TLR7, and TLR9 in splenocytes were determined by real-
time quantitative PCR. MHCII, major histocompatibility complex II; Ifit, interferon-induced protein
with tetratricopeptide repeats; TLR, toll like receptor. *p<0.05; **p<0.01; ***p<0.001; n.s., not
significant.
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Figure 30: Effect of Ackr2 deficiency on numbers of myeloid leukocytes and macrophages. (A)
Spleen and (B) lymph node cells from wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and
Ackr2-/-B6lpr mice were quantified by flow cytometry Myeloid cells and Macrophages were identified
as CD11b+ and CD11b+F4/80+MHCII+ leukocytes, respectively. **p<0.01; ***p<0.001; n.s., not

significant.

5.11 Effect of Ackr2 deficiency on the expansion of T cells

To further investigate whether altered DC numbers and activation in lymph nodes of Ackr2-/-
Bolpr mice affected systemic activation of T cells, various T cell subsets were quantified in
spleens and lymph nodes of mice at 28 weeks of age by flow cytometry. The results indicated
that total number of CD3+CD4+ T cells, activated CD69+ CD3+CD4+ T cells, and
CD4+CD25+ regulatory T cells in spleens were significantly increased in Ackr2-/-B6lpr
compared to WT-B6lpr mice, whereas T cell numbers in spleens of WT and Ackr2-/- control
mice were low (Figure 31). In contrast, numbers of CD3+CD8+ T cells and autoreactive

CD3+CD4-CD8-/- were similar in WT- and Ackr2-/-B6lpr spleens.

77



Results

5X108— sk k
%k k
3% %k
o
4x%108
c
[
2
-3
0
2 3x108- sk
Q
(3] 4 %k
b
o ns n.s.
g %k %k .
°
g 2x108- o *
8
L
g
1%108
. °
0——@-@| g @13 -1
CD3+ CD3+CD4+ CD3+CD8+ CD3+CD4-CD8- CD4+CD25+
n.s.
1.5%108% ns —
kol n.s.
*
> =}
1.0%10% o

5.0x107

Total number of cells/spleen

0.0- H
CD3+CD4+ CD3+CD8+ CD3+CD4-CD8-
CD69+ CD69+ CD69+
o WT O Ackr2-/- ® WT-B6lpr m  Ackr2-/-B6élpr

Figure 31: Effect of Ackr2 deficiency on T cell numbers and activation in spleens. T cells subsets
and the number of CD69+ activated T cells were determined by flow cytometric analysis of spleens
from wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice at week 28 of
age. *p<0.05; **p<0.01; ***p<0.001; n.s., not significant.
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Moreover, despite reduced accumulation of activated DCs in Ackr2-/-B6lpr lymph nodes T

cell numbers and activation in lymph nodes was comparable between WT-B6lpr and Ackr2-/-

B6lpr mice (Figure 32).
Fkk
*okk
3x%10% —
[
Q
-
[7]
@2 -
:; *okk
B 2x10° Hrx
b= n.s.
s ] —
£ o
2 "
@
2 Fad
o
b
S ¢
2
1%10°-
E o
3 1
]
ﬁ? [
0--CDHEH | [T ;
CD3+ CD3+CD4+ CD3+CD8+ CD3+CD4-CD8- CD4+CD25+
eokok
koK
8x108 n.s.

6x10%

4x%108

2x10%

Total number of cells/lymph node tissue

0- QO
CD3+CD4+ CD3+CD8+ CD3+CD4-CD8-

CD69+ CD69+ CD69+
o WT O Ackr2-- e WT-B6lpr ®  Ackr2-/-B6lpr

Figure 32: Effect of Ackr2 deficiency on T cell numbers and activation in lymph nodes. T cells
subsets and the number of CD69+ activated T cells were determined by flow cytometric analysis of
lymph nodes from wildtype (WT) and Ackr2-/- control mice, and WT-B6lpr and Ackr2-/-B6lpr mice
at week 28 of age. *p<0.05; **p<0.01; ***p<0.001; n.s., not significant.
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Therefore, Ackr2 deficiency promoted CD4+ T cell accumulation including regulatory T cell
subsets in spleens of B6lpr mice, similarly to increased T cell infiltrates in affected organs of
Ackr2-/-B6lpr mice like kidney and lung. Instead, reduced numbers of activated DCs in lymph
nodes of Ackr2-deficient B6lpr mice did not translate into reduced T cell activation in this
compartment. Higher levels of plasma CCL2 levels in Ackr2-/-B6lpr mice suggest that
increased mobilization of T cells from bone marrow may contribute to their increased

infiltration into solid organs like spleen, kidney, and lung.
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6. Discussion

The ACKR family currently consists of four members, which are mainly expressed by cell
types other than leukocytes, such as erythrocytes and lymphatic and vascular endothelial cells.
However, ACKR2 expression has also been detected in leukocyte subtypes, such as DCs, T
cells and macrophages [122]. Previous studies have demonstrated that ACKR2 is a key
regulator of lymphatic biology, including lymphatic vessel function and density [164,165].
Moreover, due to its chemokine scavenging function ACKR2 is also involved in limiting
inflammatory processes and leads to the resolution of inflammation, including Mycobacterium
tuberculosis infection [166], skin inflammation [167] and cardiac remodeling [168]. However,
the lack of Ackr2 in mice can also lead to the improvement of autoimmune disease such as
EAE due to impaired T cell priming in draining lymph nodes and reduced encephalitogenic
responses [128]. It was postulated that ACKR2 expression by lymphatic endothelial cells
reduced local chemokine concentrations which allows migration of activated DCs into regional
lymph nodes [163]. Since all of these functions play a critical role in the pathogenesis of
autoimmune diseases and resulting tissue damage, it was assumed that ACKR2 may have a
decisive influence on systemic autoimmunity and autoimmune organ injury. ACKR2 could
either augment autoimmunity by facilitating adaptive immune responses or may inhibit the

development of autoimmunity and reduce tissue injury due to its anti-inflammatory effects.

To investigate this hypothesis, Ackr2-/- mice were crossed with Fas-mutated (Ipr) mice to
generate Ackr2-/-B6lpr mice and WT-B6lpr littermate controls. B6lpr mice develop an

autoimmune disease that is comparable to human SLE.

The results of this study revealed that systemic cellular and humoral autoimmune activity was
not substantially altered in Ackr2-deficient B6lpr mice. Some distinct effects of Ackr2
deficiency could be seen, including reduced accumulation of activated DCs in lymph nodes
and increased activation of splenic C4+ T cells, including regulatory CD4 T cell subsets. These
pro- and anti-inflammatory effects, however, may balance each other leading to a grossly
unaffected systemic autoimmune response in Ackr2-/-B6lpr mice. Thus, the extent of
splenomegaly and lymphadenopathy was comparable between WT- and Ackr2-/-B6lpr mice,
as were levels of circulating lupus autoantibodies and the extent of glomerular IgG deposition.
Consistently, Ackr2 deficiency did not affect numbers of effector leukocyte subsets like
neutrophils and macrophages systemically in spleen and lymph nodes nor locally in injured

kidneys and lungs.
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Moreover, tissue levels of the ACKR2 ligand CCL2 did not increase in diseased kidneys and
lungs of Ackr2-/-B6lpr mice compared to WT littermates, indicating a redundant role of Ackr2
in controlling local chemokine levels in this SLE model. Apparently, loss of the chemokine
scavenging activity of Ackr2 in injured organs could be compensated by alternative

mechanisms.

Despite this, lymphocyte infiltrates including CD4+ T cells and B cells were increased in
Ackr2-/-Bé6lpr kidneys, as was peribronchial T cell infiltration in lungs. This expansion of
tertiary lymphoid tissue may be mediated by increased plasma levels of CCL2 facilitating

mobilization of lymphocytes, e.g. from the bone marrow.

Together, sufficient autoimmune responses with increased systemic chemokine levels in the
circulation, but persevered chemokine scavenging activity in kidneys and lungs of Ackr2-
deficient B6lpr mice lead to increased lymphocyte infiltration into these organs without
affecting accumulation of effector leukocyte subsets, local inflammation or clinical significant

organ injury.

6.1 Ackr2 scavenges pro-inflammatory chemokines in tubulointerstitial tissue of B6lpr mice
in vitro and limits accumulation of lymphocytes in parenchymal organs of B6lpr mice with

SLE in vivo

The initial in vitro experiments performed in this work revealed higher CCL2 chemokine levels
in supernatants of TNFa-stimulated tubulointerstitial tissue, but not glomeruli isolated from
Ackr2-/-B6lpr mice compared to WT-B6lpr littermates. Due to the analysis of isolated renal
tissue in vitro, increased chemokine production was independent of potentially altered renal
leukocyte infiltration. These results were consistent with previously reported similar findings
in WT and Ackr2-/- C57Bl/6 mice without the Ipr mutation [140]. They demonstrate Ackr2-
dependent chemokine scavenging activity in the renal tubulointerstitial compartment and
correlate with the known renal expression of Ackr2 in lymphatic endothelial cells [136,140],
which are present in the tubulointerstitium, but not in glomeruli. Moreover, mRNA expression
analysis showed induced expression of Ackr2 in WT-B6lpr mice at week 28 of age compared
to healthy control mice. Together, these data supported the hypothesis of this work suggesting
a potential anti-inflammatory role of ACKR2 in lupus nephritis by limiting local availability

of pro-inflammatory chemokines.
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Reduced capability of Ackr2-deficient B6lpr mice to down-regulate pro-inflammatory
chemokines in inflamed kidneys may facilitate renal leukocyte recruitment. Increased renal
leukocyte infiltration was present in Ackr2-/-B6lpr kidneys compared to kidneys of WT-B6lpr
littermates. Flow cytometry revealed that the individual leukocyte populations which were
significantly increased were primarily CD4+ T cells and B cells, but not granulocytes,
macrophages or DCs. Increased renal T cell infiltration in Ackr2-/-B6lpr mice was also
confirmed by immunochemistry staining and evaluated specifically for the glomerular and
tubulointerstitial compartments. In contrast to increased tubulointerstitial accumulation of T
cells in Ackr2-deficient B6lpr kidneys, the number of glomerular T cells was comparable
between WT- and Ackr2-/-B6lpr mice. This data is consistent with a reduced ability of Ackr2-
deficient tubulointerstitial tissue for chemokine scavenging in inflamed kidneys with lupus

nephritis, most likely due to absent Ackr2 expression in interstitial lymphatic endothelium.

When investigating lung pathology in B6lpr mice similar results could be found. Pulmonary
Ackr2 mRNA expression was induced in WT-B6lpr mice compared to healthy WT controls,
and peribronchial T cell infiltration significantly increased in Ackr2-deficient B6lpr mice in

comparison to the WT-B6lpr group.

T cells from lupus-prone mice and SLE patients are aberrantly activated and thus contribute to
induction and progression of SLE and tissue injury [169-171]. Previous studies in other disease
models also demonstrated that exacerbated tissue injury was paralleled by increased T cell
infiltration in Ackr2-deficient mice. For example, in T-helper 2 (Th2) cell-dependent
ovalbumin-induced asthma, a significantly higher number of T cells was observed in the lung
parenchyma of Ackr2-/- mice [148]. Additionally, in a mouse model of psoriasis, Ackr2-
deficient mice displayed a notably exacerbated inflammatory pathology, characterized by
increased epidermal T cells [167]. Importantly, previous studies of our laboratory also found
increased CD4+ T cell infiltration into kidneys of Ackr2-/-mice in the NTN model of immune
complex-mediated glomerulonephritis [140], which is in line with the findings reported here.
Together, this data suggested that reduced tubulointerstitial and pulmonary chemokine
scavenging in Ackr2-/-B6lpr mice could indeed facilitate local infiltration of pathogenic T cells,

potentially leading to increased tissue inflammation and injury in kidney and lung.
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6.2 Ackr2 does not limit organ-specific tissue damage in lupus-prone B6lpr mice

However, in kidney and lung of WT- and Ackr2-/-B6lpr mice numbers of infiltrating
neutrophils and mononuclear phagocytes, including inflammatory macrophages and DCs were
similar in the two groups. Correlating with equal accumulation of these effector leukocyte
subsets in injured organs renal and pulmonary mRNA expression of inflammatory mediators
was comparable in the two genotypes, despite increased T and B cell infiltrates. Moreover,
parenchymal tissue injury in kidneys and lungs on WT-B6lpr and Ackr2-/-B6lpr mice was
similar. Of note, significant renal functional impairment and overt proteinuria was absent in
WT-B6lpr mice at week 28 of age. This is consistent with the known development of mild
glomerulonephritis in B6lpr mice in comparison to lupus-prone mouse strains with other
genetic backgrounds like MRLIpr mice. Nevertheless, WT-B6lpr mice developed renal injury,
as revealed by glomerular IgG deposition, an increased lupus nephritis activity index assessed
in PAS-stained kidney sections, and increased expression of the tubular injury markers KIM-1
and NGAL. Importantly, proteinuria, plasma creatinine and BUN values were not increased in
Ack2-deficient B6lpr mice compared to WT littermates, and the extent of glomerular IgG
deposition, the lupus nephritis activity index, and the expression of tubular injury markers were
comparable between the two genotypes. Moreover, fibrotic remodeling of B6lpr kidneys was
not exacerbated in Ackr2-/-B6lpr mice, as indicated by comparable numbers of a-SMA+
myofibroblasts and similar renal mRNA expression of extracellular matrix components and

pro-fibrotic mediators in WT- and Ackr2-/-B6lpr mice.

Thus, accumulation of renal neutrophils, macrophages and DCs as well as renal injury,
inflammation and fibrosis was not affected by Ackr2 deficiency in B6lpr mice. This is in
contrast to findings in other disease models which report more severe renal functional
impairment, injury, and fibrotic remodeling in Ackr2-deficient mice with immune complex-

mediated glomerulonephritis due to NTN [140] or following renal IRI [136].

6.3 Ackr2 has no essential role in parenchymal chemokine scavenging in B6lpr mice with

lupus-like disease

Importantly, Ackr2 deficiency did not significantly increase CCL2 protein levels in kidneys of
Ackr2-/-B6lpr mice compared to WT-B6lpr littermates in vivo. Similar to kidneys, CCL2
protein content in pulmonary tissue was comparable between WT- and Ackr2-/-B6lpr mice.

This finding is in contrast to previous work of our laboratory that found higher CCL2
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concentrations in renal tissue of Ackr2-deficient mice with NTN [140] or in mice with chronic
renal injury following IRI [136], which correlated with more severe renal inflammation, injury,

and fibrosis in both models.

This data demonstrates that in lupus-like disease of B6lpr mice the chemokine scavenging
function of Ackr2 in parenchymal tissue is redundant and compensatory mechanisms for
degradation must exist which prevent excessive accumulation of chemokines in inflamed tissue
of Ackr2-deficient B6lpr mice. Indeed, binding of pro-inflammatory chemokines to their
canonical receptors may not only activate target cells but also leads to internalization of bound
ligands. For example, some cells like Ly6C"e" monocytes can express both ACKR2 and CCR2,
which results in markedly strong CCL2 scavenging activity in vitro and in vivo, with CCR2

scavenging CCL2 much more effectively than ACKR2 [172].

One can speculate that these compensatory mechanisms are sufficient to control local
chemokine levels in chronic, slowly progressive disease, like autoimmune renal and pulmonary
injury developing in B6lpr mice until week 28 of age. In contrast, Ackr2-dependent chemokine
clearance is apparently essential in down-regulating chemokine levels during the regeneration
phase following severe initial injury, as demonstrated in the NTN model after acute glomerular
deposition of nephritogenic antibodies, after severe IRI or in chronic kidney injury induced by
earlier exposure to aristolochic acid [136,140]. An ongoing progressive injury without phases
of regeneration, but continuous exposure to the tissue damaging insult may also limit the ability
of Ackr2 to sufficiently degrade pro-inflammatory chemokines. This is illustrated by
comparable renal chemokine levels and renal injury in WT and Ackr2-/- mice following
irreversible UUO, which leads to progressive tubular injury, inflammation and fibrotic

remodeling [136].

6.4 Systemic anti-inflammatory effects of Ackr2 in B6lpr mice

Despite comparable local chemokine levels in kidney and lung of WT- and Ackr2-/-B6lpr mice
lymphocyte infiltrates were increased in these organs when Ackr2 was lacking. Numbers of
CD4+ T cells were also higher in spleens of Ackr2-deficient B6lpr mice. The reason for this
enhanced accumulation of T and B cells is not entirely clear. However, systemic plasma CCL2
levels were increased in Ackr2-/-B6lpr mice compared to the WT-B6lpr group. Elevated
plasma CCL2 levels in Ackr2-deficient mice have been reported in previous studies, and these

may facilitate mobilization of leukocytes including T cells from the bone marrow into the
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circulation and peripheral tissue [129,136,140]. Consistently, mice deficient for the CCL2
receptor CCR2 showed an opposite phenotype, with reduced CCR2-mediated leukocyte
emigration from the bone marrow into blood [173]. An alternative mechanism promoting tissue
infiltration of lymphocytes in Ackr2-deficient B6lpr mice may be the loss of chemokine
scavenging by cell-autonomous lymphocyte-expressed Ackr2 that would facilitate their
activation by pro-inflammatory chemokines [120,122]. Ackr2 may be less prominently
expressed by neutrophils, macrophages and DCs, which may explain unaltered organ
infiltration of these leukocyte subtypes into organs of Ackr2-/- deficient B6lpr mice. To further
investigate these mechanisms leukocyte-specific Ackr2 knockout mice need to be investigated

after cross-breeding with lupus-prone mouse strains.

6.5 Effects of Ackr2 on systemic autoimmune activity in B6lpr mice

The expression of ACKR2 on lymphatic endothelial cells affects innate and adaptive immunity.
Ackr2 plays a crucial role in scavenging pro-inflammatory chemokines on lymphatic
endothelial surfaces and facilitating the migration of antigen-presenting cells to regional lymph
nodes, guaranteeing effective adaptive immune responses [163,177]. Liu et al. [128] reported
that Ackr2-deficient mice were protected in the EAE model, which contradicted previous
studies that described increased inflammatory activity in the Ackr2-/- genotype. The
unexpected observation could be explained due to impaired T-cell priming resulting from
reduced migration of activated DCs to draining lymph nodes caused by uncontrolled
inflammation at the immunization site of Ackr2-deficient mice. However, Ackr2 deficient mice
were recently associated also with a deteriorated EAE phenotype when mice were immunized
with entire protein instead of encephalitogenic peptide. This suggested that Ackr2 may also be
a potential regulator in T cell polarization [130]. Nevertheless, reduced accumulation of
activated DCs with subsequently impaired T cell priming in draining lymph nodes has also
been reported in other disease models, including previous work from the own group in the NTN
model [140,163]. In line with this data the current study demonstrated reduced numbers of DCs,
including activated DCs in lymph node tissue, but not the spleen of Ackr2-/-B6lpr mice
compared to WT-B6lpr mice. The number of activated lymph node T cells was not different in
both genotypes, but in spleen CD3+CD4+ T cells, their activated fraction and CD25+
regulatory CD3+CD4+ T cells significantly increased. Thus, as in other models Ackr2-
deficiency reduced DC accumulation and blunted T cell activation in lymph node tissue in

B6lpr mice, without affecting leukocyte numbers in spleen. However, with apparently intact
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systemic autoimmune activity in spleens the extent of lymphoproliferation was not different in
WT- and Ackr2-/-B6lpr mice, as evidenced by comparable splenomegaly and total lymph node
weight in both genotypes. Consistently, the systemic humoral immune response was similar in
Ackr2-/-B6lpr mice as compared to WT-B6lpr mice with comparable circulating autoantibody
levels and glomerular deposition of IgG-containing immune complexes. Thus, systemic
cellular and humoral autoimmune activity was not substantially altered in Ackr2-deficient
B6lpr mice, leading to comparable immune-mediated kidney injury in WT- and Ackr2-/-B6lpr

mice.
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6.6 Limitations of the study

There are several limitations of this study. Firstly, the pathophysiology of SLE is complex and
none of the current mouse models can be completely representative of human lupus, both in
clinical manifestations, underlying pathogenesis, and genetics. Thus, B6lpr mice model
mechanisms that may be present in a limited subset of human lupus patients.

Secondly, SLE is thought to be a multi-genetic disorder. There is not a single genetic defect for
SLE that is present in all lupus patients and one individual gene is not sufficient to exacerbate
or improve disease severity.

Third, SLE can be associated with little or fatal autoimmune tissue damage [178]. However,
B6lpr mice do not develop major tissue injury and only mild glomerulonephritis until 24 weeks
of age, despite significant lymphoproliferation leading to splenomegaly and prominent lymph
node enlargement [179]. Due to the progressive lymphadenopathy duration of our observation
was limited to 28 weeks. This could possibly mask further long-term effects, such as
glomerulosclerosis and more severe tubulointerstitial fibrosis, which were not evident at the
endpoint of this study. For this, other lupus-prone mouse strains with more severe organ injury
like MRLIpr mice should be investigated, but this would require crossbreeding of Ackr2-/-
mice on the respective genetic background for several generations.

Forth, group sizes of mice in this study were limited. Individual lupus mice vary from each
other significantly, resulting in less power to determine differences between groups despite
some high trends in individual mice.

Fifth, global Ackr2 knockout mice were used in this study. This did not allow for tissue or cell-
specific investigation of Ackr2 functions in SLE and lupus nephritis. Studies with Ackr2-
deficient B6lpr bone marrow chimeras could have possibly identified parenchymal (e.g.
lymphatic endothelial cell-mediated) and leukocyte-dependent Ackr2 functions. Moreover,
leukocyte subtype-specific Ackr2 deletion, e.g. in macrophages, DCs, T or B cells could show
specific roles of Ackr2 in these cell populations.

Finally, it would be interesting to further investigate whether a loss-of-function mutation of the
Ackr2 gene is a genetic risk factor for lung involvement in SLE. Pulmonary function tests,
which are feasible in mice [175], could be performed to investigate any association of reduced
pulmonary function with increased peribronchial lymphocyte infiltrates seen in Ackr2-
deficient B6lpr mice. If this was true, SLE-associated lung injury could be improved by the

administration of recombinant Ackr2 or other Ackr2 agonists.
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7. Conclusions

The results of the presented study provide limited evidence for a potential immune suppressive
role of Ackr2 in SLE or a nephroprotective function for this atypical chemokine receptor in
lupus nephritis. Importantly, the data reveal that chemokine scavenging activity of Ackr2 is
redundant in kidney and lung tissue of lupus-prone B6lpr mice. Unaltered pro-inflammatory
chemokine levels in these organs suggest compensatory mechanisms that sufficiently limit
local chemokine concentrations in Ackr2-deficient B6lpr mice. This is in contrast to the
presented in vitro findings that demonstrate impaired chemokine clearance by tubulointerstitial
tissue from Ackr2-/-B6lp mice upon acute stimulation with TNFa, and to previously reported
in vivo data that revealed increased parenchymal chemokine levels in Ackr2-deficient mice
with exacerbated nephrotoxic nephritis and IRI. In contrast to the continuous, slowly
progressive autoimmune injury in B6lpr mice these models are characterized by acute injury
which induces renal disease. Therefore, Ackr2-dependent chemokine scavenging activity may
be critical to down-regulate inflammation in the regeneration phase after more severe acute
injury, but can be sufficiently compensated by alternative mechanisms in chronic disease with
ongoing low-grade inflammation as it is present in lupus-like disease in B6lpr mice. Therefore,

Ackr2-deficiency did not result in increased inflammation and organ injury in B6lpr mice.

Of note, Ackr2 deficiency did alter some aspects of systemic inflammatory and autoimmune
activity in B6lpr mice. As in other disease models, CCL2 plasma concentrations increased in
Ackr2-/-Bélpr mice suggesting a lack of systemic chemokine scavenging activity. This can
facilitate mobilization of leukocytes, including T cells, from the bone marrow into the
circulation and peripheral tissue and may contribute to the increased accumulation of T cells
observed in Ackr2-deficient B6lpr kidneys and lungs. Although not investigated in this study,
cell-autonomous regulation of lymphocyte infiltration due to lack of T cell-expressed Ackr2
may also enhance tissue accumulation of these cells. With the absence of increased organ
infiltration by other effector leukocyte subsets like neutrophils, macrophages, and DCs this did,

however, not lead to more severe inflammation and tissue injury.

In addition, Ackr2 may facilitate efflux of activated DCs into regional lymph nodes and
subsequent T cell activation, as suggested by decreased numbers of DCs in lymph node tissue
of Ackr2-/-B6lpr mice. Instead, abundance of DCs in spleens was comparable in both
genotypes. This correlated with blunted T cell activation in lymph node tissue, as numbers of

activated CD4+ T cells were similar in lymph nodes, but significantly increased in spleens of
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Ackr2-deficient B6lpr mice. However, cellular and humoral autoimmune activity was not
compromised in Ackr2-/-B6lpr mice, as indicated by increased numbers of T cells in spleen,
greater accumulation of lymphocytes in kidney and lung, and comparable circulating

autoantibody levels.

In conclusion, this study suggests that ACKR2 has no major role in controlling autoimmune
activity or inflammatory tissue injury including lupus nephritis in lupus-prone B6lpr mice.
Thus, in contrast to previous work that identified AKCR2 as a potential target for agonistic
therapies to limit renal disease following acute episodes of injury its therapeutic potential in

chronic autoimmune disease is limited.
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