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Abstract

Immune-mediated glomerulonephritis is a serious end organ pathology that commonly affects
patients with systemic lupus erythematosus (SLE). A classic murine model used to study lupus
nephritis (LN) is nephrotoxic serum nephritis (NTN) in which mice are passively transferred
nephrotoxic antibodies. We have previously shown that macrophages are important in the
pathogenesis of LN. To further investigate the mechanism by which macrophages contribute to the
pathogenic process, and to determine if this contribution is mediated by NF-xB signaling, we
created B6 mice which had RelA knocked out in myeloid cells, thus inhibiting classical NF-xB
signaling in this cell lineage. We induced NTN in this strain to assess the importance of
macrophage derived NF-xB signaling in contributing to disease progression.

Myeloid cell RelA knock out (KO) mice injected with nephrotoxic serum had significantly
attenuated proteinuria, lower BUN levels, and improved renal histopathology compared to control
injected wildtype B6 mice (WT). Inhibiting myeloid NF-xB signaling also decreased
inflammatory modulators within the kidneys. We found significant decreases of IL-1a, IFNg, and
IL-6 in kidneys from KO mice, but higher IL-10 expression. Flow cytometry revealed decreased
numbers of kidney infiltrating classically activated macrophages in KO mice as well.

Our results indicate that macrophage NF-xB signaling is instrumental in the contribution of this
cell type to the pathogenesis of NTN. While approaches which decrease macrophage numbers can
be effective in immune mediated nephritis, more targeted treatments directed at modulating
macrophage signaling and/or function could be beneficial, at least in the early stages of disease.
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INTRODUCTION

Lupus nephritis (LN), or the kidney involvement in systemic lupus erythematosus (SLE), is
a serious end organ complication. Treatment options remain far from ideal; many patients
suffer unfavorable side effects, and 15-25% of patients still progress to end stage renal
disease. The pathogenesis of disease needs to be further explained, in the hope that greater
understanding of the key mediators will lead to discovery of novel therapeutic targets [1].

Macrophages are cells of the innate immune system which are present in nearly every tissue.
Macrophages are highly plastic cells, which can adapt various functional phenotypes to
respond to the stimuli surrounding them in the microenvironment. Broadly speaking,
macrophage phenotypes can be divided into two subclasses, M1 and M2, with M1 being the
classically activated, infiltrating, and inflammatory macrophages, and M2 being the
alternatively active, tissue resident, and trophic macrophages [2,3].

LN pathogenesis is associated with immune complex deposition within the kidney, as well
as activation of resident cell types, infiltration of immune cells, and expression of
inflammatory cytokines [1]. There are several lines of evidence conclusively linking
macrophages to the development of LN. The degree of macrophage infiltration correlates
with disease severity in both mice and humans [4,5]. Furthermore, macrophage depletion by
a variety of approaches ameliorates LN both in inducible models and spontaneous models,
correlating with decreased expression of inflammatory mediators [2,6,7].

Macrophages can contribute to disease pathogenesis through the large number of
inflammatory mediators they express which can damage local tissue, activate resident cells,
and further recruit immune cells to the tissue enhancing the inflammatory process. Many of
these inflammatory mediators are the result of activation of the NF-kB pathway, which is a
key transcription factor for M1 polarization [8]. Classical NF-kB pathway activation is
dependent on the protein p65, also known as RelA. RelA is part of the heterodimer of NF-
kB which translocates into the nucleus, and transcribes multiple strongly pro-inflammatory
genes including IL-1, IL-6, IL-12 and TNFa [9].

In this study we used an inducible model of LN known as nephrotoxic serum nepbhritis
(NTN), in which mice are passively transferred with nephrotoxic antibodies that induce an
immune complex mediated disease that mimics LN. We generated mice which have RelA
knocked out specifically from their myeloid cells to assess the role of classical NF-kB
signaling in macrophages in NTN. These studies were intended to help further elucidate why
macrophages are so vital to the pathogenesis of immune complex mediated nephritis,
including LN.

MATERIALS AND METHODS

2.1 Mice and disease induction

Myeloid specific RelA knock out mice were generated by crossing B6 RelA flox/flox mice
(a kind gift from Dr. Baldwin of the University of North Carolina Lineberger
Comprehensive Cancer Center) with B6 LysM cre/cre mice (Jackson Laboratories, Bar
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Harbor, ME) to generate mice homozygous for both the RelA flox and cre under the myeloid
specific LysM promoter. The mice were bred at the Albert Einstein College of Medicine.
The genotype of the founder mice were validated by PCR, and the purity of the colony was
assured by continued genotyping via Transnetyx (Cordova, TN), with validated probes. Wild
type B6 mice were obtained from Jackson at 3—4 weeks of age, and housed at Einstein while
they were aged until the time of experiment. Female mice were immunized intraperitoneally
with CFA and rabbit IgG starting at 10-12 weeks of age, and five days later given serum
containing nephrotoxic antibodies to induce disease via an intravenous injection as
previously described [6,10]. For comparison, in a separate experiment age matched female
B6 mice were immunized with rabbit IgG on day 0 but were not given nephrotoxic serum
(healthy control (HC)). Disease was followed over the course of the experiment and mice
were sacrificed on day 14, which was 9 days post nephrotoxic serum transfer. At sacrifice,
urine, serum, and tissue was collected for analysis. All studies were approved by the
Institutional Animal Care Committee.

2.2 Assessment of kidney function

Proteinuria was assessed semi-quantitatively throughout the experiment by Uristix where 1+
=30 mg/dl, 2+ = 100 mg/dl, 3+ = 300 mg/dl, and 4+ = 2000 mg/dl. Midrange colors were
assigned an intermediate value. These results were further quantified by measuring
albumin:creatinine ratios in the terminal urine. Albumin levels were measured using the
Mouse Albumin ELISA Kit from Bethyl Laboratories (Montgomery, TX), according to the
manufacturer’s instructions. Creatinine levels were measured using QuantiChrom Creatinine
Assay Kit (BioAssay Systems, Hayward, CA). Blood urea nitrogen (BUN) levels were
measured in terminal serum to assess kidney function via the QuantiChrom Urea Assay Kit
(BioAssay Systems).

2.3 Renal histopathology

Kidney sections were deparaffinized and stained with hematoxylin and eosin (H&E) and
periodic acid Schiff (PAS) by the Histology and Comparative Pathology Core at Albert
Einstein College of Medicine. Kidney sections were then analyzed and scored by an
experienced nephropathologist (L.H.) who was blinded to the experimental groups. Scoring
was assigned as described [10].

2.4 Measurement of mouse anti-rabbit antibodies

Total levels of mouse anti-rabbit 1gG antibodies were measured in terminal serum as
previously described [6]. Additionally, we assessed the relative abundance of various
subtypes of antibodies, including 1gG1, 1gG2a, 19G2c¢, and 1gG3. We followed a similar
protocol to that as the total IgG ELISA, however the secondary antibodies used were goat
anti-mouse 1gG1, 1gG2a, 1gG2c and 1gG3, respectively. Values were normalized to serum
from an unimmunized mouse.

2.5 Rabbit anti-mouse glomerular basement (GBM) antibodies

Titers of anti-GBM antibodies in terminal serum were measured as previously described [6].
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2.6 Immunofluorescent staining

Kidney sections were deparaffinized and rehydrated, followed by antigen retrieval in antigen
retrieval buffer (citrate buffer pH 6 or Tris-EDTA buffer pH 9) for 10 minutes. Slides were
then washed with PBS, and blocked with 20% NHS in 0.1% triton in PBS for 1 hour at room
temperature. Following the block, sections were incubated overnight at room temperature
with the primary antibody cocktails which were diluted in 2% NHS/0.1% triton in PBS. The
following day, the sections were washed, and incubated with the secondary antibodies at
room temperature for 1 hour, washed, stained with DAPI and mounted. Table 1 provides
additional details on the staining schemes.

2.7 Flow cytometry

At sacrifice, kidneys were harvested and made into a single cell suspension. Cells were then
incubated with Fc block for 30 minutes on ice, followed by a 30-minute incubation with the
antibody cocktails. Samples were run on an LSR II. For each sample, 50,000 events were
collected, and each cell type was assessed as a percent of single cells.

2.8 Measurement of cytokine protein expression

Protein was isolated from snap frozen kidneys using Tper Buffer, according to the
manufacturer’s instructions (Thermo). Protein concentration was measured using Coomassie
(Thermo). The isolated protein was analyzed using Biolegend’s Legendplex mouse
inflammation panel kit, according to the manufacturer’s instructions. Protein concentrations
for the cytokines were then adjusted for total protein in each sample, as described [7].

2.9 Macrophage isolation, culture, and stimulation

Peritoneal macrophages were collected from unmanipulated, female WT and KO mice at an
age of 10-12 weeks via a peritoneal lavage using cold PBS with 5mM of EDTA. Collected
cells were spun down, washed, and then re-suspended in complete RPMI with 10% FBS and
plated in 12 well plates overnight to allow the macrophages to settle. The following day,
non-adherent cells were washed away, and macrophages were stimulated with 100 ng/ml of
LPS for 18 hours. Supernatants were collected, spun down to remove debris, and then used
with Biolegend’s Legendplex mouse inflammation panel kit, according to the
manufacturer’s instructions.

2.10 RNA isolation, cDNA synthesis, and RT-PCR

RNA was isolated from snap frozen kidneys by homogenizing the tissue in TRIzol
(ThermoFisher, Waltham, MA) and applying Qiagen’s RNeasy Mini Kit (Hilden, Germany),
according to the manufacturers’ instructions. RNA was reversed transcribed into cDNA
using the ThermoFisher Scientific’s Superscript 111 First-Strand Synthesis System. Real time
PCR was performed in triplicate, and values normalized to GAPDH as described [6].

112.11 Statistics

Data was analyzed using Graphpad Prism 7. All groups were first tested for normality; when
comparing data with only two groups, a student’s T-Test was used if the data was normally
distributed. With two groups and nonparametric data, a Mann-Whitney test was used to
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determine significance. For comparing three groups, an ANOVA was performed. Tukey or
Dunn’s test was used multiple comparisons of normal and non-parametric data, respectively.
Grubb’s test was used to assess for outliers. Throughout the results, *p <0.05, **p<0.01,
***n<0.001, and ****p<0.0001. All error bars are reported as SEM.

3. RESULTS

3.1 Myeloid-specific RelA knock out mice have attenuated kidney disease following
induction of NTN

We induced nephrotoxic serum nephritis in 10-12-week-old female B6 wildtype mice (WT
mice) and age and sex matched myeloid-specific RelA knock out mice (KO mice), to assess
the effect of classical NF-kB signaling in the pathogenesis of antibody-mediated nephritis.
As expected, WT mice progressively developed high levels of proteinuria, an indicator of
kidney damage. By day 13 of the experiment, there was a significant difference between KO
and WT mice (Figure 1A), with KO mice protected from developing significant proteinuria.
To confirm the protection of myeloid RelA deficiency seen with the semiquantitative
method, we measured albumin:creatinine ratios in terminal urine, and found significantly
lower ratios in myeloid RelA KO versus WT mice (KO mice = 3.12 £ 2.17, WT mice =
28.96 + 8.96; p<0.05, Figure 1B). Next, blood urea nitrogen (BUN) levels were measured in
terminal serum to assess kidney function. Although BUN levels did not fully normalize in
KO mice relative to healthy control mice (HC), they were significantly lower compared to
their WT controls (KO mice = 33.62 + 5.71 mg/dL, WT mice = 69.91 + 6.17 mg/dL,
p<0.01; Figure 1C).

3.2 Histology

Following NTN induction, susceptible mouse strains including B6 mice develop a crescentic
proliferative glomerulonephritis. We found that myeloid RelA KO mice had significantly
improved glomerular histology compared to matched WT control mice following induction
of NTN. As shown in Figure 2E and F, WT mice had significant crescent formation, as well
as endocapillary proliferation and glomerular immune deposits. These pathologic features
were significantly attenuated in myeloid RelA KO mice (Figure 2C, D), which looked more
similar to HC mice (Figure 2A and B), than WT mice. Scoring for glomerular parameters
confirmed significant improvement in KO mice (Figure 2G); however, there was not a
significant difference in tubular histology (Figure 2H), most likely because significant
tubular disease was not present. Looking more closely at glomerular histology, we
specifically found a significant improvement in glomerular deposits, endocapillary
proliferation, and crescent formation in KO compared to WT mice (Figure 21-J).

3.3 RelA knock out mice did not exhibit altered antibody responses

To ensure that knocking out RelA in myeloid cells did not alter the ability of KO mice to
respond to the initial immunization with rabbit IgG (as the induced anti-rabbit 1gG
antibodies bind the subsequently administered nephrotoxic antibodies, enhancing the
subsequent disease), we measured total levels of mouse anti-rabbit IgG antibodies (Figure
3A) and found no difference between the strains. Additionally, there were no differences in
the levels of 1gG1, 1gG2a, 1gG2c, or IgG3 specific mouse anti-rabbit antibodies, indicating
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that myeloid RelA knockdown did not affect the subclass of antibodies generated during the
initial immunization (Figure 3B-E). Serum levels of the passively transferred nephrotoxic
antibodies were also not different between KO and WT mice, further indicating that the
NTN model was successfully induced in the KO strain (Figure 3F).

3.4 Renal macrophage infiltration is reduced in myeloid RelA KO mice

Proliferative glomerulonephritis is accompanied by glomerular IgG and complement
deposition, as well as by infiltration of inflammatory cells [1,11]. To determine the effect of
the myeloid RelA KO on local inflammation, we stained kidney sections for IBA-1
(macrophages), C3, and IgG. While there was no difference in C3 and 1gG deposition, there
was a significant reduction in kidney IBA-1+ macrophages (Figure 4A-C). To further
characterize the macrophage populations during immune-mediated nephritis, flow cytometry
was performed to assess the effect of RelA KO in myeloid cells. We found a significant
reduction in M1 (CD11b+, F4/80 lo, Ly6C hi), classically activated cells, whereas M2
macrophages (CD11b+, F4/80 hi, Ly6C lo) were significantly increased in KO compared to
WT (Figure 5B) when looked at as a percent of single cells. For absolute numbers, we found
743 + 297 M1-like cells in KO mice compared to 1343 + 244 M1-like cells in the WT mice.
We also looked at the percent of CD45 cells to assess the composition of the immune cell
accumulations, and found similar and significant trends in the relative kidney infiltration by
M1 and M2 macrophages (Figure 5C). It should be noted that cell populations, including M1
and M2 macrophages, neutrophils, myeloid DCs, T cells, and B cells, were not different
between WT and KO mice at baseline in either the spleen or kidney (Figure 5A).

Immunofluorescent staining for B and T cells (Figure 4D), as well as flow cytometric
analysis (Figure 5D), found no difference in kidney infiltration of B and T cells (CD4+ and
CD8+) between WT and KO mice. Staining, however, revealed a nearly significant decrease
in CD3+ T cells in KO kidney (Figure 4D, p = 0.052). There was also no difference in
neutrophil numbers as determined by staining for Ly6G (Figure 4D).

3.5 KO mice have reduced trafficking of monocytes out of the spleen

The spleen is a known reservoir for monocytes which can quickly be recruited to sites of
inflammation. When assessing myeloid populations in the spleen at the time of sacrifice
when the nephritic process was still active, we found that WT mice had significantly less
Ly6C hi, or inflammatory monocytes, which would be consistent with the increased
recruitment of these cells to the kidney compared to the KO mice, which displayed
attenuated kidney inflammation (Figure 5E). T and B cell numbers in the spleen were not
different between the two groups (Figure 5F).

3.6 KO mice have decreased expression of inflammatory cytokines

NF-kB signaling is important for macrophage mediated inflammation [12]. To assess the
expression of inflammatory cytokines in the kidneys after disease induction, we assessed the
differences between the KO and WT mice. We found that myeloid RelA KO mice had
significantly reduced IL-1a and IL-6, two cytokines typically associated with M1
macrophages. IFNg was also significantly reduced in KO mice. Interestingly, concentrations
of IL-10 were significantly higher in KO compared to WT mice (Figure 6A), which is
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consistent with the significantly increased numbers of kidney M2 macrophages observed in
the former strain by flow cytometry.

To establish whether the reduction of IL-1a and IL-6 in kidneys of myeloid RelA KO mice
was due to inhibited classical NF-kB signaling in macrophages as opposed to other cell
types, we isolated peritoneal macrophages and stimulated them with LPS, a potent M1-
phenotype inducer. As shown in Figure 6B, we found that stimulated macrophages from
myeloid RelA KO mice have significantly abrogated levels of both IL-1a and IL-6 compared
to WT mice, similar to the kidney expression profile of these inflammatory cytokines.

We also assessed the expression of type 1 IFN response genes in the kidney via RT-PCR. As
shown in Figure 6C, knocking out relA in myeloid cells either had no effect compared to
diseased WT mice, as with the genes, IRF7 and IRF1; or myeloid specific relA knock out
mice had increased levels of certain genes, such as MX1 and IFIT1, compared to WT mice.

4. DISCUSSION

Lupus nephritis is a serious end organ manifestation that afflicts up to 60% of patients with
SLE. Current treatment options are less than ideal, and more targeted therapies are needed to
better serve patients. With current treatment options largely based on non-specific
immunosuppression, a significant number of patients still progress to end stage renal disease
and require renal replacement therapy. Additionally, patients are often subjected to negative
side effects from their treatments [11].

Here, we sought to elucidate if NF-kB signaling mediates the macrophage contribution to
disease pathogenesis. We generated myeloid specific RelA knock out mice and induced
NTN to study the effect of myeloid derived classical NF-kB signaling in contributing to LN
pathogenesis.

We found that knocking out RelA in myeloid cells markedly (albeit not completely)
abrogated disease. Specifically, we saw an improvement in proteinuria, as well as improved
kidney function and histopathology. Importantly, this was not due to a defect in disease
induction. All mice regardless of genotype responded similarly to the initial 1gG
immunization, and likewise, all received similar levels of nephritic serum and cleared it at
the same rate.

Mechanistically, myeloid Rel A KO mice had a significant reduction in kidney M1
inflammatory macrophages, but an increase in M2, despite starting with similar resident
kidney cell populations at baseline. Each strain had similar levels of CD11b+ cells overall
indicating that KO mice had an increased absolute number of M2 cells, likely creating a
protective environment that favored resolution over the progression of disease seen in the
WT mice.

We found that myeloid RelA knockdown had no effect on B or T cells, either in the kidney
or the spleen, but there was a significant depletion of the splenic monocyte reservoir in the
WT mice, suggesting the cells were recruited to the inflamed kidney. KO mice were likely
protected because of the reduced inflammation in their kidneys. Consistent with the

J Autoimmun. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chalmers et al.

Page 8

observed changes in cell numbers, we noted several M1 associated cytokines having higher
expression in kidneys of WT mice, whereas IL-10 was significantly increased in KO mice.
To determine whether this difference in kidney cytokine profile is due to macrophages rather
than other myeloid cell subsets in which NF-kB signaling was affected as well, we isolated
peritoneal macrophages from both KO mice and WT mice. These cells were stimulated with
LPS, a potent M1 inducer; similar to what was seen in the kidney, macrophage RelA KO
cells had attenuated responsiveness and exhibited reduced expression of IL-1a and IL-6.
Taken together, these data indicate that classical NF-kB signaling in macrophages is
instrumental in the pathogenesis of antibody mediated nephritis.

NF-kb can regulate many different aspects of both innate and adaptive immunity. For
example, NF-kB signaling is important to maturation of DCs, activation and differentiation
of T cells, survival and recruitment of neutrophils, and inflammatory signaling and
polarization within macrophages [13]. Functionally, canonical NF-kB signaling is important
to nearly every aspect of an immune response, whereas the non-canonical, or alternative
pathway of NF-kB, regulates specific functions of the adaptive immune system. Specifically,
non-canonical NF-kB is important for LTRR, BAFFR, CD40, and RANK signaling [13].

Dysregulation of NF-kB can lead to chronic inflammation, like that seen in SLE and other
autoimmune diseases. Specifically, the NF-kB pathway has been linked to LN pathogenesis
[14]. In lupus patients with nephritis, there is increased expression of NF-kB, especially
within the glomerular endothelial cells and mesangial cells [15,16], and many of the
inflammatory cytokines seen within the kidney are downstream of NF-kB activation.
Furthermore, genetic studies implicate both A20 and ABIN1, negative regulators of NF-kB
activity, in lupus and nephritis, respectively [17-20]. An additional study found that a
selective inhibitor of IKK was able to decrease nephritis within a murine model of LN via
inhibition of the NLRP3 inflammasome [21]. Taken together, these studies highlight the role
NF-kB may be playing in disease pathogenesis.

Macrophages present themselves as promising therapeutic target within LN. They have been
shown to contribute to several murine models of LN, both inducible and spontaneous. We
had previously demonstrated the importance of macrophages in the nephrotoxic serum
nephritis model used in this paper. By depleting macrophages with GW2580, a CSF-1 kinase
inhibitor, disease development was prevented. Furthermore, delayed treatment until nephritis
was established was also shown to be effective [6]. In the MRL/Ipr mouse model, a
spontaneous and severe model of LN, we also demonstrated the benefit of macrophage
depletion on kidney disease using the same inhibitor [7]. Other studies have reinforced these
findings. Activated macrophages can be used as markers for disease onset and remission in
the NZB/w F1 model of LN [22], and congenital deletion of CSF-1 or its receptor (CSF-1R)
in the MRL/Ipr mouse ameliorated disease [23,24]. Furthermore, systemic deletion of
macrophages or inhibition of trafficking also prevented disease development in nephritis
models [25-27].

Studies strongly support a role for macrophages in the pathogenesis of LN; although
macrophages have been investigated previously in immune-mediated nephritis, up until now
the primary approaches used to modulate this cell type have been rather non-selective.
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Studies involved macrophage depletion overall regardless of phenotype (e.g. using kinase
inhibitors which target the CSF-1R) [2,6,7]), or involved inhibitors with off-target effects
which affected other cell types as well (e.g. BTK inhibition preferentially targeting M1-type
macrophages, but also significantly affecting B cells) [2]. The approach within this paper
circumvents these confounding factors by modulating a signaling pathway most closely
associated with M1 macrophages, allowing us to specifically assess the effect of classically
activated macrophages.

Macrophages are important in human lupus as well. Renal mononuclear phagocyte
infiltration is associated with a poor clinical outcome in human LN [4], and proliferating
macrophages are associated with more severe glomerulonephritis [28]. These CD169+
macrophages are not found in glomeruli from healthy patients; however, they are found in
LN patients and positively correlate with proteinuria and the severity of the pathologic
lesions. Moreover, CD169+ macrophages were reduced in patients that responded to
treatment. Overall, the data linking macrophages to LN pathogenesis is strong [2,4,28,29].

Because of this strong association of macrophages with LN pathogenesis, we wanted to
further elucidate how macrophages are contributing to disease. As mentioned above,
noncanonical NF-kB signaling is often associated with particular aspects of the adaptive
immune system. Therefore, we examined classical NF-kB signaling specifically within
macrophages, where it contributes to the effects of the inflammatory M1 phenotype. Using
induction of nephrotoxic serum nephritis in myeloid RelA deficient mice, we could
determine the importance of M1 macrophages, or macrophage-derived classical NF-kB
signaling, to disease pathogenesis within an inducible model of LN that relies on the passive
transfer of nephrotoxic antibodies.

Classical NF-kB signaling is also relevant to pattern recognition receptor (PRR) signaling
(such as TLRs), as well as Fc receptor signaling [13], both of which may be important
within this model of LN. Therefore, this experimental set-up also allowed us to determine
the likely importance of macrophage activation through these specific receptors, although
whether the benefit in immune nephritis is effected through a single dominant pathway
cannot yet be stated with certainty.

The strain we generated knocks out classical NF-kB signaling within myeloid cells.
Consequently, it is important to consider whether other myeloid cells types may be affected,
such as dendritic cells. However, there is not a single standardized accepted method to
distinguish between renal dendritic cells and macrophages, and similar functions in acute
kidney disease have been attributed to both cell types (Gottschalk 2015). These two cells
types can be quite difficult to differentiate, as they can share many different functional
phenotypes and cell markers [30,31]. Nevertheless, there are several reasons we believe that
the protective effect of RelA deficiency in our study is due to macrophages, rather than
dendritic cells. Dendritic cell depletion using CD11c-DTR mice indicated a protective effect
for renal dendritic cells in nephrotoxic nephritis (Rogers), while ablating mostly
macrophages in CD11b-DTR mice was protective (Duffield, 2005). Moreover, the cytokine
milieu in nephritic kidneys could be replicated by our studies of macrophages in vitro.
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Neutrophils are thought to also be involved in NTN [32], and are another cell type that could
have been affected by our myeloid specific RelA knockout. In inflammatory kidney disease,
neutrophils can have multiple possible contributions including (among others) release of
inflammatory mediators (e.g. reactive oxygen species, cytokines, and proteases), as well as
orchestrating the recruitment of infiltrating leukocytes. Additionally, neutrophils can
produce NETSs (neutrophil extracellular traps), which can contribute to the end organ damage
and disease progression in lupus [33].

However, we found no differences in kidney neutrophil number in KO versus WT mice.
Additionally, although neutrophils are important effectors in the early stages of nephrotoxic
nephritis, macrophages are the dominate myeloid cell later on [30,34,35]. Because our study
focuses on the later stage of the disease process, the so-called autologous phase, it is much
more likely to conclude that any effects seen in the mutant strain were due to predominant
effects on macrophages rather than neutrophils. Indeed, GM-CSF deficiency during the
autologous phase of NTN, resulting in a significantly reduced population of macrophages
but not neutrophils, had much improved disease despite no change in the neutrophil number
[35]. Therefore, based on our results and previous studies taken together, we conclude that
classical NF-kB signaling in macrophages rather than other cell types played a primary
pathogenic role in this model of immune mediated nepbhritis.

We also assessed type 1 interferon response within our kidney by RT-PCR. Classical NF-kB
signaling does have some potential to regulate different IFN response genes [13,36,37]. We
found varied responses with different genes related to type | IFNs. For example, classical
NF-kB can negatively regulate certain IFN response genes, such as MX1; and MX1 was
found to be increased in rel A KO mice relative to WT mice, both healthy and diseased.
Other genes, such as IRF1 and IRF7, however, were not different between relA KO mice and
WT diseased mice, although KO mice did have increased levels compared to WT healthy
mice. In both cases, despite relA KO mice have increased levels of these response genes
relative to HC, we can surmise that the IFN response genes are not contributing heavily to
disease pathogenesis, as the relA KO have improved kidney disease overall.

5. CONCLUSIONS

Our data indicate that M1 macrophages play an important role in the pathogenesis of
nephritis mediated by pathogenic antibodies. Nevertheless, kidney disease in the myeloid
RelA KO mice following induction of nephrotoxic serum nephritis was not completely
abrogated, suggesting the role of macrophages is more complicated than just a dominance of
M1 cells. M2b, which are immunity-regulating cells, have also been implicated within LN,
which may explain why some kidney macrophage infiltration was still present even in the
myeloid RelA KO strain. Nevertheless, disease was significantly reduced, indicating that
targeting inflammatory signaling of macrophages early in disease could hold promise
therapeutically. Macrophage depletion shows promise in treating LN; targeting macrophages
more selectively through inhibition of particular signaling pathways might further increase
the expected benefits of such an approach by potentially increasing efficacy and minimizing
off target effects.
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1 Myeloid RelA deficient mice develop attenuated glomerulonephritis

2. Kidneys of myeloid RelA deficient mice expressed less IL-1, IFNg, and IL6

3. There was decreased infiltration of inflammatory macrophages in myeloid

4. Macrophage NF-kappa B signaling is central to the pathogenesis of immune

HIGHLIGHTS

following administration of nephrotoxic sera;

and more IL-10;

RelA deficient mice;

mediated nephritis.
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Figure 1. Assessment of kidney function.
(A) Proteinuria was measured over the course of the experiment using Uristix. Myeloid

RelA KO mice were significantly protected from increased levels of proteinuria compared to
RelA WT mice. (B) Results in (A) were confirmed by measuring albumin:creatinine ratios
in urine obtained at the time of sacrifice. (C) Myeloid RelA KO mice had lower blood urea
nitrogen (BUN) levels compared to WT mice. Shown are the combined results from 2
cohorts (HC, n = 4, RelA KO, n = 14; RelA WT, n = 13). Outliers were assessed using
Grubb’s test. Data was analyzed using an ordinary one-way ANOVA, and multiple
comparisons were determined using Tukey’s test.
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Figure 2. Renal histology.

Kidney sections were stained with PAS, and images were taken at 600x. Representative
images were selected from HC (A and B), KO (C and D), and WT (E and F) mice. WT mice
showed significant crescent formation (E, arrow), as well as endocapillary proliferation and
immune deposits (F). Myeloid RelA KO mice, however, displayed much more normal
histology, despite minimal endocapillary proliferation (C and D). There was significant
improvement in the glomerular histology in KO mice (G), but neither group had a significant
degree of tubular disease (H). Specifically, KO mice showed improvements in deposits,
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endocapillary proliferation, and crescents (1-K). Sections from 3 separate cohorts were
scored by a renal pathologist blinded to the genotype (HC, n=4; RelA KO, n = 18; RelA WT,
n = 17). Normally distributed data (glomerular histology, deposits, and endocapillary
proliferation) were analyzed using an ordinary one-way ANOVA, and multiple comparisons
were determined using Tukey’s test. Nonparametric data (Tubular histology and crescents)
were analyzed using a Kruskal-Wallis test, and multiple comparisons were assessed with
Dunn’s test.
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Figure 3. NTN is successfully induced in myeloid RelA KO mice.
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To ensure that knocking out RelA did not interfere with disease induction, we measured
antibodies generated in response to the initial rabbit IgG immunization in WT and KO mice
in terminal serum(A). Isotype specific mouse anti-rabbit 1gG antibody titers (1gG1, 1gG2a,
1gG2c, and 1gG3 levels) are shown in (B-E), with no difference seen in any of the isotypes.
Anti-GBM antibody titers were measured following passive transfer of the nephrotoxic
serum to ensure that both mouse genotypes received similar doses and had similar clearance
(F). Shown are the results from 3 separate cohorts (HC, n=4; RelA KO, n = 19, RelA WT, n
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= 17). Data for mouse anti-rabbit 1gG and anti-GBM titers were analyzed using an ordinary
one-way ANOVA, and multiple comparisons were determined using Tukey’s test. To assess
the various 1gG isotypes, which were normally distributed, a student’s T-test was used.
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Figure 4. Renal cell infiltration.
Kidney sections were stained for macrophages (IBA-1, green), C3 (red), and 1gG (white) in

myeloid RelA KO mice (A) and WT mice (B). There was a significant reduction in
macrophage infiltration in KO mice, but no difference in 1gG and C3 deposition (C). CD3+
T cells trended towards being lower in KO mice (D); however; there was no difference in B
cells (B220+) and neutrophils (Ly6G+). Shown are the results from one cohort (RelA KO, n
=5, RelA WT, n = 5). Significance was assessed using a student’s T-Test.

J Autoimmun. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chalmers et al.

A B.
Macrophages kidney at baseline
80-1 80
mm KO
i = 60
= 60 WT D
o (8]
@ =
241 £
® “
o 3~ 204
3 zo_i _ i - 20
0- T T S i'I_ 0-
oo“" 0'\(0 ,\\'.&g’ m\‘g
) &
C. Macrophages kidney %CD45 D.
50+ 80+
4 m KO
40 - — 601
© Ll ) 8
X 307 — o
O g, 40
X 20 - =
o
10 . > 20-
0- T T T 0-
& W «
S A\ &
E. F.
Macrophages spleen %SC
150-
€071 . mko ,
wr T =
Sa{ M- '3 100-
° Q0
2 ' B E
og 20 . Dg 50-
0- T i| T T e 0-
x & N o
\J & & AN \
$ & & £ £
(&) R & v v
é"’é *

Page 22

Macrophages kidney %SC

mm KO
I WT
I - —f
oo“" &
) A\ A\

T and B cells kidney %SC

mm KO
L wT
T i| — i| i i11-_
N ] J
& P oY &

T and B cells spleen %SC

= KO
- wWT

Figure 5. Cytometric analysis of renal immune cellsand splenic cell populations.
(A) Myeloid-specific RelA KO mice had similar populations of kidney myeloid cells as WT

mice, when assessed by flow cytometry at baseline (pre-disease induction). (B) A significant
reduction of M1 inflammatory macrophages was found in the kidneys of myeloid RelA KO
mice compared to WT mice. In contrast, increased M2 tissue resident macrophages were
found in the former strain. This trend was not only true for total cell number, but also when
looking at proportions of immune cells in the kidneys (% CD45+), as shown in C. There was
no difference in T and B cell renal populations (D). In the spleen, there were increased
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numbers of M1 monocytes in myeloid Rel A KO mice, indicating that the splenic reservoir
was not being depleted in this strain (E). There was no difference in T and B cells in the
spleen (F). Shown are results from one cohort (RelA KO, n = 5; RelA WT, n =5). %SC, %
single cells. Significance was assessed using a student’s T-Test.
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Figure 6. Expression of inflammatory cytokine proteinsin the kidney.
(A) We measured protein cytokine levels in whole kidney protein extracts using Legendplex.

There was decreased expression of IL-1a, IFNg, and IL-6 in KO mice, whereas IL-10 was
increased. This pattern of cytokine expression is consistent with the larger population of
resident macrophages as opposed to inflammatory macrophages. Outliers were assessed
using Grubb’s test. Data was analyzed using a student’s T-test (B) Macrophages were
isolated from KO and WT mice, cultured, and stimulated with LPS. Legendplex was
performed on the supernatants. Cells were isolated from 3 mice per group, and plated in
duplicate for stimulation. Data was analyzed using a two-way ANOVA and Tukey’s test for
multiple comparisons. (C) RT-PCR was performed on RNA isolated from whole kidneys to
assess the expression of IFN response genes. Data was analyzed using an ordinary one-way
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ANOVA and Tukey’s test for multiple comparisons. (For the kidney protein levels and RT-
PCR, shown are the results from 2 cohorts; HC, n = 4; RelA KO, n = 10, RelA WT, n = 10)
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Table 1.
Antibodies used for staining.
IF STAINING
primary dilution secondary dilution
goat anti- mouse C3 1:100 donkey anti-goat AF594 1:100
Stain 1 | rabbit anti-mouse IBA-1 1:250 donkey anti-rabbit AF488 1:250
donkey anti-mouse 1gG 1:500 donkey anti-mouse 1gG 1:500
. rat anti- mouse B220 1:100 donkey anti-rat AF594 1:100
Stein 2 rabbit anti-mouse CD4 1:100 donkey anti-rabbit AF488 1:100
Stain 3 rat anti-mouse Ly6G 1:100 donkey anti-rat AF594 1:100
FLOW CYTOMETRY
Ly6C (PE) 1:1000
F480 (PerCP) 1:100
Stain 1 CD45 (FITC) 1:100
CD11b (AF700) 1:100
CD11c (Pacific Blue) 1:100
CD8 (FITC) 1:101
B220 (PE) 1:102
Stain 2
CD45 (PerCP) 1:103
CDA4(APC) 1:104

J Autoimmun. Author manuscript; available in PMC 2020 March 01.

Page 27



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Mice and disease induction
	Assessment of kidney function
	Renal histopathology
	Measurement of mouse anti-rabbit antibodies
	Rabbit anti-mouse glomerular basement (GBM) antibodies
	Immunofluorescent staining
	Flow cytometry
	Measurement of cytokine protein expression
	Macrophage isolation, culture, and stimulation
	RNA isolation, cDNA synthesis, and RT-PCR
	Statistics

	RESULTS
	Myeloid-specific RelA knock out mice have attenuated kidney disease following induction of NTN
	Histology
	RelA knock out mice did not exhibit altered antibody responses
	Renal macrophage infiltration is reduced in myeloid RelA KO mice
	KO mice have reduced trafficking of monocytes out of the spleen
	KO mice have decreased expression of inflammatory cytokines

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

