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Abstract

Autoimmune kidney diseases can cause glomerulonephritis and tubulointerstitial nephritis,
which if unresolved, lead to progressive glomerulosclerosis and tubulointerstitial fibrosis. The IL-
1 receptor (IL-1R1) is known to have divergent and cell-specific effects in kidney injury. We
hypothesized that IL-1R1 would dampen pro-inflammatory activation of myeloid cells such that
deletion of myeloid cell IL-1R1 would exacerbate autoimmune nephritis. Mice with myeloid cell-
specific deletion of IL-1R1 (LysMCre(+) / l11r1"" - MKO) and littermate controls (LysMCre(-) /
I11r1™ - MWT) were subjected to nephrotoxic serum (NTS) nephritis. MKO mice demonstrated
worsened glomerular and tubular injury as indicated by increased albuminuria, glomerular injury
scores, and kidney mRNA levels of kidney injury molecule (KIM)-1 (Havcr1) and neutrophil
gelatinase-associated lipocalin (NGAL/Lcn2). We further found that myeloid IL-1R1 deficiency
resulted in increased myeloid cell ER stress and expression of the heterodimeric cytokine
Ebi3/lI27a (IL-27). IL-27 then induced increased type | IFN expression by kidney endothelial cells.
In turn, anti-IL-27 limited type | IFN expression in endothelial cells and NTS nephritis, and anti-
IFNAR1 therapy ameliorated glomerular and tubular injury in MKO mice. Thus, we demonstrated
a myeloid cell-endothelial cellimmunoregulatory axis whereby myeloid IL-1R1 activity constrained

endothelial type | IFN generation to limit chronic kidney damage.



Introduction

Chronic kidney disease (CKD) affects more than 850 million people worldwide (1).
Clinically, CKD is characterized by a prolonged and progressive decline in kidney function,
measured by a decreased glomerular filtration rate (GFR) and the presence of albuminuria and
tubulointerstitial damage (2). During CKD progression, injury to glomerular components and
unresolved kidney tubule cell injury lead to progressive glomerulosclerosis and tubulointerstitial
fibrosis resulting in nephron loss (3, 4). CKD can be caused by multiple insults including acute
kidney injury (AKI), diabetes mellitus, toxins, genetic diseases, and autoimmune diseases. Of
autoimmune diseases, some of the most common to affect the kidney include systemic lupus
erythematosus (SLE), which causes lupus nephritis; anti-neutrophilic cytoplasmic autoantibody
(ANCA) vasculitis; and antibody-mediated kidney diseases such as anti-glomerular basement
membrane (GBM) disease, all of which lead to glomerulosclerosis and/or tubulointerstitial
nephritis. The processes contributing to progressive CKD in autoimmune kidney diseases involve
pro-inflammatory cytokines, cellular stress, and aberrant immune responses with dysregulated
tissue repair (5, 6).

During kidney inflammation, cytokines play important but complex roles in modulating the
cell-cell interactions that regulate kidney healing. For instance, interleukin (IL)-1 (IL-1o and IL-1p)
isoforms bind to their cell surface receptor, IL-1R1, and can exacerbate kidney damage (7-13).
However, IL-1R1 on certain cell types, including myeloid cells, can actually limit inflammation and
kidney injury (12, 14, 15) implying cell-specific contextual roles for IL-1R1 in the inflammatory
response. Similarly, the heterodimeric cytokine IL-27, made up of subunits Epstein-Barr virus
induced gene 3 (EBI3/Ebi3) and IL-27p28 (/I127a), has pleiotropic and sometimes opposing effects
on different cell types during inflammation (16). IL-27 has been highly studied in the context of its
effects on lymphocytes where it can modulate T helper differentiation responses (17, 18).

However, IL-27 also increases expression of IFN stimulated genes (ISG) in multiple cell types



(19-23). Type | IFNs (i.e., IFN-a, IFN-B) play a protective role in the host anti-viral response (24,
25) and anti-tumor immune response (26). However, persistent type | IFN production can drive
chronic inflammation, especially in the kidney where type | IFNs have been highly implicated in
driving the glomerular and tubulointerstitial lesions that cause lupus nephritis, chronic kidney
disease (CKD), glomerulosclerosis, and viral nephropathies (27-30). Thus, there is an important
need to identify cellular sources and mechanisms to harness the protective effects of these
cytokines during kidney immune responses while limiting their detrimental effects.

Myeloid cells play crucial roles in the kidney immune response. During infection or injury,
myeloid cells (macrophages, monocytes, dendritic cells, and neutrophils) are the first responders
and release inflammatory mediators and cytokines such as IL-1p, TNF, and type | IFN to initiate
the immune response (31). However, myeloid cells are also critical to clear invading
microorganisms and cellular debris to promote repair of neighboring cells. Indeed, all myeloid
cells can play protective or detrimental effects depending on their phenotype/polarization state,
the type of kidney injury, and the timing after injury (32-37). Beyond myeloid cells, endothelial cells
also play a prominent role in the kidney inflammatory response as they regulate passage of
myeloid cells and other immune cells to sites of injury. In the kidney, endothelial cells form the
glomerular filtration barrier with podocytes and the basement membrane and thus are exposed to
circulating immune complexes and cytokines (30). As such, the kidney, and particularly the
glomerulus, is often the initial site of injury in autoimmune diseases. We and others have
previously demonstrated that myeloid cells and endothelial cells regulate each other’s functions
during kidney injury, including in response to inflammatory cytokines (38, 39). Thus, therapeutic
strategies targeting inflammatory mediators that regulate kidney myeloid cell-endothelial cell
interactions could have great potential to limit chronic kidney damage and fibrosis development.

In this study, we aim to further investigate the protective role of myeloid IL-1R1 during the

progression of autoimmune kidney injury. Based on our previous studies where we found a



protective anti-inflammatory role of IL-1R1 on CD11c+ myeloid cells during acute ischemic AKI
(14), we hypothesized that deletion of myeloid IL-1R1 would promote inflammation and
exacerbate autoimmune nephritis. In this study, we show that myeloid IL-1R1 limits
glomerulonephritis through a mechanism by modulating myeloid ER stress and EBI3/IL-27

expression, which in turn reduces endothelial type | IFN generation.



Results

Deletion of IL-1R1 in LysM+ myeloid cells worsens chronic kidney injury following
nephrotoxic serum nephritis: NTS nepbhritis is a commonly used murine model of immune-
mediated kidney injury that utilizes timed injections of sheep IgG and anti-glomerular basement
membrane (GBM) antibody to induce both glomerular and tubular damage, effects that are most
pronounced on the 129/SvEv background (40). To determine the role of IL-1R1 in myeloid cells
following NTS, we employed a genetic model to delete IL-1R1 from LysM+ cells on the 129/SvEv
background (Supplemental Figure 1A) (LysMCre(+)/li1r1""— MKO). We confirmed that, compared
to MWT (LysMCre(-)/ll1r1") mice, II1r1 was specifically deleted from peritoneal macrophages in
MKO mice, whereas expression was preserved in other tissues (Supplemental Figure 1, B-E). We
then subjected MWT and MKO mice to NTS nephritis and harvested tissues 9 days after NTS
induction (Figure 1A). Compared to MWT kidneys, we found that MKO kidneys exhibited
significantly worsened glomerular injury as evidenced by higher glomerulosclerosis scores (Figure
1, B-C) and urinary albumin excretion (Figure 1D). In addition to glomerular pathology, compared
to MWT kidneys, MKO kidneys displayed evidence of increased tubular injury as indicated by
elevated Havcr1/KIM1 and Lcn2/INGAL mRNA expression (Figure 1, E-F). Since we had
previously demonstrated that loss of IL-1R1 in CD11c+ myeloid cells worsened acute ischemic
AKI (14), we next tested whether deletion of IL-1R1 in CD11c+ myeloid cells exacerbated NTS
nephritis. Mice with deletion of IL-1R1 in CD11c+ myeloid cells did not have worsened NTS
nephritis compared to littermate mice (Supplemental Figure 2), suggesting the effect was likely
mediated by a CD11c¢'®/CD11b* myeloid cell. To further characterize the temporal progression of
injury during NTS nephritis, we monitored urinary albumin excretion from day 6 to day 8 following
NTS induction and found that compared to MWT mice, MKO mice exhibited higher albuminuria
starting at day 7 (Supplemental Figure 3). As cross-model validation of susceptibility to chronic
kidney damage in MKO mice, we confirmed that myeloid IL-1R1 deletion worsened kidney injury

and fibrosis markers in a 28-day chronic ischemia/reperfusion (I/R) model, as evidenced by



elevated KIM-1 and TGF[3 expression and worsened histological injury scores in MKO kidneys
compared to MWT controls (Supplemental Figure 4). Together, our data imply that LysM+ myeloid
cell IL-1R1 deletion worsens disease progression in distinct chronic kidney injury models.

LysM+ myeloid cell IL-1R1 deletion does not change IL-1Ra expression after NTS
nephritis: Previously, we demonstrated that F4/80" kidney macrophages produce IL-1Ra/ll1rn to
limit inflammation at 24 hours following septic kidney injury (39). We further showed a protective
role for CD11c+ myeloid cell IL-1R1 to induce IL-1Ra generation and limit early ischemic kidney
injury in a 24-hour I/R model (14). To determine whether reduced IL-1Ra expression could account
for the worsened phenotype of MKO mice in the inflammatory NTS nephritis model, we measured
II1rn expression. At day 9 after NTS nephritis, myeloid IL-1R1 deletion did not differentially
modulate //1rn expression in the whole kidney (Supplemental Figure 5A), nor did it differentially
impact numbers of infiltrating or resident CD11b+ kidney myeloid cells (Supplemental Figure 5,
B-E). We further measured //1rn expression in sorted CD11b+ kidney myeloid cells. Again, we did
not find evidence that LysM+ myeloid cell IL-1R1 deletion changed //7rn expression at day 9 after
NTS nephritis (Supplemental Figure 5, F-G). Together, these results indicate that LysM+ myeloid
cell deletion of IL-1R1 permits increased glomerular and tubular damage through a mechanism
other than through regulation of IL-1Ra expression.

The type | IFN response is important for NTS nephritis pathogenesis, and MKO mice
display increased non-myeloid type | IFN expression: To explore additional mechanisms
important to the pathogenesis of NTS nephritis, we performed scRNA-seq on kidneys from
wildtype mice either in control animals or at day 9 after induction of NTS nephritis. We clustered
and annotated major kidney cell types by known genetic markers (41-43) (Supplemental Figure
6, A-C). We next performed pseudobulk analysis grouping all kidney cells by sample to identify
global gene expression programs in the kidney following NTS nephritis. We performed differential
expression analysis (DEA) between control and Day 9 NTS kidneys and found that of the 20 top

differentially upregulated genes in NTS kidneys, 10 were IFN stimulated genes (ISG) (Figure 2,



A-B). Moreover, many of these ISG were also upregulated in kidney tubule (TUB), fibroblast
(FIBRO), endothelial cell (ENDO), and myeloid cell clusters (Supplemental Figure 6, D-G). Given
the important role of type | IFN in autoimmune kidney diseases (27-30), we next examined
whether MKO mice showed evidence of increased type | IFN signaling. Compared to kidneys
from MWT mice, NTS-injured kidneys from MKO mice displayed increased nuclear levels of IFN
regulatory factor (IRF)7 (Figure 2C-D), a primary transcription factor involved in type | IFN
expression (44) as well as modest but significantly increased Ifnb7 mRNA expression in the whole
kidney (Supplemental Figure 7). To determine whether MKO myeloid cells are the primary source
of elevated type | IFNs in MKO injured kidneys, we sorted CD11b+ myeloid cells from NTS-injured
kidneys of MWT and MKO mice. Surprisingly, compared to MWT CD11b+ myeloid cells, we did
not find evidence of increased type | IFN expression in MKO myeloid cells (Figure 2E). We next
considered whether increased numbers of kidney myeloid cells in MKO kidneys might account for
increased type | IFN expression; however, by flow cytometry, myeloid cell populations were
similar in MWT and MKO kidneys (Figure 2, F-G). Taken together, these results imply that LysM+
myeloid cell IL-1R1 deletion increases type | IFN expression in the injured kidney, likely from a
non-myeloid source.

LysM+ myeloid cell IL-1R1 deletion increases type | IFN expression in endothelial
cells after NTS nephritis: To identify other potential sources of elevated type | IFNs following
NTS nephritis, we performed gene ontology (GO) analysis of major kidney cell clusters from
wildtype mice at baseline and Day 9 after NTS induction (Figure 3A). Of kidney cell clusters,
neutrophils (PMN), podocytes (PODO), and lymphocytes (LYMPHO) did not show upregulated
GO pathways with g value threshold <0.1. However, we did find upregulated GO pathways highly
enriched in the type | IFN response (i.e. “response to virus,” “response to IFN-beta”) across other
kidney cell clusters including kidney tubules, fibroblasts, and endothelial cells (Figure 3, B-D).

Moreover, we found that of kidney cell populations, endothelial cells, myeloid cells, neutrophils,



and lymphocytes are cell populations expressing high levels of Irf7 after NTS nephritis (Figure
3E), indicating that type | IFNs could be generated from these cell types.

To ascertain the source of type | IFNs in MKO kidneys, we sorted kidney endothelial cells,
fibroblasts, tubule cells, and myeloid cells from NTS-injured MWT and MKO mice (Figure 3F,
Supplemental Figure 8A). Among these, only endothelial cells from MKO kidneys exhibited
significantly elevated Ifnb1 (Figure 3G) and Ifna4 and Ifna5 expression (Supplemental Figure 8,
B-C), whereas type | IFNs were not differentially regulated by myeloid IL-1R1 expression in
CD11b* myeloid cells, fibroblasts, or tubular epithelial cells (Figure 3, H-J; Supplemental Figure
8, B-C). These findings suggest that LysM+ myeloid cell IL-1R1 deletion selectively augments
endothelial cell type | IFN expression after NTS nephritis.

Ebi3/IL-27 increases endothelial cell type | IFN expression, and anti-IL27
ameliorates NTS nephritis in MKO mice: To further evaluate crosstalk between kidney myeloid
cells and endothelial cells following NTS nephritis, we performed NicheNet analysis (45) on our
scRNA-seq dataset setting the myeloid cell cluster as sender cells and endothelial cluster as
receiving cells. We found that Ebi3 is a highly prioritized ligand secreted from myeloid cells that
can induce type | IFN-associated genes (i.e. Irf7, Irf9, Ifit3, Stat1) in endothelial cells (Figure 4A),
and Ebi3 is primarily expressed in myeloid cells (blue circle) in the kidney after NTS nephritis
(Figure 4B).

To validate the potential EBI3-type | IFN axis, we analyzed expression of cytokine subunits
that form heterodimeric cytokines with EBI3 (//27a/p28 — IL-27, l[12a/p35 — IL-35, and /6 —
involved in IL-6 trans-signaling) in kidney myeloid cells isolated from NTS-injured MWT and MKO
mice. Among these, //27a and 1/6, but not //12a, were significantly upregulated in MKO myeloid
cells compared to MWT controls (Figure 4, C-F). To assess the potential of either IL-27 or IL-6 to
regulate endothelial type | IFN expression, we co-cultured b.End3 endothelial cells with CD11b+
myeloid cells sorted from NTS-injured kidney of MWT or MKO mice and in the presence or

absence of neutralizing antibodies (Figure 4C). Endothelial Ifnb1 expression was significantly



higher following stimulation with MKO myeloid cells compared to MWT myeloid cells, and this
increase was attenuated only by anti-IL-27 (Figure 4G), but not anti-IL-6 (Figure 4H). As NicheNet
analysis also identified HMGB1 as a prioritized myeloid-derived ligand capable of targeting
endothelial cells to induce type | IFN associated genes (Supplemental Figure 9A), we additionally
tested whether HMGB1 inhibition could attenuate the elevated endothelial type | IFN response.
HMGB1 inhibition failed to ameliorate increased endothelial /fnb1 expression induced by MKO
myeloid cells (Supplemental Figure 9B), suggesting that HMGB1 is not a primary mediator of this
response. As further support of the detrimental effects of IL-27 during NTS nepbhritis in MKO mice
in vivo, anti-IL-27 therapy was able to abrogate the difference in albuminuria and KIM-1 mRNA
expression between MWT and MKO mice (Supplemental Figure 10).

As IL-27 has pleiotropic effects on CD4 T helper cell differentiation, promoting Th1 and
Treg responses and inhibiting Th2 and Th17 responses (18, 46-50), we next assessed T
lymphocytes populations by flow cytometry in MWT and MKO mice after NTS nephritis. We found
minimal differences between MWT and MKO mice in CD4 and CD8 populations and CD4 T helper
subsets (Supplemental Figure 11). There was actually a trend towards reduced IFNy+ CD4 T cells
in MKO mice, which led us to believe the predominant effect of myeloid IL-1R1 deletion was not
on lymphocytes.

In support of IL-27 modulating endothelial responses during NTS nephritis, in the scRNA-
seq dataset, we found that endothelial cells express high levels of //27ra, the receptor for IL-27.
Moreover, sub-clustering of endothelial cells revealed that glomerular endothelial cells, a primary
target of injury during NTS nephritis, express the highest relative levels of /127ra (Figure 4, I-K),
results supported in human CKD using the Kidney Precision Medicine Project (KPMP) tissue atlas
(Supplemental Figure 12). Together, these findings identify a potential myeloid-to-endothelial
crosstalk mechanism in which IL-1R1 suppresses Ebi3/IL-27 generation from myeloid cells,

thereby limiting endothelial type | IFN expression following NTS nephritis.
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Protective effects of LysM+ myeloid cell IL-1R1 are predominantly from a non-
neutrophil myeloid population: Since LysM-Cre also mediates recombination in neutrophils
(51), we next sought to determine whether neutrophils in MKO mice contributed to the
dysregulated IL-27 - endothelial type | IFN axis. We sorted neutrophils from MWT and MKO mice
after NTS nephritis (Supplemental Figure 13A). In contrast to CD11b*Ly6G™ myeloid cells sorted
from MKO kidneys, which showed elevated //27a and //6 expression after NTS nephritis (Figure
4, D-F), Ly6G™" neutrophils isolated from MKO mice showed no difference in //27a expression, and
significantly reduced //6 expression, compared to MWT controls (Supplemental Figure 13, B-C).
Moreover, compared to co-culture with MWT neutrophils, co-culture of MKO neutrophils with
bEnd.3 endothelial cells actually reduced endothelial Ifnb1 and Ifna5 expression (Supplemental
Figure 13, D-F; compare to Figure 4, G-H). To directly test the functional contribution of
neutrophils in vivo, we depleted neutrophils using anti-Ly6G antibody during development of NTS
nephritis (Supplemental Figure 13, G-1). Anti-Ly6G treatment was not able to ameliorate worsened
glomerular and tubule injury in MKO mice (Supplemental Figure 13, J-L). Taken together, these
findings suggest that other LysM+ myeloid cells, not neutrophils, are the primary contributor to
increased endothelial type | IFNs and worsened NTS nephritis in MKO mice.

Myeloid IL-1R1 deletion enhances ER stress-induced EBI3 expression: We next
wanted to further interrogate the potential mechanism whereby LysM+ myeloid IL-1R1 deficiency
can lead to increased Ebi3 expression. EBI3 is a resident ER protein whose expression can be
increased by ER stress (52). To investigate whether IL-1R1 regulates the myeloid cell ER stress
response, we sorted CD11b" myeloid cells from NTS-injured kidneys and profiled genes
associated with ER stress. Compared to MWT myeloid cells, MKO kidney myeloid cells exhibited
higher expression of ER stress markers including protein kinase R(PKR)-like ER kinase (PERK —
Eif2ak3), activating transcription factor 4 (ATF4 — Atf4), binding immunoglobulin protein (BiP —
Hspab) and C/EBP-homologous protein (CHOP — Ddit3) (Figure 5, A-B). To determine whether

IL-1R1 deficiency enhances ER stress in myeloid cells in vitro, we generated BMDMs from MWT
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and MKO mice and stimulated with the ER stress inducer tunicamycin for 6 hours (Figure 5C).
Compared to MWT controls, MKO BMDMs showed significantly increased ER stress markers at
both the mRNA (Figure 5, D-G) and protein levels (Figure 5, H-L). To assess whether these
changes were also reflected at the whole kidney level, we measured ER stress marker expression
in whole kidney lysates. In NTS-injured kidneys, MKO mice showed elevated expression of
Hspab, Ddit3, and Eif2ak3 compared to MWT controls (Supplemental Figure 14A). Similarly, in
the chronic I/R model, Ddit3 expression was significantly increased in KO kidneys (Supplemental
Figure 14B). Together, our data indicate that LysM+ myeloid cell IL-1R1 deletion increases ER-
stress both in vivo and in vitro.

We next asked whether ER stress regulates EBI3/IL-27 expression in myeloid cells in an
IL-1R1 dependent manner. To this end, BMDMs from MWT and MKO mice were stimulated with
the ER stress inducer tunicamycin for 6, 12 and 24 hours. Compared to MWT BMDMs, KO
BMDMs displayed heightened expression of Ebi3 and IL27a following ER stress induction (Figure
5, M-O). These results indicate that myeloid ER stress-induced EBI3/IL-27 expression is
exaggerated in the absence of IL-1R1.

Anti-IFNAR1 therapy ameliorates NTS nephritis in MKO mice: Finally, to test whether
LysM+ myeloid cell IL-1R1 limits autoimmune kidney injury by suppressing type | IFNs, we treated
MWT and MKO mice with anti-IFNAR1 during NTS induction (Figure 6A). Anti-IFNAR1 therapy
treatment abrogated the differences in KIM-1 (Figure 6B), albuminuria (Figure 6C), and histologic
glomerular injury (Figure 6, D-E) between MWT and MKO mice. Taken together, these findings
suggest that LysM+ myeloid IL-1R1 deletion worsens type | IFN-mediated NTS nephritis (Figure

6F).
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Discussion

In support of our hypothesis, we demonstrate here that myeloid IL-1R1 activity constrains
glomerular and tubular injury in an autoimmune NTS nephritis model. Mechanistically, we found
IL-1R1 mitigates ER stress in myeloid cells inhibiting Ebi3/IL-27 expression and reducing
endothelial type | IFN generation. Thus, our work lends further support to an important anti-
inflammatory and protective function of myeloid IL-1R1, here to constrain IL-27-mediated
endothelial inflammation during autoimmune kidney damage.

In our study, endothelial type | IFNs played a major pathogenic role in NTS nepbhritis
development. Indeed, the role of type | IFNs has been repeatedly linked to kidney damage during
lupus (53) where the activation of type | IFNs is associated with kidney dysfunction (54). In
addition, the administration of IFNa and IFNp impairs kidney function (55, 56); and interfering with
signaling through their receptor, IFNAR, ameliorates these detrimental effects (57, 58). Moreover,
type | IFNs induce apolipoprotein L1 (APOL1) expression in podocytes and endothelial cells and
provide a “2™ hit” for development of APOL1 nephropathy in APOL1 G1 and G2 risk variant
carriers (30, 59-62). As myeloid cells are typically major producers of type | IFNs (63, 64), we
initially thought that the increased type | IFNs we observed in KO mice would be due to heightened
expression in myeloid cells after NTS nephritis. Surprisingly, we did not observe an increase in
type | IFN expression in MKO myeloid cells relative to MWT myeloid cells after NTS, nor did we
see increased numbers of myeloid cells in MKO kidneys. It is possible that we were unable to fully
capture spatio-temporal differences in type | IFN generation by myeloid cells as our cell sorting
strategy to capture myeloid cells and measure type | IFNs was done at the whole kidney level on
day 9 at the end of the disease model. By contrast, we did find supportive evidence that the
increased type | IFNs we observed in MKO kidneys after NTS emanated from endothelial cells.
Although we cannot rule out the possibility that type | IFNs are also produced by other cell types,

such as podocytes or lymphocytes, it should be noted that myeloid cells are distributed throughout
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the kidney in similar locations as endothelial cells. The complexity of these interactions between
myeloid cells and other kidney parenchymal cell types, including endothelial cells, indicates that
further studies are needed to fully elucidate myeloid cell-mediated cellular cross-talk and its
effects on kidney disease.

Our study lends further support toward the very important role myeloid cells and
endothelial cells play in regulating each other’s functions during kidney homeostasis and disease.
Stamatiades, et al. had previously revealed that macrophages form an immunoregulatory axis
with endothelial cells where they sample immune complexes in the glomerulus to activate the
immune response (38). In an acute septic AKI model, we further demonstrated that cortical
resident macrophages (glomeruli mainly reside in the cortex) limit septic acute kidney injury
through inhibiting IL-6 generation from endothelial cells (39). As glomerular endothelial cells are
the primary initial site of injury during immune complex deposition in the kidney, it is plausible that
a primary mechanism through which activated myeloid cells signal to glomerular endothelial cells
is through IL-27. Indeed, we found that of kidney endothelial subtypes, glomerular endothelial
cells are the primary subtype that expresses the receptor for IL-27, 1127ra/IL27RA in both mice
and humans. Whether this IL-27-mediated cross-talk between myeloid cells and endothelial cells
is a common inciting mechanism of immune complex-mediated damage in the kidney remains to

be determined.

Regarding IL-27, while both pro- and anti-inflammatory roles have been ascribed to IL-27,
our study provides support for a pro-inflammatory and likely detrimental role in endothelial cells.
After induction, IL-27 subunit EBI3 is retained in the ER, where it can bind p28. EBI3 is a
chaperone to ensure correct protein folding of p28 to form IL-27 (65). In the kidney, our data reveal
that myeloid cells are major expressers of Ebi3. After release, IL-27 binds to its receptor, the IL-
27 receptor, which is a heterodimer of the IL-27 receptor (WSX-1/ /I27ra) and glycoprotein 130

(gp130). Downstream signaling subsequently occurs through JAK / STAT - mainly STAT1 and
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STAT3, p38 and ERK MAPK, and NF-xB / activator protein (AP)-1 pathways (16). Besides
endothelial cells, we found that the main cell type expressing //27ra is lymphocytes. Indeed, the
role of IL-27 in T cell differentiation has received considerable attention as it induces T helper
(Th)1 differentiation, inhibits Th2 and Th17 responses, and enhances cytotoxic function of CD8 T
cells (17, 18). We were unable to identify significant upregulation of GO pathways associated with
type | IFNs in kidney lymphocytes from our single cell RNA sequencing dataset. We also did not
observe differences in numbers of CD4 T helper lymphocyte subsets between MWT and MKO
mice by flow cytometry after NTS nephritis. However, we did find that anti-IL-27 was able to
abrogate type | IFN generation from endothelial cells co-cultured with MKO myeloid cells in vitro
and reverse NTS nephritis in MKO mice in vivo. Our data are consistent with a previously
demonstrated role for IL-27 to induce type | IFN-associated genes (19-23) and pro-inflammatory
activation of endothelial cells (66-68). Thus, modulating IL-27 signaling in endothelial cells holds
considerable promise as a therapy for kidney autoimmune diseases where endothelial damage

plays a critical role.

In our study, myeloid IL-1R1 deficiency was associated with increased Ebi3/IL-27
expression. Our findings add yet another layer of complexity to the complicated role of IL-1/IL-
1R1 in kidney disease. Most early studies using global IL-1R1-deficient animals revealed that
activation of IL-1R1 leads to worse AKI and/or fibrosis following I/R (7), unilateral ureteral
obstruction (8), cyst formation (10), and cisplatin-induced AKI (11). Studies using mice with cell-
specific deletion of IL-1R1 in kidney tubule epithelium further revealed a detrimental role for IL-
1R1 in kidney disease (9, 12). In contrast, IL-1R1 on podocytes (15) and endothelial cells (12)
limits toxic AKI. Moreover, our recent study using mice with cell-specific deletion of IL-1R1 in
CD11c+ myeloid cells revealed that IL-1R1 serves as a negative feedback regulator at 24 hours
after ischemic kidney injury by promoting release of the anti-inflammatory cytokine IL-1Ra (14). In

this study, we did not find similar effects of myeloid IL-1R1 to regulate IL-1Ra expression following
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NTS nephritis, though it should be noted that our acute I/R model is characterized by a rapid,
innate immune response in which IL-1Ra may provide an early negative feedback mechanism. In
contrast, the antibody-mediated NTS nephritis model reflects a more sustained inflammatory
process. Nevertheless, we did find that IL-1R1 constrains myeloid ER stress and subsequent Ebi3
expression. Cellular stress can disrupt normal protein folding and cause accumulation of
abnormal proteins in the ER, which leads to ER stress and the unfolded protein response (UPR)
(69). Unmitigated ER stress has been implicated in multiple kidney diseases including acute
kidney injury, glomerulonephritis, and kidney fibrosis (69-74). In macrophages, chronic ER stress
alters cytokine production and promotes inflammation. ER stress can also induce Ebi3 expression
(52). Thus, a primary mechanism through which IL-1R1 serves as a negative feedback regulator
of myeloid cell activation could be through reduction of pathways leading to ER stress. These
studies remain an active area of investigation.

Several limitations of this study warrant consideration. First, LysM-Cre targets a broad
myeloid compartment rather than macrophages exclusively. Our neutrophil depletion and CD11c-
Cre experiments suggest that neither neutrophils nor CD11c"/CD11b" cells are the primary drivers
of the observed phenotype. Our findings are therefore best interpreted within the context of a non-
neutrophil CD11b*/LysM* myeloid compartment that includes monocytes and macrophages.
Second, certain gene expression changes were detectable in sorted cell populations but not at
the whole kidney level, which may reflect cellular heterogeneity, potential compensatory
mechanisms within the kidney, or spatially localized expression differences that cannot be
resolved at the whole kidney level. Third, while our IL-27 neutralization experiments provide
strong support for myeloid-derived IL-27 as a key driver of endothelial type | IFN responses in

MKO mice, additional mechanisms may also contribute to the broader kidney injury phenotype in

this model. Last, the NTS nephritis model is a classic model of immune-mediated

glomerulonephritis. Thus, the effects of myeloid IL-1R1 to influence endothelial type I interferon
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expression should be interpreted within this disease context. Nevertheless, our data from both
the NTS nephritis and chronic I/R models reveals that myeloid IL-1R1 might reduce ER stress,
the mechanism of which is an area of ongoing investigation.

In conclusion, IL-1R1 on myeloid cells plays a crucial role in constraining autoimmune
glomerular and tubular injury by inhibiting ER-stress-mediated IL-27 generation, which in turn
alleviates type | IFN expression from kidney endothelial cells. These findings provide a compelling
rationale to target this interaction as a therapeutic approach in autoimmune kidney injury and
potentially other autoimmune diseases where myeloid cells and endothelial cells play a role in

pathogenesis.

17



Materials and Methods

Sex as a biological variable: Our study examined male and female animals, and similar
findings are reported for both sexes. In all figures, female animals are represented by circular
symbols and male animals by square symbols.

Animal care: 129/SvEv male IL-1R1"" mice (75) kind gift of Matthew Robson (University of
Cincinnati College of Medicine, Cincinnati, Ohio, USA) and Randy Blakely (Florida Atlantic
University, Jupiter, Florida, USA) were bred with 129/SvEv female LysMCre™ mice (51) to generate
LysMCre* / l11r1" (MKO) mice and LysMCre™ / lI1r1” (MWT) littermates. C57BL/6J male IL-1R1""
mice were bred with female CD71cCre+ mice (Jackson Laboratories strain #008068, C57BL/6J
congenic background) to obtain CD11cCre*/IL-1R1"mice and CD11cCre/IL-1R1"littermate
control mice. All mice were backcrossed at least 8 times onto the parent genetic strain.

NTS nephritis model: Male or female mice from 12-16 weeks old were randomly assigned
to baseline or nephrotoxic serum nephritis (NTS) model based on cage. Mice were injected
intraperitoneally with 250ug of sheep IgG (Cat# 15131, Sigma-Aldrich) in 100 ul of sterile PBS
containing Freund’s adjuvant (Cat# F5881, Sigma-Aldrich) on day 0. On day 5, mice received a
tail vein injection of sheep anti-mouse GBM serum (Cat# PTX-001S, Probetex). On day 9, mice
were harvested for urine, blood and kidney tissue. The primary outcomes for NTS were
albuminuria and kidney mRNA levels of neutrophil gelatinase-associated lipocalin (NGAL/Lcn2)
and kidney injury molecule (KIM)-1 (Havcr1). Baseline MWT mice were used as control group.
No a priori exclusion criteria were utilized, and all mice were analyzed. Experimenters were
blinded to genotype and treatment until primary outcome measurements obtained. Body weight
was monitored and did not differ between groups.

Chronic ischemia-reperfusion (I/R) injury model: Chronic kidney injury was induced using
a unilateral ischemia-reperfusion (I/R) model with delayed contralateral nephrectomy (76). Briefly,
on day 0, mice were anesthetized with ketamine (100mg/kg) and xylazine (10 mg/kg) and

underwent left renal pedicle clamping for 38 minutes with an 800g pressure clamp (FST 18052-
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03), followed by visual confirmation of reperfusion upon clamp removal. Mice were maintained on
a heating pad at 38°C during the procedure to preserve body temperature. On day 8, the
contralateral (right) kidney was surgically removed under isoflurane anesthesia (3%) via nose
cone. Mice were then monitored and followed until day 28, at which time samples were collected
for downstream analyses. Sham-operated controls underwent identical surgical procedures
without vascular clamping.

Anti-IFNAR1 treatment: MWT and MKO mice were randomly assigned to receive
intraperitoneal injections of either vehicle or anti IFN alpha/beta receptor subunit (IFNAR)1
antibody (Cat# BE0241, BioXCell, RRID# AB_2687723) at day 5 (500 pug/mouse), day 6 (500
pMg/mouse) and day 8 (250 pug/mouse) of the NTS experiment (77). Mice were harvested at day 9.

Anti-IL-27p28 treatment: MWT and MKO mice were randomly assigned to receive
intraperitoneal injections of either vehicle or anti-IL-27p28 antibody (Cat# BE0326, BioXCell,
RRID# AB_2819053) at day 5 (500 pg/mouse), day 6 (500 yg/mouse), day 7 (500 ug/mouse),
and day 8 (250 pg/mouse) of the NTS experiment (78). Mice were harvested at day 9.

Anti-Ly6G treatment: MWT and MKO mice receive intraperitoneal injections of anti-Ly6G
antibody (Cat# BE0075-1, BioXCell, RRID# AB_1107721) at day 5 (200 pg/mouse), day 7 (200
pug/mouse), and day 8 (200 pug/mouse) of the NTS experiment (35). Mice were harvested at day
9.

Urinary albumin measurement: At harvest, urine was collected directly from the bladder
and centrifuged at 12000 rpm for 10 min at 4°C. Urine albumin and urine creatinine levels were
measured with kits (Ethos Biosciences, Cat# 1011 and 1012, respectively) according to the
manufacturer’s instructions. Urinary albumin excretion was expressed as albumin/creatinine ratio.

Histologic injury scoring: Kidney tissues were removed, and a cross-sectional segment
obtained. The kidney segment was fixed with 10% neutral-buffered formalin (VWR 16004-128);
embedded with paraffin; sectioned in 5 um sections by the Duke Research Immunohistology

Laboratory. Sections were stained with periodic acid-Schiff (PAS) stain and scored by an
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experienced animal pathologist masked to experimental groups. For histologic injury scores,
sections were graded according to a previously established scoring system (Zhang et al., 2014a):
the percentages of tubules with cell lysis/dilation, loss of brush border, and cast formation were
scored on a scale from 0-4 (0, no damage; 1, less than 25%; 2, 25%-50%; 3, 50%-75%; 4, >75%).
Histologic scores for each kidney were obtained by adding individual component scores. For
glomerulosclerosis score, an investigator who was blinded to the experimental conditions scored
at least 20 random glomeruli under the microscope. A score of 0 denotes that the percentage of
sclerotic glomeruli was <5%, and scores of 1, 2, 3, 4, and 5 denote 6-20, 21%-40%, 41-60%, 61-
80%, and >81% of the selected glomeruli, respectively. A score was assigned to each mouse.

Immuno-histological staining: Kidney segments were fixed in 10% neutral-buffered
formalin, paraffin-embedded, and sectioned at 5 ym by the Duke Research Immunohistology
Laboratory. For immunohistochemistry, paraffin sections were deparaffinized and rehydrated
before antigen retrieval in citrate solution (Cat# 14746, Cell Signaling Technology) by microwave
heating. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min,
followed by blocking in 1% BSA for 1 h at room temperature. Sections were then incubated with
anti-Ly6G antibody (Cat# 87048, Cell Signaling Technology) overnight at 4 °C, washed, and
incubated with HRP-conjugated secondary antibody (Cat# 8114, Cell Signaling Technology) for
1 h at room temperature. Signal was developed using DAB substrate (Cat# 8059, Cell Signaling
Technology) for 5 min, and sections were counterstained with hematoxylin (Cat# H-3401, Vector)
for 2 min before dehydration and coverslip mounting. Images were acquired on an Axio
macroscope (Zeiss). Ly6G* neutrophils were manually enumerated across the entire kidney
section using Imaged per section. All analyses were carried out by researchers blinded to
experimental group assignments.

RNA Extraction and Real-time Quantitative PCR: RNA was isolated with a Quick-RNATM
MiniPrep (Cat# R1055, Zymo Research) or Quick-RNATM MicroPrep (Cat# R1501, Zymo

Research) according to the kit instructions. RNA concentration was measured by Nanodrop. The
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High-Capacity cDNA Reverse Transcription Kit (Cat# 4368813, Invitrogen) was used to
synthesize cDNA according to manufacturer’s instructions. Gene expression levels were
measured by RT-PCR using Tagman assay (Cat# 4370074, Applied Biosystems) and primers
(Table S1).

Nuclear and Cytoplasmic Protein extraction: Kidney tissues were weighed and extracted
for nuclear and cytoplasmic protein according to the kit manufacturer’s instruction (Cat# 78835,
ThermoFisher). Protein concentrations were measured using PierceTM BCA Protein Assay Kit
(Cat# 23227, ThermoFisher). Protein for each sample were denatured in boiling water for 10 min.

Western Blotting: Equal amounts of total protein from the samples were loaded into 4%-
12% Bis-tris gels and transferred to polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked by 5% nonfat milk-TBST for 1 h and then incubated with primary
antibodies overnight at 4°C. After washing and incubation with secondary antibodies, membranes
were then processed with chemiluminescence (Cat# WBLUCO0500, Millipore) and detected with
Amersham gel imager 680 (Amersham, Buckinghamshire, UK) analysis system. The detected
bands were quantified for densitometry by Imaged. Primary antibodies included anti-IRF7 (Cat#
39659, Cell Signaling Technology, RRID:AB_2942011), anti-histone-3 (Cat# 9715, Cell Signaling
Technology, RRID:AB_331563), anti-CHOP (Cat# 2895, Cell Signaling Technology,
RRID:AB_2089254), anti-BiP (Cat# 3177, Cell Signaling Technology, RRID:AB_2119845), anti-
ATF4 (Cat# 11815, Cell Signaling Technology, RRID:AB_2616025), anti-phosphorylated PERK
(Cat# MA5-15033, ThermoFisher, RRID:AB_10980432), anti-B-actin (Cat# A1978, Sigma,
RRID:AB_476692)

Kidney Flow Cytometry and Cell Sorting: Kidneys were harvested NTS injured MWT and
MKO mice and minced into small pieces, subsequently transferred into a GentleMACS C tube
containing 5 ml of digestion buffer (RPMI-1640, 10 ug/ml DNAase, 1 mg/ml Type IV collagenase).
The minced kidney was processed using GentleMACS Dissociator. Following mechanical

dissociation, the kidney mixture was digested for 30 minutes at 37°C. Cells were soft spun down
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at 10 g for 1 minute, and supernatant was filtered through a 70 ym cell strainer to remove large
cell debris and washed with wash buffer (DPBS, 3% FBS, 2 mM EDTA). Cells were spun down
and red blood cells in pellets were lysed with ACK Lysis Buffer (Cat# A10492-01, Gibco), and
then the cell suspensions were filter through a 40 uym cell strainer. Cells were spun down,
resuspended with Fc-block buffer (Cat# 101320, Biolegend) and incubated for 15 minutes at 4°C
before staining with fluorescently labeled antibodies (Table S2), and then live/dead near-IR Dead
Cell Stain (Cat# L34976, Invitrogen). Cells were fixed with BD CytoFix (Cat# 554655, BD
Biosciences). Prior to analysis, 20 ul of Count Bright absolute counting beads (Cat# C36950,
Invitrogen) were added to cells, and samples were acquired on an BD LSRII and analyzed using
FlowJo software. Total cell numbers were obtained using enumeration formula as described in
manufacturer’s instructions. For cell sorting, digest, blocking, and primary antibody incubation
were per above; however, at the end of primary antibody incubation, cells were spun down and
resuspended in DPBS + 2% FBS + 2 mM EDTA + 10 yg/ml DNAase + 1/10000 DAPI, and live
cells were sorted for populations of interest on an Astrios Sorter (Beckman) by the Duke Cancer
Institute Flow Cytometry Core. Cells were collected directly into RNA Lysis Buffer and used for
gene expression analysis.

Intracellular Cytokine Staining: Following surface marker staining and viability dye
labeling, cells were fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer
Set (Cat# 00-5523-00, Thermo Fisher Scientific) according to the manufacturer’s instructions.
Briefly, cells were incubated in fixation/permeabilization buffer for 60 minutes, washed with
permeabilization buffer, and blocked with 2% normal rat serum (Cat# 31888, Thermo Fisher
Scientific). Cells were then stained with fluorochrome-conjugated antibodies against intracellular
cytokines (Table S2) in permeabilization buffer for 30 minutes at room temperature protected from
light. After washing, cells were resuspended in flow cytometry staining buffer and acquired on a

BD LSRII flow cytometer. Data were analyzed using FlowJo software.
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Bone marrow derived macrophage culture: Bone marrow derived macrophages (BMDMs)
were prepared as described (79, 80). Briefly, bone marrow cells were harvested from MWT or
MKO mice by flushing the femurs and tibia with 1X DPBS containing 2%FBS and 2mM EDTA.
Cells were then resuspended and cultured in RPMI media (20% heated-inactivated FBS with 20
mM penicillin/streptomycin) supplemented with M-CSF (20 ng/ml, (Cat# 576406, Biolegend) to
differentiate them into macrophages, which were verified by CD11b and F4/80 staining by flow
cytometry. After 7-10 days induction, the mature BMDMs were utilized for experiments. Mature
BMDMs derived from MWT and MKO mice were stimulated with either vehicle or tunicamycin (1
pug/ml, Cat# T7765, Sigma-Aldrich) for 6 hours. After the stimulation, both the cell supernatants
and cell lysates were harvested for further analysis.

bEnd.3 cell culture: The mouse immortalized endothelial cells (Cat# CRL-2299, ATCC)
was purchased from Duke CCF & DNA Lab and cultured in DMEM supplemented with 10%FBS,
1% penicillin/streptomycin. bEnd.3 cells were cultured in 12-well plates to 80-90% confluence.
The cells were then co-cultured with CD11b+ cells sorted from MWT and MKO NTS nepbhritis
kidneys for 12 hours in the presence or absence of anti-IL27p28 (25 ug/ml; Cat# BE0326,
BioXCell, RRID# AB_2819053) or anti-IL6 (25 pg/ml; Cat# BE0046, BioXCell, RRID#
AB_1107709) or HMGB1 inhibitor (250uM, Glycyrrhizin, Cat# NSC 167409, Selleckchem).
Subsequently, the bEnd.3 cells were harvested for RNA analysis.

Single Cell RNA sequencing (scRNA-seq) Analysis: Our scRNA-seq cell isolation protocol
has been previously described (39, 81). Mice were perfused with ice-cold PBS via cardiac
puncture after which whole kidneys were harvested. Kidney digest was performed with liberase
TM (0.3 mg/mL, Cat# 291963, Roche, Basel, Switzerland,), hyaluronidase (10mg/mL, Cat#
H4272, Sigma), DNasel (20mg/mL) at 37°C for 20 min. After centrifugation, cell pellets were
incubated with ACK lysing buffer (Cat# A1049201, ThermoFisher) and again centrifuged. Pellets
were incubated with 0.25%trypsin EDTA at 37 C for 10 min with shaking at 100 rpm in bacterial

shaker. Trypsin was inactivated using 10% fetal bovine serum in PBS. Cells were then washed
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and resuspended in DPBS supplemented with 0.04% bovine serum albumin. After filtration
through a 30 mm strainer, and after viability was determined to be >90%, cells were loaded onto
10X Chromium System (10X Genomics) at 1000 cells/ml by the Duke Human Vaccine Institute
(DHVI) Sequencing Core. The vehicle control condition consisted of pools of kidney digests from
3 wildtype mice treated with saline vehicle; the Day 9 condition consisted of a pool of kidney
digests from 3 wildtype mice treated with NTS protocol and harvested at Day 9. After library
preparation, samples were sequenced on a Novaseq 6000 (lllumina) S2 flow cell by the Duke
Center for Genomic and Computational Biology Sequencing Core. Cell Ranger software from 10X
Genomics was used to transform raw base call files into FASTQ files (cellranger mkfastq) and
align reads with reference mouse genome (cellranger count).

For QC and filtering, gene expression matrices generated separately by the CellRanger
pipeline for each of the two samples were merged together into a single matrix. To exclude low
quality cells, we filtered out cells for which fewer than 200 genes/500 unique molecular identifier
(UMI)s were detected and excluded cells with greater than 9,000 genes/150,000 UMIs. We also
filtered out cells for which the percent of mitochondrial gene expression represented more than
60% of the total gene expression to avoid excluding mitochondrial-rich proximal tubule cells (42).
These filters removed 1,990 cells. The dataset ultimately consisted of 14,684 cells (6,340 for
Vehicle; 8,344 for Day 9 NTS). All genes that were not expressed in at least 1 cell were discarded,
leaving 23,113 genes.

For normalization, sample integration and clustering, we used the R (v 4.3.2) package
Seurat v5.2.1 standard workflow for integration of multiple samples to combine the two samples
into a unique data set before clustering and visualization. Prior to integration, gene expression
was normalized for each sample by scaling by the total number of transcripts, multiplying by
10,000, and then log transforming (log-normalization). We then identified the 2,000 genes that
were most variable across each sample. Next, we identified anchor genes between samples using

the FindintegrationAnchors function that were used as a basis for Seurat to perform the
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integration of the two samples. We scaled the integrated data before running a Principal
Component Analysis (PCA). We then utilized the shared nearest neighbor (SNN) modularity
optimization-based clustering algorithm implemented in Seurat for identifying clusters of cells.
This was performed using the FindNeighbors function with 30 PCs, followed by the FindClusters
function with the Louvain algorithm using a 0.2 resolution. This allowed us to assign cells into a
total of 16 clusters. We applied the UMAP method on the cell loadings of the previously selected
30 PCs to visualize the cells in two dimensions. Known markers of cells present in the mouse
kidneys were used to manually identify corresponding cell types for each cluster (41-43). After
annotation and combining of cell subpopulations (i.e. all tubule segments together), the final
clustering consisted of 7 different cell populations. Expression of genes of interest were plotted
using the DotPlot and FeaturePlot functions within Seurat on the RNA assay.

Differential expression analyses (DEA) and Gene Ontology (GO) enrichment analysis was
performed using the function FindMarkers implemented in the Seurat package with default
parameters and the Wilcoxon Rank Sum test (Day 9 NTS vs Vehicle). Differentially expressed
genes were selected with the following thresholds: adjusted p-value < 0.05. GO enrichment
analysis was performed in R for upregulated biological processes (BP) (82) using the enrichGO
function in package clusterProfiler using p value cutoff of 0.05, q value cutoff of 0.1, and log2 fold
change >0.5.

For subclustering of endothelial cells, endothelial cells were sub-setted from integrated
Seurat object. We then identified the 2,000 genes that were most variable across each sample.
Next, we identified anchor genes between samples using the FindIntegrationAnchors function
that were used as a basis for Seurat to perform the integration of the two samples. We scaled the
integrated data before running a Principal Component Analysis (PCA). We then utilized the
shared nearest neighbor (SNN) modularity optimization-based clustering algorithm implemented
in Seurat for identifying clusters of cells. This was performed using the FindNeighbors function

with 30 PCs, followed by the FindClusters function with the Louvain algorithm using a 0.1
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resolution. This allowed us to assign cells into a total of 4 clusters. We applied the UMAP method
on the cell loadings of the previously selected 30 PCs to visualize the cells in two dimensions.
Known markers of cells present in the mouse kidneys were used to manually identify
corresponding cell types for each cluster (41, 83). After annotation and combining of cell
subpopulations, the final clustering consisted of 3 clusters based on naming by Dumas, et al (83).

The NicheNet package was used to identify potential ligands/receptors/target gene
interactions between endothelial cells and myeloid cells with default parameters (45). We
specifically identified myeloid cell cluster as sender cells and endothelial cells as receiver cells.

Statistical Analyses: Figures where indicated were generated using Biorender.com
(https://BioRender.com/q8i90x6). Statistics for scRNA-seq analysis were performed as described
in the scRNA-seq section. Statistical tests and visualization for all other data were performed with
GraphPad Prism software (version 10.2.1). As indicated, the data are visualized in dot plots (for
each sample) with line at median or boxplots with box representing 25"-75" percentile, line at
median, whiskers extending min to max. The figures are representative of experiments that were
repeated at least twice on different days. An unpaired Student’s t-test with Welch’s correction was
used to compare two experimental groups with normal distribution, a Mann-Whitney test was used
to compare two experimental groups with ordinal data. Comparisons involving more than 2 groups
were analyzed by two-way ANOVA with Sidak’s multiple comparisons test for post-hoc analysis
or multiple comparisons T test as appropriate to compare groups. P<0.05 was considered
statistically significant.

Study Approval: All of the animal studies were approved by the Durham Veterans Affairs
Medical Center (VAMC) Institutional Animal Care and Use Committee, performed at the Durham
VAMC, and conducted in accordance with the National Institutes of Health Guide for the Care and

Use of Laboratory Animals.

Data Availability:
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¢ All data reported in this paper is available in the Supporting Data Values file.

¢ Single-cell RNA-seq data have been deposited at GEO as GSE274248 and is publicly
available as of the date of publication

e All original code has been deposited at Duke Gitlab at

https://qgitlab.oit.duke.edu/jrp43/privratskylab_code.qgit and is publicly available as of the

date of publication.
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Figure 1. Myeloid IL-1R1 deletion worsens nephrotoxic serum (NTS) nephritis. (A) MWT
and MKO mice were subjected to NTS nephritis and harvested at 9 days per schematic (created
with Biorender.com). (B) Representative 40x periodic-acid Schiff (PAS) images from kidney
sections (arrowhead represents collapsed glomerulus; scale bar = 50 um) with (C) glomerulus
injury score assessed by blinded observer (n = 7 per group; squares indicate individual animals
with line at median, *p<0.05 by Mann-Whitney test). (D-F) Levels of (D) urinary albumin were
measured and normalized to urinary creatinine (n = 3 for baseline groups; n = 5-6 for NTS groups;
data represented in boxplots, *p<0.05 by two-way ANOVA with Bonferroni post-hoc test). mRNA
levels of kidney injury markers (E) kidney injury molecule (KIM)-1 (Havcr1) and (F) neutrophil
gelatinase-associated lipocalin (NGAL/Lcn2). Graphs display boxplots with dots indicating
individual samples (n = 3 for baseline groups; n = 6-8 for NTS groups; *p<0.05, **p<0.01 by two-
way ANOVA with Bonferroni’s multiple comparisons test. Note: sample size differences between
urine albumin and KIM-1 and NGAL measurements are due to inability to collect urine in some
mice at harvest). Circles represent female animals and squares represent male animals.
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Figure 2. NTS nephritis induces IFN stimulated genes, and MKO mice display elevated type
I IFN signaling. (A-B) Kidneys from Vehicle (Veh) or NTS nephritis injured mice (Day 9) were
harvested, scRNA-seq was performed on whole kidney digests, and pseudobulk analysis was
performed grouping all kidney clusters together by sample (Veh or Day 9). (A) Volcano plot
showing differentially expressed genes between Veh and Day 9 kidneys with (B) top 20
significantly upregulated genes in Day 9 NTS kidneys (IFN stimulated genes in red). (C-E) MWT
and MKO mice were subjected to NTS nephritis, and kidneys were harvested at day 9 with
western-blot (C) and densitometry (D) for nuclear levels of IRF7 displayed in boxplot (n = 5-6;
*p<0.05 by unpaired T test). (E) CD11b+ myeloid cells (Live/single cell/CD45'Ly6G CD11b*) were
sorted from NTS nephritis injured MWT and MKO kidneys, RT-PCR was performed, and boxplots
show mRNA levels of Ifnb1, Ifna4, Ifna5 (n = 6-9; not significant by unpaired T test; schematic
created with Biorender.com). (F-N) Flow cytometry was performed on NTS nephritis injured MWT
and MKO whole kidney digests with gating strategy for cell populations shown in pseudocolor
plots in (F). Dot plots display enumeration for (G) CD45+ (Live/single cell), (H) neutrophils (PMN,
CD45'CD11b*Ly6G"), () Ly6c" Monocytes (iMono, CD45'Ly6G MHCII'CD64*Ly6C"), (J) Ly6c®
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Monocytes (rMono, CD45'Ly6G MHCII'CD64*Ly6C"), (K) conventional dendritic cell (cDC)1
(CD45'Ly6G'MHCII"CD64 CD11¢*CD103"CD11b), (L) ¢cDC2 (CD45*Ly6G MHCII*CD64
CD11¢*CD103°CD11b*), (M)  CD11b"™  macrophages  (CD11bhi, = CD45*Ly6G"
MHCII*'CD64"'CD11b"F4/80°), and (N) F480" macrophages (F480hi, CD45*'Ly6G
MHCII*CD64"'CD11b™IF480™). There were no statistically significant differences between

genotypes for any cell population as determined by unpaired t-tests (n = 8-10). Squares represent
male animals.
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Figure 3. MKO mice have increased endothelial type | IFN generation following NTS
nephritis. (A-E) Kidneys from Vehicle (Veh) or NTS nephritis injured mice (Day 9) were harvested
and scRNA-seq was performed. (A) UMAP plot showing single cell clusters (TUB: kidney tubules;
PODO: podocyte; EC: endothelial cell; FIBRO: fibroblast-mesangial cells; MYELOID: monocytes,
myeloid cells, and dendritic cells; PMN: neutrophil; LYMPHO: T or B cell). Differential expression
analysis (DEA) followed by Gene Ontology (GO) analysis was performed on cell clusters between
Veh and Day 9 NTS samples. Shown in graphs are upregulated Biological Processes (BP) for (B)
TUB, (C) FIBRO, and (D) ENDO (EC) clusters. (E) Dotplot shows expression of /rf7 in kidney cell
clusters between Veh and Day 9 NTS samples. (F-J) MWT and MKO mice were subjected to
NTS nephritis, and individual kidney cell populations were sorted per schematic in (F) (created
with Biorender.com). RT-PCR was performed and boxplots show mRNA levels of Ifnb1 in (G)
endothelial cells, (H) tubule cells, (1) fibroblasts, (J) and CD11b+ myeloid cells (n = 5; p<0.05 by
unpaired T test). Squares represent male animals.
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Figure 4. Myeloid IL-1R1 deletion increases type | IFN expression in endothelial cells after
NTS nephritis: possible role of Ebi3/IL-27. (A) NicheNet analysis of ligand-target gene
interaction with myeloid cluster as sender and endothelial cluster as receiving cells. Callout shows
5 highest prioritized ligands from myeloid cluster that induce target genes in endothelial cluster.
Red boxes indicate Ebi3 in myeloid cluster and type | IFN-associated genes in endothelial cluster
(Created with Biorender.com). (B) Feature plot showing expression of Ebi3 mainly in MYELOID
cluster (circled). (C-H) MWT and MKO mice were subjected to NTS nephritis, and CD11b+
myeloid cells were sorted as shown in schematic (Created with Biorender.com). (D-F) RT-PCR
was performed, and boxplots show expression of EBI3 binding partners (D) p28 (//127a), (E) p35
(ll112a), and (F) IL-6 (/I6) (n = 6-9; *p<0.05 by unpaired T test). (G-H) Myeloid cells were co-
cultured with brain endothelioma (b.End3) cells in presence or absence of (G) anti-IL-27 or (H)
anti-IL-6. Ifnb1 levels were measured in b.End3 cells by RT-PCR and shown in boxplots (n = 4-
5; *p<0.05, **p<0.01 by unpaired T test). (I) Feature plot showing expression of //27ra mainly in
endothelial cluster (circled). (J) UMAP plot showing endothelial cells subclustered into cortical
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(cEC), glomerular (gEC), or medullary (mEC) clusters. (K) Dotplot showing expression of //27ra
in EC subclusters. Circles represent female animals and squares represent male animals.
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Figure 5. Myeloid IL-1R1 deletion increases endoplasmic reticulum (ER) stress. (A-B) MWT
and MKO mice were subjected to NTS, CD11b+ myeloid cells were sorted, and RT-PCR was
performed for mMRNA levels of (B) ER stress genes Hspab (BiP), Ddit3 (CHOP), Eif2ak3 (PERK),
and Atf4 (ATF4) (n = 6-9; *p<0.05, **p<0.01, ***p<0.001 by unpaired T test). (C-L) Experimental
workflow of BMDM treated with ER stress inducer tunicamycin. RT-PCR was performed, and
boxplots show mRNA levels of (D) Hspab, (E) Ddit3, (F) Eif2ak3, and (G) Atf4. (H) Representative
western blot with boxplots showing densitometry analysis for (I) CHOP, (J) BiP, (K) ATF4, and
(L) phosphorylated PERK (n = 3; *p<0.05, **p<0.01 by two-way ANOVA with Bonferroni post-hoc
test). (M-O) BMDM from MWT and MKO mice were stimulated with tunicamycin for various
timepoints and boxplots show mRNA levels of (N) Ebi3 and (O) /l27a measured by RT-PCR
(n=6/group, ***p<0.001, ****p<0.0001 by two-way ANOVA with Bonferroni post-test). Circles
represent female animals and squares represent male animals. Schematics in A, C, and M
created with Biorender.com.
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Figure 6. Anti-IFNAR1 therapy abrogates exaggerated albuminuria and kidney injury in
MKO mice after NTS nephritis. (A) Schematic of experimental model of MWT and MKO
subjected to NTS induction in presence or absence of anti-IFNAR1 treatment (day 5 - 500 ng,
day 6 - 500 ug, day 8 - 250 ug). Shown in boxplots are (B) mRNA expression of KIM-1 in injured
kidneys (n = 13-15 for veh groups; n = 6-7 for anti-IFNAR1 groups) and (C) urine albuminuria
(urine albumin normalized to urine creatinine) (n = 9-12 for veh groups; n = 5-6 for anti-IFNAR1
groups; *p<0.05, **p<0.01 by two-way ANOVA with Bonferroni post-hoc test). (D) Representative
PAS-stained kidney sections and higher magnification images are shown. (E) Glomerular injury
was assessed by blinded observer. Each dot represents one mouse with line at median (n = 6-7
per group; statistical significance was determined by Mann-Whitney test). Circles represent
female animals and squares represent male animals. (F) Schematic of model where myeloid IL-
1R1 constrains ER-stress mediated EBI3/IL27 secretion, thereby attenuating type | IFN
expression in kidney endothelial cells and ameliorating autoimmune nephritis (created with
Biorender.com).
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