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The importance of macrophages in kidney diseases has been well established; however,
the mechanisms underlying the infiltration of macrophages into injured kidneys are
not well understood. RGMb is a member of the repulsive guidance molecule (RGM)
family. RGMb can be expressed on the cell surface but a large portion of RGMD is local-
ized intracellularly. Among various immune cell types, macrophages express the highest
levels of RGMD, but the biological functions of RGMb in macrophages remain largely
unknown. We find that RGMb promoted macrophage migration in vitro and that in vivo,
RGMb enhanced infiltration of macrophages into injured kidneys and aggravated kidney
inflammation and injury in mice. Mechanistically, RGMb bound to TAB1 inside the cell
and facilitated the interaction between TRAF6 ubiquitin ligase and TAB1, thereby pro-
moting TRAF6-mediated K63-linked polyubiquitination and phosphorylation of TAK1,
followed by increased «TAT1 phosphorylation and a-tubulin acetylation. The result-
ing changes in the cytoskeleton promoted macrophage migration in vitro and in vivo.
Deletion of Rgmb in macrophages markedly reduced TAK1 phosphorylation, «TAT1
phosphorylation, and o-tubulin acetylation and attenuated macrophage infiltration, renal
inflammation, tubular injury, and interstitial fibrosis during kidney injury. Our results
suggest that macrophage RGMb promotes kidney disease by increasing macrophage
infiltration via the TRAF6-TAB1-TAK1/&xTAT1/a-tubulin cascade.

kidney disease | RGMb | macrophage migration | kidney inflammation | TAB1

Acute kidney injury (AKI) affects up to 15% of all hospitalized patients and up to 50%
of intensive care unit patients and is associated with a fourfold increase in mortality. Severe
and persistent AKI leads to chronic kidney disease (CKD) that affects around 10% of the
population worldwide. CKD can eventually progress to end-stage kidney disease and is
also a strong risk factor for cardiovascular disease. CKD is estimated to become the fifth
leading cause of death worldwide by 2040. Over the last 20 y, no new drug has been
approved to specifically treat AKI and CKD due to a lack of understanding of the under-
lying mechanisms. Despite the differences between AKI and CKD regarding the causes
and symptoms, AKI and CKD share common mechanisms including renal inflammation
and tubular cell death (1-3).

Renal inflammation is the initial response to kidney injury, and it aims to resolve such
an injury. However, overactive inflammatory responses destroy kidney structure and impair
kidney function. Kidney injury induces accumulation and activation of inflammatory
cells, and one of the major cell types is the macrophage. Macrophages and other cells
produce proinflammatory cytokines, chemokines, and growth factors that induce tubular
atrophy, glomerulosclerosis, microvascular rarefaction, and renal fibrosis (4, 5).

Repulsive guidance molecule b (RGMDb) is a member of the RGM family, which consists
of RGMa, RGMb (Dragon), and RGMc (hemojuvelin). The RGM proteins associate with
cell membranes through a glycosylphosphatidylinositol (GPI) anchor and have been shown
by us and others to be coreceptors for BMP signaling as well as ligands for the neogenin
receptor (6). Interestingly, a substantial proportion of RGMb is localized inside the cell (7-9)
due to high levels of clathrin-dependent endocytosis of cell surface RGMb (9) and alternative
splicing (10, 11), but the role of intracellular RGMb has not been investigated.

'The biological functions of RGMb are only beginning to emerge. Our previous study
has revealed that homozygous Rgmb-deficient mice die at early postnatal ages (12). We
also have demonstrated that RGMDb is highly expressed in renal tubular cells and regulates
tubular cell apoptosis and necroptosis during kidney injury (13, 14). In addition, RGMb
binds to PD-L2 but not PD-L1 (7). Blockade of the PD-L2-RGMb interaction inhibited
the development of respiratory tolerance by impairing the initial expansion of CD4*
T cells (7). Blockade of the interactions between PD-L2 on dendritic cells and RGMb on
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T cells overcame microbiome-dependent resistance to PD-1 path-
way inhibitors (15).

In the immune system, RGMb is more highly expressed in
macrophages than in other cell types (7, 8, 12). Interestingly, two
studies suggested that RGMb may promote inflammation in cer-
tain diseases (8, 16). This appears to contradict our previous results
showing that inhibition of RGMb promoted IL-6 expression in
cultured macrophages (12), and global Rgmb knockout induced
spontaneous lung inflammation in postnatal mice (12) and aggra-
vated DSS-induced intestinal inflammation in adult mice (17).
These discrepancies highlight the necessity of dissecting the spe-
cific functions of RGMb in different immune cells.

Macrophage accumulation and activation in tissues can result in
exacerbated inflammation and tissue damage. The mechanisms
underlying macrophage infiltration during kidney injury are not
well understood (4, 5). It is well established that cytoskeletons, such
as actin filaments and microtubules, play important roles in cell
migration. Microtubules are hollow cylinders made up of polymer-
ized a- and P-tubulin dimers and form the cytoskeleton together
with microfilaments and intermediate filaments. Microtubules con-
trol cell migration by undergoing assembly and disassembly, which
are regulated by posttranslational modifications. Stabilization of
microtubules caused by their acetylation, which occurs at the K40
residue of a-tubulin, is critically involved in cell migration (18-21).
a-tubulin N-acetyltransferase 1 («TAT1) is the major, if not sole,
enzyme that specifically acetylates K40 in a-tubulin (22). Increased
oTAT1 expression and a-tubulin acetylation have been found to be
key regulators of cell migration (20, 21, 23-25). Notably, recent stud-
ies have demonstrated that TAK1 phosphorylates TAT1 at Ser237,
which subsequently acetylates a-tubulin (26). In the present study,
we demonstrated that LysM-Cre-mediated Rgmb ablation led to a
decrease in the number of infiltrating macrophages (IMs) in the kid-
ney. Both full-length (FL) and intracellular RGMb promoted mac-
rophage migration and infiltration in vitro and invivo. RGMb
interacted with TABI, thereby promoting TRAF6-mediated K63-
linked polyubiquitination and phosphorylation of TAKI, followed
by increased oTAT1 phosphorylation and o-tubulin acetylation
which promoted macrophage migration in vitro and in vivo. Our
results suggest that intracellular interactions of RGMb with TABI
facilitated macrophage infiltration into injured kidneys, thereby pro-
moting renal inflammation, tubular injury, and interstitial fibrosis.

Results

Expression of Rgmb in Macrophages in Mice and Human Patients.
Our previous work revealed that among the immune cells isolated
from the lung, Rgmb is most highly expressed in macrophages, and
barely detectable in neutrophils (12). In agreement with the previous
observations, Rgmb mRNA levels were much higher in macrophages
than in neutrophils isolated from thioglycolate-treated peritoneum
(SI Appendix, Fig. S1A4). Importantly, single-cell RNA seq (27) analysis
revealed that macrophages in inflamed human kidneys expressed
more RGMb than circulating monocytes in the same patients
(SI Appendix, Fig. S1B). As shown by single nucleus RNA-seq (28),
Rgmb mRNA expression in macrophages already increased 4 h after
ischemia/reperfusion injury (IRI) compared to control mouse kidneys
and remained high even 6 wk after IRI (87 Appendix, Fig. S1C). These
results support a role of RGMb in macrophages.

Loss of Rgmb in Macrophages Alleviated Kidney Inflammation,
Injury, and Fibrosis. We generated Rgmbﬂfi'Ly;M- Cre/WT mice as
macrophage knockout (mKO) mice and Rgmb*"*; LysM-Cre/W'T
as controls. Rgmb mKO mice were grossly normal at baseline.
Both RGMb mRNA and proteins in bone marrow—derived
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macrophages (BMDMs) (SI Appendix, Fig. S1 D and E) and
RGMb proteins in peritoneal macrophages (S/ Appendix, Fig. S1F)
were dramatically decreased in Rgmb mKO mice compared to
control mice, confirming the effectiveness of Rgmb deletion in
macrophages. Flow cytometry analysis of peripheral blood revealed
no differences between control and Rgmb mKO mice in the ratios
of myeloid cells, monocytes, Ly6C! monocytes, Ly6C™ monocyrtes,
eosinophils, neutrophils, basophils, and lymphoid cells to CD45*
cells (SI Appendix, Fig. S2), suggesting that myeloid deletion of
Rgmb did not alter the overall immune cell differentiation.

We induced AKI by injecting mice with Cisplatin (20 mg/kg bw).
Serum, urine, and kidney samples were collected 72 h after Cisplatin
injection. Cisplatin-induced renal functional impairment was mit-
igated in Rgmb mKO mice (S Appendix, Fig. S3A). As indicated
by urine and kidney Ngal and periodic acid-Schiff (PAS) stain
(81 Appendix, Fig. S3 Band C), tubular injury induced by Cisplatin
in control mice was much alleviated in Rgmb mKO mice. mRNA
levels of the inflammatory factors 11-6, II-18 and Cxcl2 in the kidney
were elevated by Cisplatin in control mice but were lower in Rgmb
mKO mice (S Appendix, Fig. S3D). Immunofluorescence showed
that there was a decrease in the number of F4/80 positive mac-
rophages in Rgmb mKO kidneys compared to control kidneys after
Cisplatin treatment (S/ Appendix, Fig. S3E). The number of S100a4
positive IMs (29) was also decreased in Rgmb mKO kidneys com-
pared to control kidneys (SI Appendix, Fig. S3F).

In response to a higher dose of Cisplatin at 25 mg/kg, 76.9% of
Rgmb mKO mice died within 5 d, which was lower than the death
rate of 92.3% of control mice (S Appendix, Fig. S44). The 5-d
death rates were much reduced at a lower dose of 15 mg/kg of
Cisplatin compared to the dose of 25 mg/kg, and there were still
fewer deaths in Rgmb mKO mice than in control mice (S Appendix,
Fig. S4B). In the mice that survived 5 d after injection of Cisplatin
at 15 mg/kg, the elevated levels of creatinine and blood urea nitro-
gen (BUN) in control mice were much reduced in Rgmb mKO
mice (8] Appendix, Fig. S4C). Tubular injury was much alleviated
in Rgmb mKO mice (57 Appendix, Fig. S4 D and E). The elevated
mRNA levels of Adgrel (F4/80), Tnfa, 116, and Cxcl2 in control
mice were also attenuated in Rgmb mKO mice 5 d after Cisplatin
administration (SI Appendix, Fig. S4F). Importantly, flow cytom-
etry showed that the percentages of CD11b"F4/80* macrophages
in CD45* cells were much lower in Rgmb mKO than in control
kidneys 5 d after Cisplatin treatment (S Appendix, Fig. S5).

We then induced CKD by injecting mice with a low dose of
Cisplatin (7.5 mg/kg) once a week for 4 wk. Renal function was
less impaired in Rgmb mKO mice (Fig. 14). Tubular injury was
also much mitigated in Rgmb mKO mice (Fig. 1 B and C). The
elevated mRNA levels of both proinflammatory (Tnf-a and
Cxcl2) and anti-inflammatory factors (Argl and Tgfp1) in control
mice were diminished in Rgmb mKO mice (S8 Appendix, Fig. S6
A and B). mRNA levels of Adgrel (F4/80) in the kidney
(81 Appendix, Fig. S6C) and F4/80 positive macrophage numbers
(Fig. 1D) were increased by Cisplatin treatments in control mice,
which were much decreased in Rgmb mKO mice. mRNA levels
of the fibrosis markers Acta2, Coll, Col3, Col4, and Fn-1 and
protein levels of a-SMA and Coll (S7 Appendix, Fig. S6 D and E)
were all increased in Cisplatin-treated control kidneys, and they
were reduced in Rgmb mKO kidneys. Consistently, Masson’s tri-
chrome staining (MTS) showed much decreased interstitial fibro-
sis in Rgmb mKO compared to control kidneys (Fig. 1E).

We also performed unilateral ischemia—reperfusion injury fol-
lowed by contralateral nephrectomy (ulRx). The impaired renal
function and increased inflammation, macrophage infiltration,
and fibrosis induced by ulRx in control mice were all mitigated

in Rgmb mKO mice (87 Appendix, Fig. S7).
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Fig. 1. Myeloid Rgmb deletion alleviated CKD induced by multiple low doses of Cisplatin. Male Rgmb mKO (Rgmb/*foX: ysM-Cre/WT) and control (LysM-Cre/
WT) mice at 2 mo of age were used. Mice were injected with saline or Cisplatin at 7.5 mg/kg bw once a week for 4 wk (Cisplatinx4). Serum creatinine and BUN
levels (A), Ngal levels in the urine and kidney (B), PAS staining and tubular injury scores (n = 6 mice, C), immunofluorescence for F4/80* cells (n = 6 mice, D), and
Masson’s trichrome staining (MTS) (n = 5 mice, £) are presented. GAPDH was used as the loading control for western blotting. Rpl19 was used as the internal

control for real-time PCR. *P < 0.05; **P < 0.01; ***P < 0.001.

In response to unilateral ureteral obstruction for 7 d (UUO
7d), mRNA levels of both proinflammatory factors and the
anti-inflammatory factors were elevated in control mice, which
were lowered in Rgmb mKO mice. The increased expression of
fibrosis markers in control mice was also attenuated in Rgmb
mKO mice at both 7 and 10 d of UUO (87 Appendix, Fig. S8).
These results collectively suggest that deletion of Rgmb in the
myeloid lineage leads to decreases in macrophage infiltration, kid-
ney inflammation, tubular injury, and interstitial fibrosis during
AKI, AKI-to-CKD transition, and CKD.

Loss of Rgmb in Macrophages Protected Against Sepsis. The
kidney is one of the most commonly affected organs in sepsis. We
induced sepsis by lipopolysaccharide (LPS) injection in control and
Rgmb mKO mice, followed by monitoring for 7 d. All 10 Rgmb
mKO mice survived, whereas 4 out of the 8 control mice died after
LPS treatment (S/ Appendix, Fig. S9A). Notably, F4/80 positive
macrophage numbers were decreased not only in the kidneys and
but also in the livers of Rgmb mKO mice compared to those of
control mice after LPS treatment (S/ Appendix, Fig. S9 B and C).
Rgmb mKO mice were also highly protected against sepsis induced
by cecal ligation and puncture (CLP) (S Appendix, Fig. SOD).

IM Numbers Were Decreased in the Kidneys of Rgmb mKO Mice.
Two major populations of macrophages, i.e., kidney resident
macrophages (KRMs) and IMs, are present in the kidney and
can be classified on the basis of the cell surface markers F4/80
and CD11b in mice (30). To examine the effects of LysM-Cre
mediated Rgmb deletion on IMs and KRMs, we first performed
flow cytometry to determine the numbers of IMs and KRMs in
Rgmb mKO and control mice under basal conditions. RGMb
expression in IMs (CD45*GR-1" CD11b"F4/80"%) was lower
in Rgmb mKO mice than in control mice (S Appendix, Fig. S10
A, Left, and B). IM numbers in the kidney were also decreased in
Rgmb mKO mice when compared to control mice (S Appendix,
Fig. S10 A, Right). In contrast, RGMb expression in KRMs
(CD45*GR-1" CD11b™4F4/80™) did not differ between the two
genotypes (SI Appendix, Fig. S10 B and C, Left). The KRM
numbers tended to be lower in Rgmb mKO mice than in control
mice (SI Appendix, Fig. S10 C, Right). These results suggest that
LysM-Cre-mediated Rgmb ablation reduced the number of IMs
and their expression of RGMb.

To further characterize macrophage infiltration, we performed
scRNA-seq on the kidneys of WT and Rgmb mKO mice at baseline

and 72 h after Cisplatin injection. Unsupervised clustering of the
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aggregated data from 13,200 cells identified 11 discrete clusters
based on the representative marker genes in murine kidneys
(SI Appendix, Fig. S10 D and E) (31-33). Differential proportional
analysis showed that the proportions of Cx3crl1* and Cer2* IMs in
the kidney were lower in Rgmb mKO mice than in WT mice (1.85
vs. 3.54%) at baseline (SI Appendix, Fig. S10 F and H). The pro-
portions of IMs increased after Cisplatin treatment, but they were
still much lower in Rgmb mKO mice than in WT mice (2.35%
vs. 10.1%) (SI Appendix, Fig. S10F). Notably, the proportions of
the resident macrophages, identified by the typical markers such as
Clqga, Clqc, and Cd74, were similar between Rgmb mKO and
WT mice both at baseline (1.83% vs. 1.75%) and after Cisplatin
treatment (5.94% vs. 5.63%) (SI Appendix, Fig. S10 Fand H). The
proportions of proximal tubular (PT) cells were decreased by
Cisplatin, but they were higher in Rgmb mKO mice than in WT
mice (S Appendix, Fig. S10F), which aligned with the alleviated
tubular injury in Rgmb mKO mice (87 Appendix, Fig. S3 B and
O). These results indicate that LysM-Cre-mediated Rgmb ablation
decreased the amount of macrophage infiltration but had no major
effects on resident macrophages.

Maf, Mafb, Rbpj, Mif, Egr-1, and Gbx2 have been reported to
promote monocyte-to-macrophage differentiation (33-36). We
found no significant changes in the expression of those genes in
IMs between WT and Rgmb mKO mice after Cisplatin treatment
(SI Appendix, Fig. S10G). Therefore, RGMDb may not regulate the
differentiation of IMs during kidney injury.

RGMb Promoted Macrophage Migration and Invasion In Vitro and
In Vivo. Because of the decreased amount of macrophage infiltration
in the injured kidneys of Rgmb mKO mice, we investigated effects
of RGMb on macrophage migration in vitro. We isolated BMDMs
from control and Rgmb mKO mice. 90% of the cells were found
to be F4/80 and CD45 double positive, with minimal apoptosis
(SI Appendix, Fig. S11). As shown by Transwell migration assay, the
chemotactic responses to 10% FBS, CX3CL1, CCL19, or fMLP
were drastically decreased in Rgmb mKO BMDMs compared with
control BMDMs (Fig. 2A4). Inhibition of RGMb expression by
siRNA markedly reduced the migration of RAW264.7 macrophages
toward 10% FBS (Fig. 2B and S/ Appendix, Fig. S12A4) while
overexpression of RGMb time-dependently promoted the migration
of RAW264.7 cells (Fig. 2Cand SI Appendix, Fig. S12B). Deletion
of Rgmb also significantly decreased the ability of BMDMs to
migrate in the wound healing assay (SI Appendix, Fig. S13A),
and overexpression of RGMb promoted the wound healing of
RAW?264.7 cells (S Appendix, Fig. S13B). In addition, deletion of
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Fig. 2. Rgmb promoted macrophage migration and invasion in vitro and in vivo and facilitated podosome formation in vitro. (A) 3 x 10° BMDMs from control
and Rgmb mKO mice were seeded on Transwell insert in the upper chamber. 10% FBS, CX3CL1 (100 ng/mL), CCL9 (100 ng/mL), or fMLP (250 pM) were added
into the lower chamber. 6 h later, migrated cells were counted. One well represents one animal. (B) RAW264.7 macrophages were transfected with control
siRNA or Rgmb siRNA. 3 x 10° cells were seeded on Transwell insert. 10% FBS was added into the lower chamber. 12 h later, migrated cells were counted.
n =3 wells. (C) RAW264.7 macrophages were transfected with control plasmids or Rgmb plasmids. Migration assays for 6 or 12 h were performed. (D and £) In vivo
migration assay: PKH26 labeled control or Rgmb mKO BMDMs were injected through the tail vein into Rgmb mKO mice. Two days later, the mice were injected
with Cisplatin. Labeled macrophages in the kidney were evaluated 3 d after Cisplatin by immunofluorescence for F4/80 (D) or flow cytometric analysis for F4/80
and PKH26 double-positive cell numbers (E). Only one of the three flow cytometry repeats is presented. Refer to S/ Appendix, Fig. S16B for the three repeats.
n =4 mice. (F) Rgmb mKO BMDMs were infected with Ad-GFP, Ad-FL RGMb, or Ad-Intra RGMb before they were labeled with PKH26 and injected through the tail
vein into Rgmb mKO mice. Two days later, the mice were injected with Cisplatin. Labeled macrophages in the injured kidney were evaluated 3 d after Cisplatin
injection by flow cytometry (Left panel) or immunofluorescence (Right panel). n = 4 mice. (G) Deletion of Rgmb reduced podosome numbers in BMDMs. BMDMs
from control and Rgmb mKO mice were seeded on fibronectin-coated coverslips and exposed to 10% FBS, CX3CL1, CCL19, or fMLP for 1 h. Podosomes were
counted in individual cells. n =5 or 10 cells. (H) 3D reconstruction of podosomes by STED microscopy in control and Rgmb mKO BMDMs exposed to CX3CL1 for
1h.*P<0.05; **P <0.01; ***P < 0.001.

Rgmb decreased the invasion of BMDMs into Matrigel in response  migration of PKH26-labeled Rgmb mKO BMDMs into injured
to CX3CL1 or CCL19 (8] Appendix, Fig. S14). kidneys as indicated by flow cytometry (Fig. 2 F, Leff panel, com-

The effects of Rgmb deletion on the migration of M1 and M2 pare bars 2 and 1; ST Appendix, S17 A and B) and immunofluores-
macrophages were also studied. The migration was much decreased cence (Fig. 2 F, Right panel, compare bars 2 and 1; S/ Appendix,
in Rgmb mKO BMDM:s compared to control BMDMs after they ~ Fig. S18). Therefore, our results indicate that RGMb promotes
had been induced into M1 macrophages by LPS or into M2 mac-  macrophage migration and invasion both in vitro and in vivo.
rophages by IL-4 (8] Appendix, Fig. S15).

To investigate the role of RGMDb in macrophage infiltration into RGMb Promoted Macrophage Migration Speed and Podosome
injured kidneys in vivo, BMDMs from control or Rgmb mKO mice ~ Formation. We tracked the two-dimensional migration of
were labeled with the tracking dye PKH26. 2 x 10° PKH26-labeled ~ macrophages seeded in 12-well plates. Deletion of Rgmb reduced
cells were injected through the tail vein into Rgmb mKO mice 48 the migration speed but had no effects on the directionality
h before Cisplatin injection. Three days after Cisplatin injection, (displacement length ratio) in BMDMs (81 Appendix, Fig. S19 A
the numbers of PKH26 and F4/80 double-positive cells in the and B). Conversely, RGMb overexpression increased the migration
injured kidneys were evaluated (S] Appendix, Fig. S16A4). Asshown  speed and again had no effects on the directionality in RAW264.7
by immunofluorescence (Fig. 2D), there were significantly decreased  cells (S7 Appendix, Fig. S19 Cand D).
numbers of PKH26 and F4/80 double-labeled Rgmb mKO mac- Adhesion and migration of monocyte-derived cells are regulated
rophages compared to those of double-labeled WT macrophages by podosomes (37). Each podosome is about 0.5 to 2 um in
in the injured kidneys. Flow cytometry also demonstrated that mice  diameter and exhibits a distinct core (consisting of dot-like F-actin
that had received PKH26-labeled Rgmb mKO BMDMs showed assemblies) and a ring (containing integrin receptors and adhesion
marked decreases in the injured kidney in the percentage of PKH26* adaptor proteins including paxillin, talin, and cortactin) (38). We
macrophages in F4/80*CD45* cells compared to control BMDMs performed costaining of F-actin (Phaloidin) and paxillin to visu-
(Fig. 2E and ST Appendix, Fig. S16B). Notably, adenovirus-mediated alize the podosomes of BMDMs cultured on fibronectin-coated
reconstitution of RGMb in Rgmb mKO BMDMs restored the  coverslips and exposed to 10% FBS, CX3CL1, CCL19, or fMLP.
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As revealed by confocal microscopy, podosome numbers were
much reduced in Rgmb mKO BMDMs compared to control
BMDMs (Fig. 2G and SI Appendix, Fig. S204). At a higher mag-
nification, a distinct F-actin core was surrounded by a paxillin
ring in each of the podosomes in control BMDMs, whereas the
rings of the podosomes in Rgmb mKO BMDMs showed discon-
tinuity (87 Appendix, Fig. S20B). Fluorescence intensity analysis
of paxillin and F-actin revealed each peak of F-actin is enclosed
by two peaks of paxillin in control BMDMs. Such a pattern was
barely observed in Rgmb mKO BMDMs (S Appendix, Fig. S20C).
Strikingly, under a stimulated emission depletion (STED) super-
resolution microscope, the paxillin ring in control BMDMs was
composed of evenly spaced paxillin punctuates that enclosed a
protruded F-actin core. The paxillin punctuates were disorganized
and no distinct F-actin core was observed in the podosomes of

Rgmb mKO BMDMs (Fig. 2H).

Intracellular RGMb Drove Macrophage Migration Both In Vitro
and In Vivo. The effects of RGMb on migration might be mediated
by soluble, cell-surface, or intracellular RGMB. To test these
possibilities, we collected conditioned medium (CM) from WT
and Rgmb mKO BMDMs and added the CM into the lower
chambers of Transwells to examine the migration ability of WT
and Rgmb mKO BMDMs (87 Appendix, Fig. S21A). The migrated
Rgmb mKO cell numbers were similar no matter whether they were
exposed to fresh medium, WT CM, or mKO CM, and they were
much lower than the numbers of migrated WT BMDMs exposed
to either fresh medium or mKO CM (ST Appendix, Fig. S21B).
Furthermore, BMDM migration toward 10% FBS was not altered
by RGMb antibody treatment (S Appendix, Fig. S21C). These
results indicate that neither the soluble nor the cell surface RGMb
regulated macrophage migration in our settings. We therefore
hypothesized that intracellular RGMb drives macrophage migration.
In this connection, we observed high levels of endogenous RGMb
inside migrating RAW?264.7 macrophages (S Appendix, Fig. S21D).

We then generated an intracellular RGMb construct (Intra RGMb)
by deleting the signal peptide. We confirmed that Intra RGMD is
localized to the cytosol but not on the plasma membrane while FL
RGMb was present on both (S/Appendix, Fig. S22). Strikingly,
expression of Intra RGMb promoted RAW?264.7 migration in vitro
(Fig. 34 and SI Appendix, Fig. S23 B). We reintroduced Intra RGMb
or FL RGMb into Rgmb mKO BMDMs through adenovirus infec-
tion. Like FL. RGMBb, Intra RGMb restored Rgmb mKO BMDM
migration in vitro (Fig. 3B and S/ Appendix, Fig. S23A). We also used
PKH26 to label Rgmb mKO BMDMs infected with Ad-GFP, Ad-FL
RGMb, or Ad-Intra RGMb before the cells were injected into mice.
We found that reconstitution of either Intra RGMb or FL RGMb
promoted Rgmb mKO BMDM infiltration into the injured kidneys
as shown by flow cytometry and immunofluorescence (Fig. 2F and
SI Appendix, Figs. S17 and S18).

RGMD contains a proteolytic cleavage site between Asp171 and
Prol72. After cleavage, the N-terminus and the C-terminus of
RGMb remain connected by disulfide bonds. Interestingly, cotrans-
fection of the C-terminus and the N-terminus of RGMb (C+N)
into RAW264.7 macrophages also promoted migration although
the N-terminus alone or the C-terminus alone did not (Fig. 3 C
and D and SI Appendix, Fig. S23 Cand D). Mutation of the cleav-
age site DP to AA (RGMb-DP/AA) did not alter the promigratory
activity of RGMD (Fig. 3D and SI Appendix, Fig. S23D).

Both FL and Intracellular RGMb in Macrophages Promoted
Kidney Injury. We used liposomal clodronate (CLD) to deplete
macrophages in mice. Two doses of CLD reduced monocytes/
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Fig. 3. Intracellular RGMb promoted macrophage migration. (A) Effects of
intracellular RGMb (Intra RGMb) on the migration of RAW264.7 macrophages.
Cells were transfected with pcDNA3.1 (Ctrl) or Intra RGMb plasmids. Twenty-
four hours after transfection, 3 x 10° cells were seeded in a Transwell insert
and were allowed for migration for 16 h. (B) Effects of reintroduction of FL
RGMb or Intra RGMb on the migration of Rgmb mKO BMDMs. Rgmb mKO
BMDMs were infected with Ad-FL RGMb or Ad-Intra RGMb before the cells
were subjected to Transwell migration assay. (C and D) Effects of various RGMb
mutations on the migration of RAW264.7 macrophages. n = 3 wells. *P < 0.05;
**%P < 0.01; ***P < 0.001.

macrophages in blood and spleen by 68.7% and 69.7%, respectively
(SI Appendix, Fig. S24). As expected, renal dysfunction (Fig. 4C),
inflammation (Fig. 4D), and tubular injury (Fig. 4 E'and F) were
induced by Cisplatin in mice injected with liposomal vehicle
without CLD (group #1) (compare group #1 with group S), and
they were all much attenuated when macrophages were depleted
(compare group #2 with group #1). Transfer of macrophage-
depleted mice with WT BMDMs (group #3) but not Rgmb mKO
BMDMs (group 4) (Fig. 4 A and B) restored renal dysfunction
(Fig. 4C), inflammation (Fig. 4D), and tubular injury (Fig. 4
E and F) (compare group #3 or #4 with group #1). Strikingly,
reconstitution of Rgmb mKO BMDM s with either Intra RGMb
(group #6) or FL RGMb (group #5) brought the renal functional
impairment, renal inflammation, and tubular injury to the levels
seen in macrophage-depleted mice transferred with WT BMDMs
(Fig. 4 C-F, compare group #5 or #6 with group #3). These
results indicate a critical role for RGMb in mediating macrophage
migration and kidney injury and that intracellular localization of
RGMBD is sufficient for this function.

RGMb Interacted with TAB1 and Promoted the TRAF6-Mediated
K63-Linked Polyubiquitination and Phosphorylation of TAK1.
To understand the mechanisms used by RGMb to promote
macrophage migration. We performed RGMb binding protein
prediction by STRING database and found that TABI is one of
the potential RGMb binding proteins (SI Appendix, Fig. S254).

https://doi.org/10.1073/pnas.2418739122 5 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2418739122#supplementary-materials

Downloaded from https://www.pnas.org by HONG KONG POLY TECHNIC UNIVERSITY on March 1, 2026 from |P address 158.132.161.180.

Days 0 and 1 1 hour after BMDM
Macrophage depletion transfer
A (Liposomes or CLD) |f Cisplatin 20 mg/kg BW
(i.v. injection) (i.p. injection)

Day 7 T
BMDM isolation from 6 WT \L \L i
mice and 18 Rgmb mKO mice @ v .

6 of 12

. Day 2 Day 5 *k
M-CSF treatment R 4X18:Air|:1’cli\i/|cated Sacr)i,fice C 15 150 O
> S e
(i.v. injection) . — ***'_"'_'
1o *% p=007 §‘100_ P i S
= dek ok T 1CT =3 e |
£ —ir— E
= z
Q 05 S 504
600 @ @
p=007 %% 500 .ﬁu ,—.** 0.0 0-
22} Kk dokk r,* S #1 #2 #3 #4 #5 #6 S #1 #2 #3 #4 #5 #6
400 /i ¢ E
é-300 r 900 ,_|* 12004 *
S ° D g0 Hkkkkk Kk — *¥
o] . 5. 921000_ p=007 % ok *|—|
X 200 * g0 35 T e
o N =600 @ 800+ '_'-'_'**
100 ﬁﬁ ° £ 500 ’ﬁ?aoo— ole
i n T T T T T T 2400 g ° T
S #1 #2 #3 #4 #5 #6 S #1 #2 #3 #4 #5 #6 S #1 #2 #3 #4 #5 #6 5222 o 4 .
& 9 200
2o s I il -
S #1 #2 #3 #4 #5 #6 S #1 #2 #3 #4 #5 #6
F #1 #2 #3 #4 #5 #6
(Lipo+Cis) (CLD+Cis) (cLD+wT (CLD+mKO BMDMs/ (CLD+mKO BMDMs/  (CLD+mKO BMDMs/
BMDMs+Cis) GFP+Cis) FL-RGMb+Cis) Intra-RGMb+Cis)

Ou'(er medulla Cortex

M

Paller tubuklar injury score

#1 #2 #3 #4 #5 #6

Fig. 4. RGMb in macrophages mediated kidney injury and intracellular expression of RGMb was sufficient for this function. (A) Schematic diagram of the
experiment. BMDMs were obtained from WT and Rgmb mKO mice and were infected with Ad-GFP, Ad-Intra Rgmb, or Ad-FL Rgmb. Mice were injected via tail vein
with liposomes or liposomal clodronate (CLD) (5 mg/mL) on day 0 and day 1, and then were injected via tail vein with or without BMDMs (4 x 10°) as indicated
on day 2, followed by saline or Cisplatin (i.p.) injection. Serum and kidney samples were collected on day 5. (B) Mouse grouping. The mouse groups used for the
measurements in panels C-F. (C) Serum creatinine and BUN levels. (D) mRNA levels of 1I-6, II-1p and Cxcl2 in the kidney. (E) mRNA levels of Havcr1 (Kim1) and
Lcn2 (Ngal) in the kidney. (F) PAS staining (Left) and tubular injury scores (Right). n = 3 to 6 mice. *P < 0.05; **P < 0.01; ***P < 0.001.

Immunoprecipitation-Mass Spectrometry (IP-MS) assay on lysates
from control and stable 3xFlag-RGMDb (Flag after signal and before
RGMDb) overexpressing RAW264.7 cells (ST Appendix, Fig. S25B)
showed that TAB1 is one of the top 30 hits (Fig. 5A4). Furthermore,
14 and 2 unique peptides were identified for TAB1 and RGMb
respectively in the 3xFlag-RGMb eluate, while no TAB1 and
RGMBD peptide was found in the control eluate (87 Appendix,
Fig. $25C and Dataset S1). RGMb binding proteins were highly
enriched for posttranslational modification, cytoskeleton, and cell
motility (SI Appendix, Fig. S25D).

We performed IP and reciprocal IP experiments and found that
RGMBb and TABI1 indeed were coprecipitated with each other
when the two proteins were overexpressed in HEK293T cells
(Fig. 5B). This interaction was confirmed by the PLA when
3xFlag-RGMb and TAB1-HA were overexpressed in RAW?264.7
cells (Fig. 5C). Overexpressed RGMD coprecipitated endogenous
TABI in stable 3xFlag-RGMb-overexpressing RAW?264.7 cells
(81 Appendix, Fig. S26A). Endogenous RGMb pulled down endog-
enous TAB1 in WT but not in Rgmb mKO BMDMs (87 Appendix,
Fig. S26B). Of note, purified TABI (26) was coimmunoprecipi-
tated with recombinant RGMb (87 Appendix, Fig. S26 Cand D).
These results suggest that RGMb directly interacted with TABI.
Interestingly, RGMb did not interact with TAB2 and TAB3
(SI Appendix, Fig. S26E), which are structurally and functionally
related to TAB1 (39). Intracellular RGMb and the C-terminus of

https://doi.org/10.1073/pnas.2418739122

RGMb also interacted with TAB1 whereas the N terminus of
RGMD did not (87 Appendix, Fig. S26F). Within the C-terminus,
the fragment aa 172-336 containing partial vWF-D-like domain
but not the fragment aa 337-436 interacted with TAB1 (S7 Appendix,
Fig. §26 G-I).

TABI1 constitutively interacts with TAK1 and participates in
the regulation of K63-linked polyubiquitination of TAK1 (40, 41).
Therefore, we examined the effects of RGMb on TAK1 polyubiq-
uitination. We cotransfected Flag-TAK1 and RGMb into
RAW264.7 cells along with HA-tagged wild-type ubiquitin. As
shown by western blotting using anti-HA and anti-K63-Ub anti-
bodies, TAK1 polyubiquitination, and K63-linked polyubiquiti-
nation both were dramatically enhanced by RGMb (Fig. 5D). We
also used ubiquitin mutants containing one lysine only at position
63 (K63-only) or 48 (K48-only). RGMb increased the TAK1 poly-
ubiquitination in the presence of wild-type Ub or the K63-only
mutant but not the K48-only mutant (Fig. 5E). Therefore, RGMb
promotes K63-linked polyubiquitination of TAK1. Note that K63
polyubiquitination serves as a scaffold for protein—protein inter-
actions and regulates immune functions but does not promote
degradation.

Both TNF receptor—associated factor 2 (TRAF2) and TRAF6
are RING-domain ubiquitin ligases that catalyze K63-linked poly-
ubiquitination of TAKI at the Lys158 residue, which then leads
to TAK1 autophosphorylation and activation (41-43). X-linked

pnas.org
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Fig. 5. RGMb directly interacted with TAB1 to promote TAK1 K63-linked polyubiquitination. (A) Heatmap showing the top 30 potential RGMb binding proteins
in 3xFlag-RGMb RAW264.7 cells. (B) RGMb interacted with Flag-TAB1. HEK293T cells were transfected with RGMb plasmid in the absence or presence of Flag-
TAB1 plasmid. Cell lysates were immunoprecipitated with anti-Flag antibody to capture TAB1 (Left panel). Reciprocal IP was performed (Right panel). Western
blotting was performed on the whole lysates and precipitates as indicated. (C) Proximity ligation assay (PLA). RAW264.7 cells on coverslips were transfected with
3xFlag-RGMb and TAB1-HA plasmids. Cells were incubated with rabbit anti-HA antibody, mouse anti-Flag antibody, or both, followed by PLA staining. (D) RGMb
promoted TAK1 polyubiquitination and K63-linked polyubiquitination in RAW264.7 macrophages. Cells were transfected with HA-Ub, in combination with control
or Flag-TAK1 plasmids, and in the absence or presence of RGMb plasmids. Cell lysates were immunoprecipitated with anti-Flag antibody. () RGMb promoted
the K63-linked but not K48-linked polyubiquitination of TAK1T in RAW264.7 macrophages. Cells were transfected with Flag-TAK1 and WT, K63 only, or K48 only
HA-Ub plasmids in the absence or presence of RGMb plasmids. Cell lysates were immunoprecipitated with anti-Flag antibody.

inhibitor of apoptosis (XIAP) also contains a RING domain and
displays an E3 ubiquitin ligase activity (44). Consistent with the
previous findings (45, 46), TAB1 interacted with TRAF6 and
XIAP (S Appendix, Fig. S27 B and C). Unexpectedly, TAB1 did
not interact with TRAF2 (SI Appendix, Fig. S27A4). RGMb did
not interact with TRAF2, TRAF6, or XIAP (S7 Appendix, Fig. S27
G-I). Intriguingly, RGMb enhanced the interaction between
TAB1 and TRAFG6 as shown by IP and reciprocal IP (Fig. 6A4) or
PLA (Fig. 6B), whereas RGMb did not enhance the interaction
between TAB1 and XIAP (87 Appendix, Fig. S27D). RGMb did
not alter the interaction between TAK1 and TRAF6 (87 Appendix,
Fig. S27E). TAK1 did not interact with XIAP regardless of the
absence or presence of RGMb (87 Appendix, Fig. S27F).

To determine whether TRAF6 is responsible for the
RGMb-induced TAKI polyubiquitination, we used the TRAF6
inhibitor C25-140 that specifically targets TRAF6 E3 ligase activity
(47). We found that RGMb-induced TAK1 polyubiquitination was
abolished by C25-140 (Fig. 6C). Furthermore, basal and
RGMb-stimulated TAK1 polyubiquitination was abolished when
K158 of TAKI, a residue that can be polyubiquited by TRAF6
(41-43, 48) was mutated (TAK1 K158R) (Fig. 6D). To further
confirm the role of the E3 ligase activity of TRAF6 in RGMb-induced
TAK1 K63-linked polyubiquitination, we transfected RAW?264.7
cells with plasmids for RING domain single point mutant
(C70A-TRAF6), which inactivates the E3 ligase (49). We found
that TRAF6 E3 ligase activity deficiency inhibited RGMb-induced
TAK1 K63-linked polyubiquitination (Fig. 6E, compare lanes 4
and 2). These results suggest that RGMb promotes TRAF6-induced
polyubiquitination of TAKI at the Lys158 residue.

Given the role of RGMDb in the K63-linked polyubiquitination
of TAK1, we examined the effects of RGMb on TAK1 phospho-
rylation. Strikingly, RGMb overexpression highly increased the
phosphorylation levels of TAK1 at Thr187 (Fig. 6F), while inhi-
bition of RGMb decreased this phosphorylation (Fig. 6G) in

PNAS 2025 Vol.122 No.11 2418739122

RAW?264.7 cells. TAK1 phosphorylation levels were much lower
in Rgmb mKO than in control BMDM s (Fig. 6H). Importantly,
the ratios of p-TAK1 and F4/80 double-positive macrophages to
all F4/80 macrophages were reduced in the kidneys of Rgmb mKO
mice compared to the kidneys of control mice after four low-dose
Cisplatin treatments (Fig. 61). Therefore, our results indicate that
RGMBb binds TAB1 and facilitates the interaction between TRAF6
and TABI, thereby enhancing TAK1 polyubiquitination and
phosphorylation.

TAK1 Promoted Macrophage Migration Both In Vitro and In Vivo.
TAKI1 has been found to promote migration of endothelial cells
(50), neuronal cells (51), and ameloblastoma cells (24). However,
the role of TAK1 in macrophage migration has not been studied.
Since complete deletion of Tak1 in BMDMs results in spontaneous
cell death (52), we used BMDMs from 7k /"% mice to study the
effects of TAK1 reduction. Infection of Zzk1"* BMDM:s with
Cre adenoviruses (Ad-Cre) reduced TAK1 expression by 40.3%,
without induction of apoptosis (SI Appendix, Fig. S28 A and B).
TAK1 reduction drastically decreased the migration of BMDM
toward 10% FBS or CX3CL1 (Fig. 6/ and S/ Appendix, Fig. S28C).
We also used (57)-7-oxozeanol (527-OXO), a selective inhibitor of
TAKI1 (53), to inhibit TAK1 kinase activity. 5Z27-OXO treatment
inhibited RAW264.7 migration (Fig. 6K and SI Appendix,
Fig. S28D). Furthermore, TAK1 deficiency inhibited the invasion
of BMDMs through Matrigel (Fig. 6L and ST Appendix, Fig. S29).

We labeled 7zk ** BMDM s infected with Ad-GFP or Ad-Cre
with PKH26 before the cells were injected into WT mice, followed
by Cisplatin injection (S7 Appendix, Fig. S30). Both flow cytometry
and immunofluorescence indicated significantly decreased numbers
0f F4/80 and PKH26 double-positive cells in injured kidneys of mice
that had received PKH26-labeled Tak1-deficient BMDMs compared
to control BMDM s (Fig. 6M and SI Appendix; Fig. $30). Therefore,

TAK]1 increases macrophage migration and infiltration.
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Fig. 6. RGMb enhanced the interaction between TRAF6 and TAB1 to promote TAK1 K63-linked polyubiquitination and phosphorylation and TAK1 deficiency
inhibited macrophage infiltration. (A) RGMb facilitated the interaction between TRAF6 and TAB1. RAW264.7 macrophages were transfected with TAB1-HA, in
combination with control or Flag-TRAF6, and in the absence or presence of RGMb. Cell lysates were immunoprecipitated with anti-Flag antibody (Left panels). In
the reciprocal IP, RAW264.7 macrophages were transfected with Flag-TRAF6, in combination with control or TAB1-HA, and in the absence or presence of RGMb.
(B) PLA for Flag-TRAF6 and TAB1-HA. RAW264.7 cells on coverslips were transfected with Flag-TRAF6 and TAB1-HA plasmids in the absence or presence of RGMb.
PLA was performed (red, Upper panels). Red dots were counted in 25 cells per group (Lower panel). (C) Inhibition of TRAF6 activity abolished RGMb-induced
TAK1 polyubiquitination. RAW264.7 cells were transfected with HA-Ub, in combination with control or Flag-TAK1, and in the absence or presence of RGMb. Cells
were treated without or with the specific TRAF6 inhibitor C25-140 at 20 uM for 2 h. (D) RGMb promoted TAK1 K63-linked polyubiquitination on lysine residue
158 of TAK1. RAW264.7 cells were transfected with HA-K63Ub, in combination with control, Flag-TAK1, or Flag-TAK1 (K158R), and in the absence or presence of
RGMb. (E) The E3 ligase-dead mutant C70A-TRAF6 inhibited RGMb-induced TAK1 K63-linked polyubiquitination. RAW264.7 cells were transfected with HA-K63Ub
and Flag-TAK1 without or with WT-TRAF6 or C70A-TRAF6, and in the absence or presence of RGMb. (F) RGMb overexpression increased TAKT phosphorylation.
RAW264.7 macrophages were transfected with control or 3xFlag-RGMb plasmids. (G) Inhibition of RGMb expression decreased TAK1 phosphorylation. RAW264.7
macrophages were transfected with control (NC) or Rgmb siRNAs. (H) Deletion of Rgmb diminished TAK1 phosphorylation in BMDMs. Cell lysates from control and
Rgmb mKO BMDMs were subjected to western blotting as indicated. (/) Decreased p-TAK1 and F4/80* double-positive cell numbers in the kidneys of Rgmb mKO
mice after four low doses of Cisplatin. Frozen kidney sections were used for costaining for p-TAK1 (Thr187) (green) and F4/80 (red). n = 4 mice. (/) Tak1 deficiency
reduced BMDM migration. BMDMs derived from Tak 1/ mice were infected with Ad-GFP or Ad-Cre before the cells were seeded on Transwell inserts (3 x 10°
BMDMs/well). 10% FBS or CX3CL1 (100 ng/mL) was added into the lower chambers. 18 h later, migrated cells were counted. One well represents one animal.
(K) Inhibition of TAK1 activity reduced RAW264.7 macrophage migration. Transwell migration assays were performed with RAW264.7 cells in the presence of
increasing amounts of the specific TAK1 inhibitor 527-OX0 (0 to 100 nM) for 16 h. (L) Tak1 deficiency inhibited macrophage invasion. BMDMs (Tak1%9¢%t) were
infected with Ad-GFP or Ad-Cre before they were seeded on Matrigel in a Transwell. CX3CL1 was added into the lower chamber. 24 h later, migrated BMDMs
were counted. n = 3 mice. (M) Tak1 deficiency reduced the infiltration of BMDMs into injured kidneys. BMDMs derived from Tak 7/t mice were infected with
Ad-GFP (Tak1**) or Ad-Cre (Tak1*") before they were labeled with PKH26 and injected through the tail vein into WT mice. Two days later, the mice were injected
with Cisplatin. Labeled cells in the injured kidney were evaluated 3 d after Cisplatin injection by flow cytometry (Left) or immunofluorescence (Right). *P < 0.05;
**P <0.01; ***P < 0.001.
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The TAK1/xTAT1 Cascade Mediated the Stimulatory Effects of
RGMb on at-Tubulin Acetylation and Migration in Macrophages.
a-tubulin acetylation is involved in microtubule stability and
cell migration. o TAT1 is the enzyme that acetylates a-tubulin
at Lys-40 (18, 21, 54). Recent studies have demonstrated that
TAK1 phosphorylates « TAT1 at Ser237, which subsequently

https://doi.org/10.1073/pnas.2418739122

acetylates a-tubulin (26). We used a phospho-aTAT'1 (Ser237)
antibody, which was previously verified suitable for immuno-
precipitation but not for western blotting (26), to perform
immunoprecipitation on lysates from 7Zazk1#"** BMDMs
infected with Ad-GFP or Ad-Cre. We then immunoblotted
immunoprecipitates with a pan-aTAT'1 antibody. As expected,
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oTAT1 phosphorylation levels were lower in Takl deficient
BMDMs than in wild type BMDM:s (Fig. 74 and SI Appendix,
Fig. S31A). Acetylated (ac) tubulin levels were also decreased
in Takl deficient BMDMSs compared to wild type BMDMs

(Fig. 7B). Inhibition of TAK1 by 5Z7-OXO reduced ac-tubulin
levels in RAW?264.7 cells (S Appendix, Fig. S32A). These results
confirm that the previously identified TAK1/aTAT 1/a-tubulin
cascade (26) exists in macrophages.
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Fig. 7. TAK1 and «aTAT1 mediated the effects of RGMb and TAK1 on a-tubulin acetylation and migration. (A) Tak1 deficiency decreased «TAT1 phosphorylation
(S237) in BMDMs. BMDM s derived from Tak1/°* mice were infected with Ad-GFP or Ad-Cre before they were serum starved and then treated with CX3CL1 for
1 h. Cell lysates were immunoprecipitated with anti-p-aTAT1 antibody, and immunoblotted with anti-aTAT1 antibody. Only one of the three repeats is presented.
Refer to S/ Appendix, Fig. S31A for the three repeats. (B) Tak1 deficiency inhibited a-tubulin acetylation. BMDMs derived from Tak7/*“* mice were infected with
Ad-GFP or Ad-Cre before they were subjected to western blotting for a-tubulin acetylation at K40. (C) Ablation of Rgmb diminished «TAT1 phosphorylation (5237)
in BMDMS. BMDM s derived from control and Rgmb mKO mice were serum starved and then treated with CX3CL1 for 1 h. Cell lysates were immunoprecipitated
with anti-p-aTAT1 antibody. Only one of the three repeats is presented. Refer to S/ Appendix, Fig. S31B for the three repeats. (D) Ablation of Rgmb inhibited
a-tubulin acetylation in BMDMs. BMDMs derived from control and Rgmb mKO mice were serum starved. (E and F) Induction of a-tubulin acetylation and migration
by RGMb were blocked by inhibition of TAK1. RAW264.7 macrophages were transfected with control or 3xFlag-RGMb plasmids in the absence or presence of
dnTAKT1. Cells then were treated with vehicle (DMSO) or 527-OXO (100 nM) for 16 h (). Cells were also subjected to Transwell migration for 16 h (F). n = 3 wells.
(G) Decreased infiltration of BMDMs into injured kidneys by Tak1 deficiency was rescued by forced expression of Intra RGMb. BMDMs derived from Tak 1/lex/wt
were infected with Ad-GFP, Ad-Cre, or Ad-Cre plus Ad-Intra RGMb before they were labeled with PKH26 and injected through the tail vein into WT mice. Two days
later, the mice were injected with Cisplatin. Labeled cells in the injured kidney were evaluated 3 d after Cisplatin injection by flow cytometry. n = 3 to 4 mice. (H
and /) RGMb-induced a-tubulin acetylation and migration were abolished by «TAT1 inhibition. RAW264.7 macrophages were transfected with control or RGMb
plasmids in the absence or presence of «aTAT1(dn) (H). Cells were also subjected to Transwell migration for 16 h (/). (/ and K) Induction of a-tubulin acetylation and
migration by RGMb was dependent on TAK1 and oTAT1. RAW264.7 macrophages were transfected with control or RGMb plasmids, in the absence or presence
of TAK1(dn), and in combination without or with «TAT1 (ca) (/). Cells were also subjected to Transwell migration for 16 h (K). (L) Decreased TAK1 phosphorylation
and a-tubulin acetylation induced by Rgmb deletion in BMDMs was rescued by reintroduction of FL RGMb or Intra RGMb. Control BMDMs were infected with
Ad-GFP. Rgmb mKO BMDMs were infected with Ad-GFP, Ad-FL RGMb, or Ad-Intra RGMb before the cells were harvested for western blotting as indicated.
n =3 mice. (M) Decreased p-aTAT1(S237) levels in Rgmb mKO BMDMs were rescued by reintroduction of FL RGMb or Intra RGMb. Control BMDMs were infected
with Ad-GFP. Rgmb mKO BMDMs were infected with Ad-GFP, Ad-FL RGMb, or Ad-Intra RGMb and treated with CX3CL1 at 100 ng/mL for 1 h before the cells were
harvested. Cell lysates were immunoprecipitated with anti-p-aTAT1(S237) antibody, and immunoblotted with anti-aTAT1 antibody. n = 3 mice. (N) Schematic
diagram summarizing the mechanisms of action of RGMb in regulating macrophage migration. *P < 0.05; **P < 0.01; ***P < 0.001.
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Strikingly, phospho-oTAT1 levels were lower in Rgmb mKO
BMDMs than in control BMDMs (Fig. 7C and SI Appendix,
Fig. S31B). Ac-tubulin levels were also lowered in Rgmb mKO com-
pared to control BMDMs no matter whether the cells are serum
starved (Fig. 7D) or exposed to 10% FBS or CX3CL1 (S Appendix,
Fig. $32B). RGMb, Intra RGMb (87 Appendix, Fig. S32C), or
cotransfection of the N- and C-terminuses of RGMb (87 Appendix,
Fig. $32D) increased phospho-TAK1 and ac-tubulin levels while the
N-terminus had no effects (S7 Appendix, Fig. S32E) in RAW264.7
cells. Conversely, inhibition of RGMb lowered both TAK1 phos-
phorylation and a-tubulin acetylation levels in RAW?264.7 cells
(SI Appendix, Fig. S32F). These results suggest that RGMD activates
the TAK1/aTAT1/a-tubulin cascade.

To determine the role of TAK1 in RGMDb’s actions on a-tubulin
acetylation and macrophage migration, we transfected RAW264.7
cells with RGMD plasmids in the absence or presence of 527-OXO
or dnTAK1 (TAK1 K63W). RGMb-induced a-tubulin acetyla-
tion and migration both were attenuated by either 527-OXO
treatment or dnTAK1 expression (Fig. 7 £and Fand ST Appendix,
Fig. S33A4). siRNA-mediated inhibition of RGMb decreased
a-tubulin acetylation and migration in RAW264.7 macrophages,
which were rescued by cotransfection with TAK1 and TAB1
(SI Appendix, Fig. S33 Band C). Importantly, the decreased infil-
tration of Tak1*~ BMDMs into injured kidneys was restored to
control levels by overexpression of Intra RGMb in the cells
(Fig. 7G and SI Appendix, Fig. S34). Therefore, TAK1 indeed
mediates RGMD’s regulation on a-tubulin acetylation and migra-
tion in macrophages.

TAK1 phosphorylates o TAT1 at Ser237, which acetylates
a-tubulin (26). Interestingly, both basal and RGMb-induced
a-tubulin  acetylation (Fig. 7H) and migration (Fig. 7/ and
SI Appendix, Fig. S35A4) in RAW264.7 cells were reduced by non-
phosphorylatable or dominant-negative (dn) aTAT1 (S237A).
Conversely, the decreased a-tubulin acetylation (SI Appendix,
Fig. S35B) and migration (SI Appendix, Fig. S35C) induced by
RGMBb knockdown in RAW?264.7 cells were restored by consti-
tutively active (ca) phosphomimetic «TAT1 mutant (S237E).
Furthermore, RGMb-induced a-tubulin acetylation (Fig. 7/) and
migration (Fig. 7K and SI Appendix, Fig. S35D) in RAW264.7
cells were inhibited by dnTAK1, and this inhibition was abolished
by cotransfection with ca-«TAT'1. Importantly, reconstitution of
cither FL or Intra RGMb in Rgmb mKO BMDMs restored the
TAK1 phosphorylation (Fig. 7L), aTAT1 phosphorylation
(Fig. 7M), a-tubulin acetylation (Fig. 7L), and migration (Fig. 3B)
in vitro and infiltration into injured kidneys (Fig. 2F). Therefore,
oTAT1 mediates the o-tubulin acetylation and macrophage
migration induced by RGMb/TAK]1 (Fig. 7N).

Discussion

In the present study, we demonstrated that RGMb plays a critical
role in macrophage migration. RGMb-mediated macrophage
infiltration contributes to kidney inflammation and subsequent
tubular injury and renal fibrosis in a variety of mouse kidney injury
models (Fig. 7N). Although RGMb is a GPI-anchored membrane
protein, more RGMb protein is found inside cells than on plasma
membrane (7-9, 55). We found that the activity of RGMb on
macrophage migration can be mediated by intracellular RGMb.
RGMBD directly interacted with TAB1 to promote macrophage
migration by activating the TRAF6/TAB1 (TAK1)/a-TAT1/a
tubulin cascade, thereby regulating cell shape and migration.

It has been demonstrated that blockade of RGMb by
anti-RGMb mAb alleviated airway inflammation (8), and miti-
gated graft-versus-host disease and DSS-induced inflammatory
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bowel disease (16). Therefore, the extracellular RGMb forms, i.e.,
soluble and/or cell surface RGMD, appeared to enhance inflam-
matory responses. In the present study, we showed that intracel-
lular RGMD in macrophages is also proinflammatory. However,
our previous studies indicated an anti-inflammatory role for
RGMD since global deletion of Rgmb led to spontaneous lung
inflammation (12), and inducible global deletion of Rgmb in adult
mice heightened DSS-induced intestinal inflammation (17). These
seemingly contradictory observations highlight the complexity of
the biological functions of RGMb and the necessity of dissecting
the roles of RGMb in different cell types especially in various
immune cells and in cell-cell communications.

We used LysM-Cre to generate myeloid-specific Rgmb knockout
(mKO) mice. Rgmb mKO mice were grossly normal and survived
to adulthood. Of note, deletion of Rgmb in CD4" T cells did not
result in lethality either (15). These results suggest that the postnatal
lethality induced by global Rgmb deletion involves aberrant functions
of multiple cell types. The mechanisms underlying the postnatal
death in global Rgmb KO mice are under active investigation.

RGMbD expression in IMs was decreased, and the number of
IMs was also reduced in the kidneys of Rgmb mKO mice com-
pared to the kidneys of WT mice. Consistent with the targeting
specificity of LysM-Cre (56, 57), RGMb expression in KRMs was
not altered by LysM-Cre. The number of KRMs tended to be
decreased in Rgmb mKO kidneys. We suspect that this decrease
may not be a direct effect of KRM RGMb, but most likely is a
result of the altered inflammatory microenvironment induced by
decreased IM numbers.

We provided evidence that intracellular RGMb promoted
macrophage migration and infiltration and mediated kidney
injury. We found that overexpression of an intracellular form of
RGMD was sufficient to promote the migration of RAW?264.7
macrophages, and reconstitution of Rgmb mKO BMDMs with
intracellular RGMb brought the defective migration of Rgmb
mKO BMDMs to control levels both in vitro and in vivo.
Furthermore, we were able to show that depletion of mac-
rophages prevented Cisplatin-induced kidney injury, and trans-
fer of Rgmb mKO BMDMs into macrophage-depleted mice
failed to restore Cisplatin-induced kidney injury while transfer
of WT BMDM:s did. Consistent with a role for RGMb in mac-
rophage migration, reconstitution of Rgmb mKO BMDMs with
intracellular RGMb restored Cisplatin-induced kidney injury to
WT levels.

Another important finding of the present study is that RGMb
directly interacted with TAB1. RGMb promoted the interaction
between TRAF6 and TAB1, thus enhancing TRAF6-mediated
TAK1 K63-linked polyubiquitination and TAK1 phosphoryla-
tion at Thr187. As a member of the MAP3K family, TAK1
together with TAB1 is critically involved in activation of multiple
innate and adaptive immune signaling cascades including the
NF«B and MAPK pathways (39). However, whether TAKI plays
a role in macrophage migration was unknown. In the present
study, we revealed that TAK1 promoted macrophage migration
in vitro and facilitated the infiltration of macrophages into
injured kidneys invivo. Furthermore, TAK1 mediated
RGMb-induced macrophage migration and infiltration.
Therefore, our results suggest that RGMb promotes macrophage
migration by activating TAK1.

It has been well established that a-tubulin acetylation plays a
critical role in cell cytoskeleton remodeling, intracellular transport,
and cell migration (19), A previous study demonstrated that TAK1
phosphorylated a-TAT'1, which in turn promoted a-tubulin acetyl-
ation (26). We now have extended this pathway by adding RGMb
upstream of TAK1. Furthermore, we found that phospho-o-TAT'1
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mediated the o-tubulin acetylation and migration induced by
RGMb in macrophages.

As an adhesion structure at the cell-matrix interface, podo-
somes are vital for macrophages to perform matrix degradation
and migration through tissue compartments. In the present study,
we used a STED superresolution microscope to capture 3D struc-
tures of podosomes in control and Rgmb mKO BMDMs. The
structure of podosomes was found to be defective in Rgmb mKO
BMDMs. The podosome numbers were diminished by Rgmb
deletion. A previous study showed that the release of the guanine
nucleotide exchange factor GEF-H1 from microtubules, a process
that was controlled by a-tubulin K40 acetylation, was crucial in
podosome turnover and cell migration (25). In the present study,
we showed RGMDb promoted a-tubulin K40 acetylation. Whether
the defects in the podosomes of Rgmb mKO BMDMs resulted
from the decreased microtubule acetylation is an open question
to be addressed.

In our LPS-induced sepsis model, macrophage infiltration was
found to be decreased not only in the kidneys and but also in the
livers of Rgmb KO mice when compared to control mice.
Therefore, RGMb-mediated macrophage infiltration may be gen-
eralizable to other organs.

Taken together, we found that RGMb is an important intrin-
sic factor that drives macrophage infiltration into injured kid-
neys. RGMb promotes macrophage migration by activating the
TRAF6/TAB1 (TAK1)/a-TAT1/a-tubulin cascade (Fig. 7).
These findings suggest that targeting RGMb may be an effective
therapy for the treatment of kidney inflammation and fibrosis.

Materials and Methods

Mice. Myeloid cell-specific Rgmb knockout (Rgmb mKO) mice were generated
by breeding RGMb™* mice with LysM-Cre knockin mice on C57BL/6 back-
ground. All animal studies were approved by the Animal Experimentation Ethics
Committee (AEEC) of The Chinese University of Hong Kong (Ref. No. 21-317-GRF).
Animals were housed in the Laboratory Animal Services Centre (LASEC) at The
Chinese University of Hong Kong.
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