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Abstract

Macrophages exert critical functions during kidney injury, inflammation, and tissue repair or
fibrosis. Mitochondrial structural and functional aberrations due to an imbalance in mitochondrial
fusion/fission processes are implicated in the pathogenesis of chronic kidney disease. Therefore,
we investigated macrophage-specific functions of mitochondrial fusion proteins, mitofusin
(MFN)1 and MFNZ2, in modulating macrophage mitochondrial dynamics, biogenesis, oxidative
stress, polarization, and fibrotic response. MFN1 and MFN2 were found to be suppressed in
mice after adenine diet-induced chronic kidney disease, in transforming growth factor-beta 1-
treated bone marrow-derived macrophages, and in THP-1-derived human macrophages (a human
leukemic cell line). However, abrogating Mfn2but not Mfn1in myeloidlineage cells resulted

in greater macrophage recruitment into the kidney during fibrosis and the macrophage-derived
fibrotic response associated with collagen deposition culminating in worsening kidney function.
Myeloid-specific Mifn1/Mifn2double knockout mice also showed increased adenine-induced
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fibrosis. Mfn2-deficient bone marrow-derived macrophages displayed enhanced polarization
towards the profibrotic/M2 phenotype and impaired mitochondrial biogenesis. Macrophages in
the kidney of Mfn2-deficient and double knockout but not AMfn1-deficient mice exhibited greater
mitochondrial mass, size, oxidative stress and lower mitophagy under fibrotic conditions than the
macrophages in the kidney of wild-type mice. Thus, downregulation of MFN2 but not MFN1 lead
to macrophage polarization towards a profibrotic phenotype to promote kidney fibrosis through

a mechanism involving suppression of macrophage mitophagy and dysfunctional mitochondrial
dynamics.
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Introduction

Kidney comprises two heterogeneous populations of macrophages, resident macrophages
with a longer life span and those differentiated from myeloid lineage in bone marrow

and recruited from circulation.! Kidney injury-induced chemokines, C-C motif chemokine
ligand 2 (CCL2) and CX3CL1, favor recruitment of CCR2 and CX3CR1 expressing
Ly6Chigh/pro-inflammatory and Ly6C'°W/anti-inflammatory monocytes, respectively.2
Duration and type of kidney insult determine dominance of macrophage phenotypes
(pro-inflammatory/M1 to anti-inflammatory/M2).1 M2 can also behave as profibrotic
macrophages under progressive kidney injury, persistent inflammation with concomitant
failure of tissue repair and resultant kidney fibrosis.

We have previously reported protective role of PINK1/MFN2/Parkin-mediated macrophage
mitophagy against kidney fibrosis.3 In this study, we compared the effect(s) of macrophage-
specific loss(s) of mitofusin (Mfn)-1 or Mifn2 or both on macrophage mitochondrial
structure and functions, including biogenesis and mitophagy, and impact on kidney fibrosis.
Mitochondrial health, homeostasis, and quality control are critical for normal kidney
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function,* and progression of kidney diseases is linked to mitochondrial structural and
functional aberrations.56.7:8

Mitochondrial fusion is facilitated via outer mitochondrial membrane (OMM) fusion
proteins, MFN1 and MFNZ2, and inner mitochondrial membrane (IMM) fusion protein,
optic atrophy 1 (OPA1).% Mitochondrial fission is regulated by dynamin-related protein 1
(DRP1).10 Excessive fusion and fission contribute to mitochondrial hypertubulation and
fragmentation, respectively, and their precise balance maintains a healthy mitochondrial
network.?10 MFN2 plays a crucial role in regulating mitophagy.31! DRP1-induced
mitochondrial fragmentation also promotes mitochondrial recycling.12:13 Here, using an
adenine diet (AD)-induced CKD model in myeloid-specific Mfn1 and MinZ2 conditional
single knockout and double knockout (DKO) mice, primary cells, and CKD patient samples,
we investigated macrophage-specific roles of mitofusins. MFN2 but not MFN1 prevented
macrophage mitochondrial dysfunction and macrophage-derived progression of kidney
fibrosis specifically through regulating mitochondrial biogenesis and mitophagy.

Animal experiments were performed under protocols approved by the Institutional Animal
Care and Use Committee of Weill Cornell Medicine. Mfn1/0X0/1ox0 (029901-UCD)

and Mfn2/oxp/oxp (029902-UCD) mice generated by Dr. David C. Chan (California
Institute of Technology) were purchased from Mutant Mouse Resource & Research

Center. Myeloid-specific Mfn1 or MfnZ2 gene single knockout and Mfn1/Mfn2 DKO
strains were generated by crossing Min1/oXe/10xp (M1 or Min2loxe/toxp (M 2T

or both lines, respectively, to a strain expressing Cre under control of endogenous

promoter of lysozyme M (LysM-Cre strain;004781, Jackson Laboratory) to produce
M1 | yspm-Cre*’~, M2 | ysM-Cre*’~, and DKO, respectively. These strains were of
C57BL/6J background and fully backcrossed. Wild-type controls used for comparison with
Min1™1 [ yshm-Cre?’~ and M2V [ ysM-Cre*’~ mice were fl/fl Cre™'~ M1 [ ysm-
Cr™~and Mm2"7 [ ysM-Cre™~ mice. Wild-type used for comparison with DKO were
littermate M2 M2 [ ysM-Cre!~ mice. Pink1™~ or Prkn (encoding Parkin)~~ mice
were provided by Dr. Jie Shen (Brigham and Women’s Hospital, Harvard Medical School).
C57BL/6 mice were purchased from the Jackson Laboratory. We used 8 to 12 weeks old
sex-matched mice for the experiments.

AD-induced murine model of kidney fibrosis.

We had 12 different experimental groups (/7= 5 mice per group). Mice from each strain as
discussed above were either fed with 0.2% of AD or control diet (Ctl) (Envigo#TD150071)
for 28 days as previously described,3 and kidneys, whole blood, and urine were collected at
euthanasia.

Cell culture and transfection.

BMDM were differentiated from bone marrow cell suspension using monocyte colony-
stimulating factor (M-CSF,10ng/ml;Biolegend) for 7-days.1# Macrophages from THP-1
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human monocytic cell line (ATCC#202) were derived using phorbol 12-myristate 13-acetate
(PMA,10ng/ml;Sigma) for 3 days. BMDM or THP-1-derived macrophages were treated
with TGF-B1 (5ng/ml) for 48 hours.

THP-1-derived macrophages were transfected with a pool of either Human SMARTpool on-
target plus peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1a)-
specific (L-005111-00-0005) or non-targeting (D-001810-10-05) siRNAs using transfection

reagent (T-2001-01,Dharmacon,PerkinElmer).

Transmission electron microscopy.

Kidneys were fixed, dehydrated, and embedded in an EPON analog resin as previously
described.3 Ultrathin sections on copper grids were contrasted with lead citrate and captured
on electron microscope (JEM1400,JEOL).

Isolation of kidney macrophages.

Mouse kidney macrophages were isolated using Ficoll-Hypaque density gradient
centrifugation,® followed by magnetic-activated cell sorting as previously described.3

Flow cytometry.

Flow cytometry analyses were performed on kidney single-cell suspensions, sorted kidney
macrophages, blood, and BMDM as previously described.3 The following antibodies were
used: anti-CD45 (Biolegend), anti-F4/80, anti-CD11b, anti-Galectin-3 (Gal-3), anti-latency
associated peptide (LAP/TGF-B1) (Biolegend), anti-Ly6C, and anti-CD206 (Thermo Fisher
Scientific). Cells were captured using BD Accuri C6 or Fortessa flow cytometer, and
analyzed using C6 analysis or FACSDiva (BD Biosciences) or FlowJo v.10.8 (Tree Star)
software.

Measurement of mitochondrial size, mass, mitophagy, and superoxide levels by flow
cytometry.

Kidney F4/80+ CD45+ cells were gated down to determine i) mitochondrial size by
measuring colocalized signal from forward side scatter (represents size)-high (FSCNigh)

and MitoSpy green dye (a mitochondrial marker, Biolegend) stained population,19, ii)
mitochondrial mass using mean fluorescence intensity (MFI) of MitoSpy green dye, and

iii) mitochondrial-derived superoxide levels using MitoSox red dye as previously described.3

Kidney macrophage mitophagy was determined using mitophagy detection kit (Dojindo) by
following manufacturer’s instructions,316:17 as previously described.3

Mitophagy in BMDM was measured using double-positive signals for MitoTracker Red
(Invitrogen#M22426) and LysoTracker green (Invitrogen#L7526) dyes on F4/80+ cells by
following manufacturer’s instructions.
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Enzyme-linked immunosorbent assay (ELISA) and biochemical measurements.

Mouse urinary CCL2 was quantified using ELISA (LSBio;#LS-F271-1). Blood urea
nitrogen (BUN) and creatinine from mouse sera samples were measured on an automated
clinical chemistry analyzer (Beckman-Coulter,AU680).

Western blot.

Tissue and cell lysates were prepared as previously described.3 Membranes

were subjected to antibodies against MFN1 (Novus#NBP1-71775), MFN2 (Cell

Signaling Technology/CST#9482S), CD206 (Abcam#64693), Arginase-1 (Arg-1;Santa
Cruz Biotechnology/SCBT#271430), Gal-3 (SCBT#32790), fibronectin (FN,Abcam#2413),
TGF-B1 (CST#3711S), alpha-smooth muscle actin (a-SMA,Abcam#ab5694), PGC-1a
(Abcam#54481;EMDMillipore#ST1202), GAPDH (CST#2118), and B-actin (CST#3700).
Bands were visualized and quantified using ImageJ/Fiji software version 1.46 (NIH).

Immunohistochemistry.

Kidney tissues were fixed overnight in 4% paraformaldehyde, dehydrated in 70% ethanol,
and embedded in paraffin blocks. 4 pm thin sections were deparaffinized, stained with
Masson’s trichrome, and analyzed for collagen deposition using EVOS cell imaging system
(Life Technologies).

Confocal microscopy.

BMDM were stained using antibodies against TIM23 (BD Biosciences#611223)

and microtubule-associated protein light chain 3 (LC3,Sigma-Aldrich#L7543) or with
MitoTracker Deep Red and LysoTracker green dyes and mounted using DAPI
(Invitrogen#P36962). Images were captured on Zeiss LSM 880 confocal microscope at 60x
magnification and processed using ImageJ/Fiji software.

Statistics.

Data are provided as arithmetic means £ SEM and 77 represents number of animals or
human specimens (patients or controls). Sample size for each group was =5. Data were
analyzed using one-way analysis of variance (ANOVA) followed by Newman-Keuls post-
hoc test. Comparison between two groups was performed by Student's unpaired #test. For
the experiments performed on the same sets of mice, expression of markers was considered
to be significantly different if both the P-value and g-value for false discovery rate (FDR)
were <0.05. FDR was determined using a two-stage linear step-up procedure of Benjamini,
Krieger and Yekutieli after one-way ANOVA. Analysis was performed using GraphPad
Prism 5. FDR was determined using GraphPad Prism 9.3.0.

Results

Mitochondrial fusion proteins MFN1 and MFN2 are downregulated in experimental kidney
fibrosis and TGF-p1 treated macrophages.

Expression of MFN1 (84 KDa) and MFN2 (84 KDa) was decreased in the kidneys after
28 days of AD than Ctl (Figure 1a). Ratio of large (L, 92 KDa)/small (S, 80 KDa)-
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OPA1 was also decreased in the kidneys after AD (Supplementary Figure S1a). Whereas,
expression of DRP1 (82 KDa), and its phosphorylation at serine-616 (82 KDa, p-DRP1-
Ser-616) representing DRP1 translocation to mitochondria to induce fission,3 increased
(Supplementary Figure S1a). MFN1 and MFN2 in BMDM (Figure 1b) and THP-1-derived
macrophages (Figure 1c) decreased with TGF-p1 treatment. Ratio of L/S forms of OPA1 in
BMDM also decreased while expression of DRP1 and p-DRP1-Ser-616 was increased with
TGF-p1 treatment (Supplementary Figure S1b).

Using unilateral ureteral obstruction (UUO) model of kidney fibrosis, we also observed
downregulated expression of MFN1 (green, Supplementary Figure S2a) and MFN2 (green,
Supplementary Figure S2b) and decreased colocalization with mitochondrial marker TIM23
(red) in the obstructed kidneys after 7 days of UUO compared to sham. Kidney macrophages
(CD11b+ F4/80+, Supplementary Figures S2c¢,S2d), and proximal tubules (PT, megalin+,
Supplementary Figures S2e,S2f) from obstructed kidneys also displayed lower expression of
MFN1 and MFN2 than sham mice.

Colocalization of MFN2 with TIM23 was further reduced in the Pink2™~ mouse kidney,
suggesting PINK1-dependent regulation of mitochondrial MFN2. Kidney macrophages and
PT from PinkI™~ or Prkn™~ mice displayed lower expression of MFN2 but not MFN1
(Supplementary Figures S2¢,S2d,S2e,S2f). During oxygen deprivation, the expression of
MFN2 but not MFN1 was reduced by 40%.18 We earlier observed that Pinki-deficient
BMDM displayed lower oxygen consumption rate and higher production of mitochondrial-
derived reactive oxygen species (MROS).3 Increased mROS and number of dysfunctional
mitochondria in Pink1 or Prkn-deficient cells may contribute to a reduction in the expression
of MFN2 but not MFN1.

In primary BMDM from M1 [ yspM-Cre*’~ and M2 [ ysM-Cre*’~ mice, we
confirmed little to no detectable expression of MFN1 and MFN2, respectively (Figure

1b). Interestingly, BMDM (Figure 1b) from Mfn1™7 [ ysM-Cre*’~ mice and MfnI-deficient
kidney macrophages from Ctl or AD-fed mice (Supplementary Figure S3) displayed
increased expression of MFN2, whereas BMDM from Mm2"f [ yspM-Cre*/~ mice showed
reduced expression of MFN1.

Mitochondrial biogenesis regulator modulates MFN1 and MFN2 expression in
macrophages.—We next studied the role of PGC-1a, the chief regulator of mitochondrial
biogenesis in modulating expression of mitofusins in macrophages. MFNZ2 is known to
induce PGC-1a, which in turn promotes Min1 at transcriptional level by coactivating
estrogen-related receptor alpha (ERRa).1® PGC-1a also activates promoter region of
Mfn2.20

PGC-1a expression decreased in the kidneys after AD (Figure 2a) and BMDM (Figure

2b) and THP-1-derived macrophages (Figure 2c) after TGF-B1 treatment. The siRNA-based
knockdown of PGC-1a in THP-1 derived macrophages, resulted in decreased expression

of MFN1 and MFN2 (Figure 2d). Mfn1-, Mfn2-deficient, and DKO BMDM displayed
reduced expression of PGC-1a, suggesting that mitofusins in turn also regulate PGC-1a
(Figures 2b,2e). However, TGF-B1 treated Mfn2-deficient and DKO but not Mfn1-deficient

Kidney Int. Author manuscript; available in PMC 2023 May 01.
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BMDM displayed further lower expression of PGC-1a than wild-type BMDM, suggesting
that a compensatory increase in MFN2 expression in Mfni-deficient BMDM is potentially
regulated via PGC-1a.. Reduced expression of PGC-1a in Mfn2-deficient macrophages is
directly related to a decrease in MFN1 expression.

Myeloid-specific deletion of Mfn2 but not Mfnl promotes kidney fibrosis and worsening
kidney function.

We first compared fibrotic responses in the kidneys. M1 [ ysM-Cre*’~ and
Mifn1™1 [ yshM-Cre™~ mice showed similar increases in expression of profibrotic/M2
macrophage, Arg-1 (35 kDa), Gal-3 (26 kDa), CD206 (190 kDa) and fibrotic, FN (220 kDa),
TGF-p1 (12.5 kDa), and a-SMA (42 kDa) markers in the kidney after 28-days of AD than
Ctl (Figure 3a). However, AD-fed Mfn2™" [ ysM-Cre*’~ and DKO mice displayed higher
expression of these profibrotic markers compared to corresponding controls (Figures 3b,3c),
indicating enhanced fibrotic response in the kidney in absence of MFN2 but not MFN1

in myeloid cells. Moreover, M2 [ ysM-Cre*’~ (Figures 4a,4b,4c) and DKO (Figures
4d,4e,4f) mice also showed a higher collagen deposition and worsening kidney function than
Min1™1 [ ysM-Cre*/~ and wild-type mice.

AD-fed M2 [ ysM-Cre*/~ mice displayed higher numbers of kidney macrophages

and greater urinary CCL2 levels than AD-fed M1 [ ysM-Cre*/~, and wild-type

mice (Figures 5a,5b). Tubular cell-derived CCL2 promotes macrophage recruitment and
tubulointerstitial fibrosis in the kidney and may contribute to urinary CCL2 excretion.?!
Frequencies of CD206+ (Figure 5c) Gal-3+ (Figure 5d) and TGF-p1+ (Figure 5e) F4/80+
populations equally increased in the kidneys of wild-type and M1 [ ysM-Cre™”~ mice
after AD than Ctl. However, F4/80+ macrophages from AD-fed M2 [ ysM-Cre*’~ mice
displayed higher expression of CD206, Gal-3 and TGF-B1 than M1 | yspM-Cre?’~ and
wild-type mice (Figures 5c¢,5d,5€). In addition, Mfn2"" [ ysM-Cre*’~ showed increased
kidney (Figure 5f) and circulating (Figure 5g) Ly6C'°¥CD11b+ monocytes after AD. AD-
fed Mm2"7 [ ysM-Cre*’~ mice displayed greater frequencies of Ly6CN9" monocytes than
AD-fed Mm1™"1 [ ysM-Cre*/~ but not wild-type mice. DKO mice also displayed increased
numbers of macrophages and expression of CD206, Gal-3 and TGF-p1 on F4/80+ cells and
Ly6C'°"CD11b+ monocytes while lower Ly6CMNI"CD11b+ cells in the kidney, and greater
urinary CCL2 (Figures 6a,6b,6¢,6d,6e,6f) and plasma CCL2 and CX3CL1 levels than their
corresponding controls (Supplementary Figures S4a,S4b).

Mfn2-deficient BMDM display a higher potency to polarize towards profibrotic/M2

phenotype.

To further understand the effect of genetic deletion of Mfn1 or Mfn2in macrophages on
their profibrotic response, we isolated BMDM from single knockouts, DKO, and controls.
Min2-deficiency in BMDM was associated with a higher capacity to polarize towards
profibrotic/M2 phenotype as determined by increased expression of CD206, FN, and
Arg-1 by western blot analyses (Supplementary Figure S5a). Flow cytometry data further
confirmed increased CD206+F4/80+ profibrotic/M2 macrophages in the Mfn2-deficient
BMDM (Supplementary Figure S5b).
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Deficiency of Mfn2 but not Mfnl in myeloid cells increases kidney macrophage
mitochondrial size, mass, oxidative stress, and mitochondrial damage by reducing

mitophagy.

Through morphometric analysis of mitochondria (19) in the kidney mononuclear phagocytic
cells (F4/80+ CD45+), we observed two populations of varying sizes of mitochondria,
FSChigh and FSC!oW in AD-fed mice than only the FSCN9h population in Ctl-fed mice,
suggesting increased heterogeneity in mitochondrial morphology during kidney fibrosis.
Mitochondrial size of mononuclear phagocytic population increased after AD in both
wild-type and Mmn17 [ ysM-Cre™”~ mice than Ctl (Figure 7a). Interestingly, FSChigh
mitochondria of greater size from F4/80+ CD45+ cells from Ctl or AD-fed Mm2"7 [ ysm-
Cre*~ mice was significantly higher than M1 [ yspM-Cre*’~ and wild-type mice (Figure
7a). DKO kidney macrophages from AD-fed mice also displayed an increased number of
FSchigh mitochondria (Figure 7b). Ultrastructural analysis of kidneys demonstrated that
mitochondrial size of kidney macrophages from Ctl or AD-fed Mfn2-deficient mice was
larger than Mfni-deficient and wild-type kidney macrophages (Figure 7c).

Kidney macrophage mitochondrial mass increased similarly after AD in both wild-type and
Min1™1 [ yshM-Cre*/~ mice than Ctl (Figure 7d). However, mitochondrial mass of kidney
macrophages from AD-fed M2 [ ysM-Cre*’~ was higher than M1 [ ysm-Cre*/~
and wild-type mice (Figure 7d). DKO kidney macrophages also displayed mitochondrial
hyperaccumulation (Figure 7e).

To understand the cause of higher mitochondrial aggregation associated with deficiency

of Mifn2but not Mfn1in myeloid cells, we next studied the role of mitophagy. Electron
microscopy revealed double-membrane vesicles containing mitochondria (mitophagosomes)
in the kidney macrophages from AD-fed wild-type and M1 [ ysM-Cre*’~ mice but

not M2 [ ysM-Cre*/~ mice (Figure 8a). Due to defective mitophagic response, Mfn2-
deficient kidney macrophages displayed an increased number of accumulated abnormal
mitochondria with disorganized cristae after AD. TGF-p1 treated Mfn2-deficient kidney
macrophages displayed lower mitophagy than MfnI-deficient and wild-type macrophages as
confirmed by a shift in the MFI of co-localized signal from Mtphagy and Lyso dyes (Figure
8h).

Furthermore, Mfn2-deficient BMDM, in addition to displaying mitochondrial clumping
phenotype as reported in other tissues,22 showed reduced expression of LC3 (green) and
decreased colocalization of LC3 with TIM23 (red) than Mfn1-deficient and wild-type
BMDM (Figure 8c). Deficiency of Mfn2was associated with decrease in autophagy-
related markers,23 and impaired mitophagy.3-11:24 We further confirmed a reduction in
colocalization of MitoTracker red and LysoTracker green dyes in Mfn2-deficient BMDM
by confocal microscopy (Figure 8d) and flow cytometry (Figure 8e) than MfnI-deficient or
wild-type BMDM. Furthermore, TGF-p1 treated DKO kidney macrophages also displayed
lower colocalization of MitoTracker and LysoTracker dyes than control macrophages
(Figure 8f).

AD-induced mitochondrial superoxide production in kidney macrophages increased
similarly in wild-type and M#fn1™1 [ ysM-Cre*’~ mice (Figure 9a). Kidney macrophages
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from AD-fed Mm2"7 [ ysM-Cre*’~ mice displayed higher production of mROS than
Min1™1 [ yshm-Cre*’~ and wild-type mice (Figure 9a). Kidney macrophages from AD-fed
DKO mice also showed increased mROS production (Figure 9b). Circulating CD11b+
monocytes from AD-fed M2 [ ysM-Cre*/~ mice also exerted greater superoxide

levels than Mfn1™7 [ yspm-Cre*’~ and wild-type mice (Figure 9¢). Mitochondrial-specific
antioxidant, superoxide dismutase (SOD)-2 decreased in kidneys after AD (Supplementary
Figure S6a). Mfn2-deficient BMDM displayed a reduced expression of SOD-2 (Figure S6b).

Downregulated mitochondrial fusion and upregulated fission by favoring mitochondrial
outer membrane permeabilization promote the release of cytochrome ¢, which induces
mitochondrial fragmentation and apoptosis.2%26 Urinary levels of cytochrome ¢ increased
after AD in both M2 [ yspM-Cre™~ and M2 [ ysM-Cre*’~ mice. However, Ctl-fed
M2 [ yshm-Cre*’~ mice displayed higher urinary cytochrome ¢ than Mm2" [ ysp-
Cre™~ mice, and both urinary and circulating cytochrome c levels were further increased
after AD (Supplementary Figures S6¢,S6d). Patients with CKD with histological evidence
of interstitial fibrosis and tubular atrophy (IFTA) also displayed higher urinary and plasma
cytochrome ¢ (Supplementary Figures S6e,S6f) than controls (CKD-).

Therefore, the central effect of conditional deletion of Mfn2but not Mfn1 in myeloidlineage
is repression of mitochondrial biogenesis and defective mitophagy, which contributes

to hyperaccumulation of dysfunctional mitochondria, greater mROS production, and
mitochondrial damage.

Patients with CKD display lower expression of mitochondrial fusion proteins in the kidney
and higher circulating levels of macrophage chemoattractant.

We previously reported downregulation of MFN2 expression in human kidney biopsy and
peripheral blood mononuclear cells from patients with CKD.3 Here, we determined that
expression of MFN1 was also downregulated in human CKD kidney samples with biopsy-
proven IFTA (Supplementary Figure S7a). Patients with CKD displayed higher urinary
levels of CX3CL1 (Supplementary Figure S7b), a chemokine shown to regulate recruitment
and survival of monocyte-derived macrophages in the obstructed kidney.21:27 Previously,
we had also reported that expression of mitophagy regulatory proteins was decreased

while fibrotic markers increased in human primary kidney macrophages after TGF-1 or
mitochondrial division inhibitor 1 (Mdivi1) treatment.3 The observations from current study
suggest that mitochondrial dynamics is impaired and mitochondrial injury is aggravated
during human kidney fibrosis.

Discussion

Here, we reported differential functions of mitochondrial fusion proteins and uncovered
their roles in modulating macrophage-derived progression of kidney fibrosis. Myeloid-
specific conditional deletion of Mfn2but not Mfn1 exaggerated macrophage infiltration,
kidney macrophage-derived fibrotic response, tubulointerstitial fibrosis, and worsened
kidney function in CKD. Mfn2-deficient macrophages displayed profibrotic phenotype and
had dysfunctional mitochondria. Myeloid-specific Mfn2-deficient mice displayed higher
circulating and urinary levels of cytochrome c, suggesting greater mitochondrial injury
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during kidney fibrosis. Mfn2-deficiency in macrophages contributed to mitochondrial
hyperaccumulation, elevated superoxide production, impaired biogenesis and mitophagic
response under fibrotic conditions. Failure of mitochondrial quality control and an
associated increase in oxidative stress in MFN2-deficient state leading to imbalanced
mitochondrial dynamics and profibrotic/M2 macrophage-mediated kidney fibrosis.

Mitochondrial fusion and fission dynamics were impaired during kidney fibrosis, OMM
and IMM fusion protein were downregulated, while mitochondrial fission protein was
upregulated. Interestingly, despite reduced fusion and increased fission protein expression,
increased mitochondrial size of macrophages was observed during kidney fibrosis that
was further worsened in Mifn2 deficient macrophages. Chen et al. noted that mitochondria
from Min1/Mfn2 DKO fibroblasts were highly heterogeneous in size, including very

large mitochondrial spheres and mitochondrial fragmentation that was reversible.28 Thus,
mitochondrial morphology is regulated through dynamic processes and despite an increase
in fission during kidney fibrosis, increased mitochondrial size may occur with reversible
mitochondrial fragmentation.

Imbalance in mitochondrial fusion/fission and mitophagy during fibrotic conditions in
macrophages signify perturbation of macrophage mitochondrial dynamics. Indeed, recent
studies implicated impairment in mitophagy in PT in diabetic kidney disease,2% and induced
mitochondrial fission in fibroblasts during kidney fibrosis.3° Genetic deletion of DrpZin PT
provided cytoprotection potentially by shifting the balance towards mitochondrial fusion.3!

Increases in mitochondrial mass, size, and mROS and decreases in antioxidant response,
biogenesis, and mitophagy in Mfn2- but not Mfni-deficient kidney macrophages suggest

a protective role of MFN2 against AD-induced mitochondrial damage. DKO kidney
macrophages displayed similar results as Mfn2-deficient kidney macrophages. Kidney-
targeted deletion of Mfn2 aggravated mitochondrial damage in PT.32 However, PT-specific
Min2 deletion protected against ischemia-induced kidney injury.33 Differential effects of
MinZ2 deletion in macrophages after AD-induced CKD versus in PT after ischemia-induced
acute kidney injury (AKI),33 suggests that MFN2 functions may be regulated in a cell
type/context-specific fashion. Accordingly, macrophages and PT were shown to exhibit
differential fibrotic responses in UUO-induced kidney fibrosis.3* Context-specific role of
MFN2 was recently demonstrated, macrophage MFN2 but not MFN1 expression is induced
by lipopolysaccharide (LPS).3®> Macrophage-specific Mfn2but not MfnI-deleted mice died
frequently due to defective LPS-induced inflammatory responses.3° Liver-specific M1~
mice displayed protection against high-fat diet-induced liver diseases.3® However, liver-
specific Mfn2 deletion disrupted lipid metabolism and worsened liver disease.1® Mitofusins
exert differential roles, as mitochondrial fusion can not be accomplished in absence of
MFN1 but not MFN2.37

Though the expression of both MFN1 and MFN2 was downregulated during CKD,
deficiency of MFN2 but not MFN1 enhanced mROS production in monocytes/macrophages.
Circulating and kidney MfnZ2- but not MfnI-deficient monocytes/macrophages from AD-fed
mice exerted profibrotic profile. Increased MFN2 expression in MfnI-deficient BMDM and
kidney macrophages may explain, at least in part, their protection against polarization to a
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profibrotic phenotype. Reduced expression of PGC-1a in TGF-p1-treated Min2-deficient
and DKO but not in Mfn1-deficient BMDM suggests the potential role of PGC-1a

in regulating expression of MFN2 in Mfn1-deficient macrophages. Mfn2-deficiency in
macrophages was related to defects in mitochondrial biogenesis.

Mitophagy prevents aggregation of damaged mitochondria. Mfn2but not Mfn1 deficiency
led to less mitophagosome formation in kidney macrophages while hyperaccumulation of
dysfunctional mitochondria with disorganized cristae, larger mitochondrial size, and higher
superoxide production with a defective antioxidant response, were associated with fibrotic
conditions. Higher mROS in MfnZ2-deficient macrophages may contribute to their enhanced
polarization towards a profibrotic/M2 phenotype.38 SS-31, a synthetic peptide, which
improves mitochondrial functions, reduced UUO-induced tubular apoptosis, macrophage
infiltration, oxidative stress, and tubulointerstitial fibrosis in the kidney.3° Mitochondrial
antioxidant MitoQ restored MFN2 while inhibiting DRP1, and concomitantly ameliorated
albuminuria and tubulointerstitial fibrosis in diabetic kidney disease.*? Given our findings
indicating dysregulated mitochondrial fusion/fission and increased mitochondrial oxidative
stress in macrophages associated with kidney fibrosis, strategies using mitochondrial
antioxidants to restore balance in mitochondrial dynamics seem logical. Significance of
mitochondrial dynamics imbalance in other cells of the kidney has been shown in AKI and
CKD.41’42'43

Increases in kidney macrophage numbers in AD-fed myeloid-specific Mfn2-deficient single
and DKO mice may be driven by CCL2. Indeed, we detected increases in urinary CCL2 in
both AD-fed myeloid-specific Mfn2-deficient single and DKO mice. Intracellular oxidative
stress-mediated Mrfn2-deficient kidney macrophage-derived autocrine and/or paracrine
signaling might be inducing CCL2 production via kidney macrophages and/or injured
tubular epithelial cells. Increased urinary CCL2 in patients with Kidney diseases positively
correlates with kidney macrophage frequencies and negatively correlates with kidney
function.*4 We have earlier reported increased circulating CCL2 in patients with CKD and
mitophagy-deficient animal model of kidney fibrosis.3

MFN2 deficiency in macrophages was associated with increases in TGF-B1 expression

in kidney and kidney macrophages. TGF-B1, a potent profibrotic cytokine promotes
macrophage polarization to M2 phenotype. Macrophage-specific deletion of TGF-f type

1 receptor protected against tubulointerstitial fibrosis,*> suggesting that macrophages
respond to TGF-B1 and contribute to kidney fibrosis. Interestingly, myeloid-specific TGF-
B1-deletion failed to protect against kidney fibrosis,*® suggesting that myeloid cells are
not the only source of increased TGF-B1 actions in kidney fibrosis. Stellate cell-specific
overexpression of MFN2 has been shown to attenuate liver fibrosis by reducing the
infiltration of immune cells and targetting TGF-B1/Smad signaling pathway.* Investigation
of therapeutic applications of cell-specific overexpression of MFN2 against kidney fibrosis
is warranted.

To our knowledge, our study is the first to elucidate that MFN1 and MFN2 possess
differential functions in regulating macrophage-dependent remodeling of extracellular
matrix during Kidney fibrosis. We reveal downregulation of mitochondrial fusion while
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upregulating fission proteins and suppressing mitophagy and mitochondrial biogenesis in
macrophages disturb the balance in mitochondrial dynamics and exaggerate kidney fibrosis
(Figure 9). Myeloid-specific loss of Mfn2but not Mfn1 promotes macrophage infiltration

in response to kidney injury-related induction of CCL2 and CX3CL1. Perturbations in
macrophage mitochondrial dynamics lead to increases in mitochondrial size, accumulation
of dysfunctional mitochondria, and mROS production. MFN2 but not MFN1 prevents
macrophage switching towards profibrotic/M2 phenotype and kidney fibrosis by maintaining
mitochondrial health through regulating biogenesis and mitophagy and therefore mROS
production.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Statement

Macrophage-induced inflammatory and fibrotic responses being critical drivers of
kidney fibrosis play a crucial role in advancing CKD. Persistent inflammation in CKD
contributes to mitochondrial aberrations. Using myeloid lineage-specific mitochondrial
fusion proteins, Mfni/Mifn2single and DKO mice, we demonstrated that myeloid cell-
specific Mfn2but not Mrn1 deficiency exaggerated macrophage-induced extracellular
matrix deposition, and worsened kidney function during CKD. Mfn2-deficient BMDM
displayed defective mitochondrial biogenesis and increased polarization towards
profibrotic/M2 phenotype. Mfn2-deficient kidney macrophages exhibited mitochondrial
hyperaccumulation, elevated superoxide, and impaired mitophagy during fibrosis. This
study provides novel insights into the protective role of MFN2 against macrophage-
mediated progression of kidney fibrosis.
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Figure 1. Mitochondrial fusion protein expression is suppressed in a murine model of kidney

fibrosis and TGF-B1 treated macrophages.

Western blot and densitometry analysis for the expression of Mitofusin 1 (MFN1) and
Mitofusin 2 (MFN2) in a) kidney tissue lysates from wild-type mice fed with control (Ctl)
or adenine diet (AD) (1= 6 per group) for 28 days, normalized to GAPDFI; b) bone
marrow-derived macrophages (BMDM) isolated from wild-type, M1 [ ysM-Cre*’~ and
M2 [ yshM-Cre*’~ mice (n = 6 per group) and c) THP-1-derived human macrophages (7
= 8 per group) cultured in the absence (-) or presence (+) of TGF-p1 (5 ng/ml) for 48 hours,
normalized to B-actin. Data are mean £ SEM representative of 3 independent experiments.
*P<0.05, **P<0.01, ***P<0.001, analyzed by student’s unpaired 1-tailed #test (a, c) or
one-way ANOVA followed by Newman-Keuls post-hoc test (b).
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Figure 2. Mitochondrial biogenesis is impaired during experimental kidney fibrosis and PGC-la
regulates expressions of MFN1 and MFN2 in macrophages.

Western blot and densitometry analysis for the expression of PGC-1a in a) kidney tissue
lysates from wild-type mice fed with control (Ctl) or adenine diet (AD) (/7= 6 per group) for
28 days, normalized to GAPDH; b) bone marrow-derived macrophages (BMDM) isolated
from wild-type, Mfn1/Mfn2 double knockout (DKO) mice treated with TGF-p1 (5 ng/ml)
for 48 hours (=5 per group), normalized to p-actin (n7=5 per group), ¢) THP-1-derived
human macrophages mice treated with TGF-pB1 (5 ng/ml) for 48 hours (n7= 8 per group), d)
MFN1, MFN2 expression in THP-1-derived human macrophages transfected with PGC-Ia
siRNA or non-targeting (NT) control siRNA (7= 8 per group), normalized to p-actin. €)
PGC-1a expression in BMDM isolated from wild-type, DKO, Mfni-, MfnZ2- deficient mice
treated with TGF-pB1 (5 ng/ml) for 48 hours (/7= 6 per group), normalized to B-actin Data
are mean + SEM representative of 3 independent experiments. *£< 0.05, **P< 0.01, ***P
< 0.001, analyzed by student’s unpaired 1-tailed #test (a, c, d) or one-way ANOVA followed
by Newman-Keuls post-hoc test (b, e).
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Figure 3. Myeloid cell-specific conditional deletion of Mfn2 but not Mfn1 aggravates kidney

fibrosis.

a - ¢) Representative western blots and densitometry analysis in Kidney tissue lysates for
the expression of fibronectin (FN), TGF-p1, alpha-smooth muscle actin (a-SMA), CD206,
arginase-I (Arg-1), and galectin-3 (Gal-3) from mice fed with control (Ctl) or adenine

diet (AD) for 28 days in a) M1 [ ysM-Cre-7~ and Mfn1™1 [ ysM-Cre*/~ mice; b)
M2 [ yspM-Cre-7~ and Mm2"1 [ ysM-Cre*”~ mice, and c) Wild-type and Mfn1/Mfm2
double knockout (DKO) mice, normalized to GAPDH, n= 6 per group. Data are mean +
SEM representative of 3 independent experiments. *£< 0.05, **P< 0.01, ***P < 0.001,
analyzed by one-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 4. Myeloid cell-specific conditional deletion of Mfn2 but not Mfn1 contributes to collagen
deposition and kidney function decline.

a) Representative Masson’s trichrome-stained kidney tissue sections (tissue scans at 20x

and magnified images at 40x magnifications) and collagen quantification from wild-type,
M1 [ yshm-Cre*’~ and M2 [ysM-Cre*’~ mice fed with Ctl or AD for 28 days (7= 6
per group). Scale bars: 200 um. b) Blood urea nitrogen (BUN) and ¢) serum creatinine levels
in wild-type, M1 [ ysM-Cre*’~ and M2 [ ysM-Cre*’~ mice (n= 6 per group) fed
Ctl or AD for 28 days. d) Representative Masson’s trichrome-stained kidney tissue sections
(tissue scans at 20x and magnified images at 40x magnifications) and quantification of
collagen from wild-type and Mfn1/MifnZ2 double knockout (DKO) mice fed with Ctl or AD
for 28 days (n = 6 per group). Fibrosis quantification was performed on 6 areas per sample
from Ctl and AD, using ImageJ/FIJI. Scale bars: 200 um. €) Blood urea nitrogen (BUN)

and f) serum creatinine levels in wild-type and DKO mice fed with Ctl or AD, (/7= 6 per
group) for 28 days. Data are mean + SEM representative of 3 independent experiments. *P <
0.05, **P<0.01, ***P < 0.001, analyzed by one-way ANOVA followed by Newman-Keuls
post-hoc test.
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Figure 5. Myeloid cell-specific Mfn2 but not Mfn1 prevents macrophage-derived profibrotic
response during kidney fibrosis.

Wild-type, M1 [ ysM-Cre*~ and Mm2"7 [ ysM-Cre*’~ mice were fed with control
(Ctl) or adenine (AD) diet for 28-days. a) Representative flow cytometric plots and analysis
showing the numbers of F4/80+ CD11b+ cells in the kidney, b) Urinary chemokine CCL2
levels. ¢ - e) Representative flow cytometric data and analysis showing the counts of
CD206+ F4/80+ (c), galectin-3 (Gal-3)+ F4/80+ (d), and TGF-p1+ F4/80+ (e) cells in

the kidney. f - g) Representative flow cytometric data and analysis showing the counts of
Ly6Chigh and Ly6C!°W CD11b+ monocytes in the kidney (f) after Ctl or AD diet and blood
(g) after AD-diet fed for 28-days. Data are mean + SEM representative of 3 independent
experiments, (n=5 per group). *£<0.05, **P< 0.01, ***P < 0.001, analyzed by one-way
ANOVA followed by Newman-Keuls post-hoc test.
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Figure 6. Myeloid cell-specific Mfn1/Mfn2 double knockout (DKO) mice display greater
macrophage infiltration into the kidney and macrophage-induced fibrotic response.
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Wild-type and DKO mice were fed with control (Ctl) or adenine (AD) diet for 28-days. a)
Representative flow cytometric plots and analysis showing the numbers of F4/80+ CD11b+
cells in the kidney. b) Urinary chemokine CCL2 levels. ¢ - f) Representative flow cytometric
data showing the counts of CD206+ F4/80+ (c), galectin-3 (Gal-3)+ F4/80+ (d), TGF-p1+
F4/80+ (e) kidney macrophages, and Ly6CN9h and Ly6C!°% CD11b+ monocytes (f) (7=

5 per group). Data are mean + SEM representative of 3 independent experiments. *P <

0.05, **P<0.01, ***P< 0.001, analyzed by one-way ANOVA followed by Newman-Keuls
post-hoc test.
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Figure 7. Deficiency of Mfn2 but not Mfn1 results in increased kidney macrophage mitochondrial
size and mitochondrial mass in adenine-induced kidney fibrosis.

a, b) Representative flow cytometric plots and analysis showing the numbers of forward
side scatter high (FSCN9M) and MitoSpy dye double positive cells, gated from F4/80+
CD45+ population in the kidneys from control (Ctl) or adenine diet (AD) fed wild-type,
Mind™ [ yspm-Cre*’~, and M2 [ ysM-Cre*/~ mice (a), and wild-type and Mfn1/Mfn2
double knockout (DKO) (b) for 28-days. ¢) Representative transmission electron microscopy
(TEM) images displaying kidney macrophages (labeled as M; 12,000X magnification; Scale
bars: 2 ym) and their mitochondria (pointed by arrow, 80,000X magnification; Scale bars:
200 nm) in wild-type, M1 [ ysM-Cre*/~, and M2, [ ysM-Cre*~ mice after 28 days
of control (Ctl) or adenine (AD) diet. d-e) Representative histogram and mean fluorescence
intensity (MFI) of MitoSpy dye gated from F4/80+ CD45+ population in the kidneys

from Ctl or AD fed wild-type, Mfn1™1 [ ysMm-Cre?/~, and Mm2" [ ysM-Cre?”~ mice (d)
and wild-type and DKO mice (e) for 28 days. Data are mean + SEM representative of 3
independent experiments, (n=5 per group). *£< 0.05, **£< 0.01, ***P < 0.001, analyzed
by one-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 8. Mitophagy is impaired in Mfn2-deficient macrophages.
a) Representative transmission electron microscopy (TEM) images displaying kidney

macrophages (labeled as M; 12,000X magnification; Scale bars: 2 um) and presence/absence
of the double-membrane vesicle containing mitochondria (pointed by arrow, 40,000X
magnification; Scale bars: 500 nm) in wild-type, M1 [ ysM-Cre*/~, and M2, [ ysm-
Cre*’~ mice after 28 days of adenine (AD) diet. b) Representative histograms for the
detection of Mtphagy dye stained mitochondria gated for lyso dye positive lysosomes by
flow cytometry in kidney macrophages sorted from wild-type, M1 [ ysM-Cre*’~, and
M2 [ ysM-Cre*”~ mice, cultured in the presence (+) of TGF-B1 (5 ng/ml) for 48 hours.
¢, d) Representative confocal microscopy images of bone marrow-derived macrophages
(BMDM) from wild-type, M1 | yspm-Cre*’~ and M2 [ ysM-Cre*’~ mice stained for
TIM23 (red), LC3 (green) (c) and MitoTracker (red), LysoTracker (green) (d), mounted with
DAPI (blue) containing mountant media. Scale bars: 5 um. e) Representative flow cytometry
plots and analysis showing colocalized signal of MitoTracker (red) and LysoTracker (green)
dyes in F4/80+ BMDM from wild-type, M1 [ ysM-Cre*’~ and M2 [ ysM-Cre*~
mice. f) Representative flow cytometry histogram showing the mean fluorescence intensity
(MF1) of the colocalized signal of MitoTracker (red) and LysoTracker (green) dyes in kidney
macrophages sorted from wild-type and Mfn1/MfnZ2 double knockout (DKO) mice, cultured
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in the presence (+) of TGF-B1 (5 ng/ml) for 48 hours. Data are mean £ SEM representative
of 3 independent experiments, (7= 5 per group). *£< 0.05, **P< 0.01, ***P < 0.001,
analyzed by one-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 9. Mfn2-deficient monocytes/macrophages displayed increased production of
mitochondrial-specific oxidative stress.

Flow cytometry analysis and representative histograms showing the mean fluorescence
intensity (MFI) of mitochondrial-derived superoxide detected using MitoSox dye in the a -
b) F4/80+ CD45+ cells in the kidneys from control (Ctl) or adenine (AD) diet (28-days)-fed
wild-type, Mfn1™1 [ ysM-Cre*’~, and M2 [ ysM-Cre*/~ mice (a) and wild-type and
Min1/Mfn2 double knockout (DKO) mice (b). ¢) CD11b+ circulating monocytes in the

AD fed wild-type, M1 [ ysm-Cre*’~, and M2 [ ysM-Cre*’~ mice Data are mean +
SEM representative of 3 independent experiments, (1= 5 per group). *£< 0.05, **P< 0.01,
and ***P < 0.001, analyzed by one-way ANOVA followed by Newman-Keuls post-hoc test.
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Figure 10. Proposed model of Mitofusin 2-dependent regulation of macrophage switch during
kidney fibrosis.

Kidney injury-induced increases in secretion of chemokines, C-C motif chemokine ligand
2 (CCL2), and CX3CL1 favor the recruitment of CCR2 and CX3CR1 expressing pro-
inflammatory and anti-inflammatory monocytes/macrophages, respectively, into the kidney.
Impaired mitochondrial biogenesis in macrophages after kidney injury resulted in a decrease
in the expression of MFN1 and MFN2. Reduced expression of Mitofusin (MFN)-2 but

not MFN1 in macrophages following kidney injury contributes to the impairment of
mitophagy leading to hyperaccumulation of dysfunctional mitochondria with increased
superoxide production and increased circulating plasma and urinary cytochrome c, a
mitochondrial damage-related marker. Mitochondrial dysfunction and oxidative stress
promote the switching over of pro-inflammatory to profibrotic phenotype with higher
polarization towards CD206, galectin-3 (Gal-3), and TGF-B1 expressing profibrotic/M2
macrophages and the progression of kidney fibrosis. TGF-B1, in turn, downregulates

the expression of PGC-1a and suppresses MFN1 and MFN2 expression. Deficiency of
MFN2 but not MFNL1, therefore promotes kidney fibrosis by downregulating mitochondrial
biogenesis and mitophagy in macrophages.
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