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Abstract

The functional contribution of myofibroblasts in fibrosis is not well understoodl-3. Using a novel
genetic mouse model to track and isolate myofibroblasts, we performed gene expression profiling
followed by biological validation to identify human epididymis protein 4 (HE4, also known as
WAP 4-disulfide core domain-2 or Wfdc2) as the most up-regulated gene in fibrosis-associated
myofibroblasts. The HE4 gene encodes for a putative serine protease inhibitor that is upregulated
in human and mouse fibrotic kidneys, and elevated in the serum of patients with kidney fibrosis.
HE4 suppresses the activity of multiple proteases, including serine proteases and matrix
metalloproteinases, and specifically inhibits their capacity to degrade type | collagen. In particular,
we identified two novel serine proteases, Prss35 and Prss23, as HE4 targets with functional
relevance in kidney fibrosis. Administration of HE4 neutralizing antibodies accelerated collagen |
degradation and inhibited fibrosis in three different mouse models of renal disease. Collectively,
these studies suggest that HE4 is a potential biomarker of renal fibrosis and a novel therapeutic
target.

Renal fibrosis is the scarring and chronic pathological remodeling of the kidney, in which
the normal tissue architecture is progressively replaced by type | collagen and other
extracellular matrix (ECM) proteins2#°. Accumulation of type I collagen leads to structural
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and functional alterations of the kidney parenchyma and eventual organ failure. Most
chronic renal damage, irrespective of the etiology, leads to renal fibrosis—a self-
perpetuating process that is likely facilitated by the recruitment of activated fibroblasts
(myofibroblasts) and propagation of an inflammatory response®:3:6, Many previous studies
have suggested a possible role for myofibroblasts in the production of scar-forming type |
collagen and pathogenesis of renal fibrosis:6-8,

We generated mice in which the gene for red fluorescent protein was expressed under the
control of @ SMA promoter (a SMA-RFP) (Supplementary Fig. 1). In healthy kidneys of a
SMA-RFP transgenic mice, aSMA™* cells were restricted to occasional rare interstitial cells
and smooth muscle cells, whereas a significant increase in interstitial aSMA* cells (10-fold
increase) was detected following unilateral ureteral obstruction (UUQ) (Fig. 1a). We FACS-
isolated and expanded aSMAY* cells from control and fibrotic kidneys of @ SMA-RFP
transgenic mice (Fig. 1b) and performed gene expression profiling to identify candidate
genes that may mediate fibrosis. Pathway analysis revealed alterations in genes associated
with TGFB-mediated cytoskeleton remodeling, mesenchymal phenotype acquisition, cell
adhesion, and transport of clathrin-coated vesicles (Supplementary Fig. 2). Upregulated
genes included those encoding for extracellular matrix proteins, including Biglycan, Desmin
and Decorin, as well as serine proteases such as Prss35 and Prss23, and protease inhibitors
that included SerpinF1 and SerpinlOa (Supplementary Table 1). Interestingly, the highest
upregulated gene in this array analysis (37-fold increase) was the whey acidic protein
(WAP) disulfide core domain 2 or Wfdc2 gene, encoding for the mouse homolog of human
epididymis protein 4 (‘HE4’ is used here to highlight both mouse Wfdc2 and human WFDC2
gene product) (Supplementary Table 1). While many of the other top upregulated genes
have been previously reported to play a role in either liver, lung, colon or kidney fibrosis
(Supplementary Table 1), our expression profiling data identified HE4 as a novel gene with
potential implications for fibrosis. Real-time PCR analysis reveals a 12-fold upregulation of
HEA4 in fibrosis-associated fibroblasts (FAF) (Fig. 1c). Western blot analyses detected HE4
in FAF lysates and culture media as a single band (Fig. 1d—e, Supplementary Fig 3a-b).
Elevation in HE4 expression was also observed in fibrotic kidneys (Fig. 1f-g,
Supplementary Fig. 3a-b).

The four-disulfide core domain repeats or WAP functional motif of HE4 suggested a
protease inhibitor activity®10, Serine protease activity in fibrotic kidney lysates was
significantly inhibited when pre-incubated with recombinant HE4 protein (Fig. 2a). In this
assay, an increase in the degradation of the substrate, BAPNA, measured using
spectrophotometric detection of the released p-nitroaniline (pNA) product, indicates an
increase in serine protease activity. Addition of HE4 to fibrotic kidney lysates reduced p-NA
levels, indicative of its capacity to function as an inhibitor of enzymes with trypsin-like
serine protease activity. The FAF and fibrotic kidney! gene expression profiles identified
the upregulation of two serine proteases with unknown role in renal fibrosis, Prss35 and
Prss23. Validation by real-time PCR reveals 3- and 1.5-fold upregulation of Prss35, and 2.1-
and 2.5-fold upregulation of Prss23, in FAF and fibrotic kidneys respectively (Fig. 2b). Both
Prss23 and Prss35 showed gelatinolytic activity in zymogram assay (data not shown), and
HE4 specifically inhibited Prss35 and Prss23 serine protease activity and their capacity to
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degrade type I collagen (Fig. 2¢, d). Hydroxyproline release assay measures collagen triple
helix degradation. An increase in hydroxyproline was measured when type | collagen was
subjected to either Prss35 or Prss23 serine proteases (Fig. 2d). HE4 inhibited Prss35- and
Prss23-mediated degradation of type | collagen (Fig. 2d). Further, inhibitory activity of HE4
on Prss35 and Prss23 was suppressed with the addition of anti-HE4 neutralizing antibodies
(Fig. 2d). HE4 inhibition of trypsin was also directly evaluated and HE4 inhibited the
enzyme activity of purified trypsin and its activity in fibrotic kidney lysates (Fig. 2e and
Supplementary Fig. 3c). HE4 also reduced trypsin degradation of type I collagen, and anti-
HE4 neutralizing antibodies reversed this action (Fig. 2f)

We next evaluated whether the ability of recombinant human MMP2 and MMP9 to degrade
type | collagen could be inhibited by HE4. Hydroxyproline release assay showed that HE4
significantly suppressed the activities of MMP2 and MMP9 to degrade type | collagen (Fig.
29). Further, we show that HE4 directly interacts with MMP2 and MMP9, as assessed by
immunoprecipitation using HE4 antibodies and subsequent western blotting analysis (Fig.
2h). HE4 also inhibited the degradation of type I collagen by bacterial collagenase, a
collagenase that shares an activity profile with many mammalian MMPs (Supplementary
Fig. 3d).

To functionally address the role of HE4 specifically in renal fibrosis, anti-HE4 neutralizing
antibody was administered to mice following UUQ. Mice treated with anti-HE4 antibody
showed improvement in renal fibrosis when compared to control 1gG-treated mice, as
demonstrated by significant decrease in Masson’s trichrome staining (75% reduction) and
type | collagen content (80% reduction) in the anti-HE4-treated mice (Fig. 3a). In the
nephrotoxic serum-induced nephritis (NTN) mouse model, treating mice with anti-HE4
neutralizing antibody also resulted in significant reduction in Masson’s trichrome staining
(50% reduction) and type I collagen (60% reduction), suggestive of reduced renal fibrosis
(Fig. 3a). Blood urea nitrogen and urine albumin/creatinine measurements showed that anti-
HE4 treatment improved renal functions in NTN mice (Fig. 3b). Similar results were also
observed in mice with 5/6 nephrectomy (Supplementary Fig. 4). Double immunolabeling for
HE4 and aSMA indicated that the majority of HE4" cells are aSMA positive (~80%). Anti-
HE4-treated mice showed a significant decrease in HE4*/aSMA* double-positive cells,
compared to anti-lgG-treated mice (Fig. 3c and Supplementary Fig. 5a). Kidney lysates from
UUO mice treated with anti-1gG showed an overall increase in type | collagen digestion
activity when compared to Kidney lysates from contralateral kidneys (Fig. 3d). Kidney
lysates from UUO mice treated with anti-HE4 showed an overall decrease in type | collagen
degradation activity, including a decrease in type | collagen digestion mediated by MMP2
and MMP9 as assessed by gelatin zymography (Fig. 3d). Serine proteases activity in fibrotic
kidney lysates was significantly increased in comparison to non-fibrotic kidney lysates (Fig.
3e). Treatment with anti-HE4 neutralizing antibodies also reduced trypsin and trypsin-like
serine protease activity in kidney lysates from treated mice when compared to kidney lysates
from control mice (Fig. 3e). These results reflect an overall decrease in protease activity as a
measure of improved kidney histology due to reduction in fibrosis in the anti-HE4 treated
mice at the experimental endpoint (UUO Day 10).
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MMP expression was evaluated by western blot analyses of normal and fibrotic kidney
lysates. MMP2 and MMP9 were significantly upregulated in fibrotic kidney lysates (Fig.
3e), with no detection of MMP1, MMP3, MMP8, or MMP12 in fibrotic kidney lysates by
western blotting or gelatin and casein zymography (data not shown)2. MMP9 protein levels
were significantly reduced in kidney lysates from mice treated with anti-HE4 (Fig. 3e),
again reflecting an overall decrease in fibrosis and improvement in kidney histology in the
treated mice rather than a direct effect of anti-HE4 treatment on MMPs at the experimental
endpoint (UUO, Day 10). In this regard, macrophage infiltration was also reduced in anti-
HE4 treated mice compared with anti-1gG treated control mice (Supplementary Fig. 5b).
Migration, proliferation and aSMA expression of FAF was not affected by anti-HE4
neutralizing antibody (Supplementary Fig. 5¢c—e). While the number of aSMA™ cells
decreased in kidneys from mice treated with anti-HE4 neutralizing antibody, the relative
proportion of proliferating myofibroblasts, as measured by co-localization of aSMA and
Ki67 remained similar. These results suggest that the anti-HE4 neutralizing antibody
treatment did not directly affect myofibroblast proliferation (Supplementary Fig. 5f).

Upregulation of HE4, PRSS35 and PRSS23 expression was observed in FAF from human
fibrotic kidneys (Fig. 4a, b). Western blot analyses also revealed an upregulation of HE4 in
human FAFs (Fig. 4c) and showed that HE4 is secreted by human FAF (Fig. 4d).
Immunolabeling studies further revealed renal interstitial as well as tubular expression of
HE4 in human fibrotic kidneys (Fig. 4e). Additionally, serum levels of HE4 were
significantly elevated in patients with chronic renal disease with biopsy-confirmed fibrosis
(~600pM) when compared to control serum from healthy individuals (~180pM) (Fig. 4f and
Supplementary Table 2).

HE4 gene encodes for a highly conserved WAP domain-containing protein suggestive of a
putative serine protease inhibitor activity®10.13-15 The protein is implicated in sperm
maturation® and potentially has a role in natural immunity6, but the biological function of
HE4 is unknown. Interestingly, it was identified as the most upregulated gene in fibrotic
kidneys of dogs!’. HE4 was also reported to be significantly upregulated in fibrotic kidneys
of micel118 and its transcript level in human kidney transplant biopsies was found to be
strongly correlated with low eGFR19. Despite these observations, the role of HE4 in renal
fibrosis and its putative serine protease activity remained unexplored. WFDC domain
protein family members, with suspected antimicrobial and protease inhibitor activities (via
its four-disulfide core domain repeats or WAP motifs), were initially described to be
exclusively transcribed in the epididymis but was later identified to be also expressed in
other regions of the male and female reproductive tract, kidney, respiratory tract and several
tumor cell lines, including ovarian, colon, breast and renal cell lines13:20.21,

Here we show that HE4 is robustly expressed by myofibroblasts and its concentration in the
serum of patients with kidney diseases correlates with renal fibrosis and may therefore serve
as a novel biomarker to predict fibrosis. A large-scale patient analysis is warranted to further
validate these preliminary findings. In this regard, a serum HE4 (SHE4) detection test
recently received FDA clearance to aid in diagnosis and monitoring recurrence and
progression of ovarian cancer, and high level of SHE4 is a prognostic indicator and identifies
high-risk serous and endometrial cancer patients?2:23,
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Our study identifies two new specific serine proteases (Prss23 and Prss35) as significantly
upregulated in kidney fibrosis, which appear to act, at least in part, as type | collagen
degrading enzymes and targets of HE4 protease inhibition. In this regard, TIMPs and other
inhibitors such as PAI-1 have been studied for their role in the pathogenesis of organ
fibrosis?4-26, We also demonstrate that HE4 can inhibit MMP2/9-induced degradation of
type | collagen, which can be reversed by the use of a neutralizing antibody to HE4. While
the activity of both MMP2 and MMP9 (and other proteins with type I collagen degrading
activities) was significantly reduced by HE4, the overall MMP9 protein levels were also
reduced in anti-HE4 treated mice. Such drop in MMP9 levels could also reflect a secondary
effect of the anti-HE4 treatment in resolving overall fibrosis and its associated inflammation.
HE4 emerges as a potential pan-serine protease inhibitor, with a possible role for a
significant downregulation of serine protease activity in fibrotic kidneys. We speculate that
such pan-protease inhibitory activity promotes a pro-fibrotic process by inhibiting a number
of enzymes that contribute to type I collagen turnover in the fibrotic kidney. Indeed, renal
fibrosis in three different models can be inhibited by systemic administration of HE4-
specific neutralizing antibody. Collectively, our studies identify HE4 as a novel biomarker
for detection of renal fibrosis and as a target to inhibit renal fibrosis.

Animal studies

Cell Culture

aSMA-RFP transgenic mice were generated in our laboratory (see supplementary material
and methods). Unilateral ureteral obstruction (UUO) was performed and the mice were
euthanized 10 days later. Nephrotoxic serum was injected to induce nephrotoxic serum
nephritis (NTN) as previously described?”. For rabbit anti-HE4 antibody injections in mice
with UUO, 14mg/Kg BW of antibody (Epitomics, 3423-1) was administered i.p. every other
day for 10 days. Rabbit IgG control antibody (Epitomics) was also given at 14mg/Kg BW
i.p. every other day for 10 days. For anti-HE4 and 1gG control antibody injection in mice
with NTN received treatment starting 4 weeks after nephrotoxic serum injection until they
were euthanized 2 weeks later (6 weeks after nephrotoxic serum) at the same dose, route,
and schedule as described above. All mice used for UUO experiment were on Balb/C
genetic background (n=5 in each group). All mice for NTN were on CD1 background (n=6
(anti-HE4) and n=5 (anti-1gG). All mice were housed under standard conditions at the Beth
Israel Deaconess Medical Center animal facility. All animal procedures were reviewed and
approved by the Animal Care and Use Committee of the Beth Israel Deaconess Medical
Center.

Primary mouse contralateral kidney normal fibroblasts (NF) and UUO kidney fibrosis-
associated fibroblasts (FAF) were cultured from aSMA-RFP mice 10days following UUO.
Briefly, the kidneys were harvested and minced and allowed to digest in 300U/ml Type 1V
collagenase in Dulbecco’s Modified Eagle’s Medium, 10% fetal bovine serum, and
penicillin and streptomycin (each 100U/ml) (¢cDMEM) overnight at 37°C and 5% CO,. The
next day the digested tissue pieces are centrifuged (RT, 1500rpm) and resuspended in
cDMEM and allowed to reach confluence while incubating at 37°C and 5% CO,. The FACS
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purified and in culture expanded RFP* cells were compared for consistency and purity. The
human fibroblast cell lines (NF1-3 and FAF1-5) were obtained and cultured as previously
described?8,

Quantitative Real time PCR analysis

Kidneys (Day 10 following UUO) and fibroblasts (from kidneys at day 10 following UUO)
were homogenized in TRIzol® (Invitrogen), extracted according to the manufacturer’s
directions, and cDNA synthesis was performed using Applied Biosystem cDNA synthesis
kit according to the manufacturer’s directions. Real-time PCR was carried out for mouse
Collal, Acta2 (a SMA), Prss23, Prss35, and mouse and human HE4 and reactions were
carried out in technical triplicates. Primer sequences can be found in supplementary
information. Primers were utilized with SYBR Green PCR Master Mix in a 7300 Sequence
Detector System (Applied Biosystems) and measurements were standardized to expression
of the B-actin housekeeping gene (mouse) or f2-microglobulin house-keeping gene (human).
Relative gene expression is reported by normalizing to healthy contralateral kidneys (Fig.
2b), non-fibrotic mouse kidney fibroblasts (NF, Fig. 2b) or non-fibrotic human fibroblast
(TK173 (NF1), Fig. 4a), or the average of 3 non-fibrotic human fibroblasts (NF1-3, Fig. 4b),
which were arbitrarily set to 1.

Gelatin zymography was performed as previously described!2. Kidney lysates (20ug) were
used as substrate and HT1080 cell lysates (20ug) were used as positive control. Relative
band densities for MMP2 and MMP9 digest were analyzed using ImageJ gel analyser
software and normalized to band densities of actin.

Hydroxyproline release assay

Activated recombinant human MMP2 and MMP9 (R&D Systems), or Prss23/Prss35 (Novus
Biologicals), or trypsin (Invitrogen) with or without recombinant human HE4 protein (5ug
Sino Biological Inc.), and with or without anti-HE4 antibody (4ug, from Epitomics), were
incubated with 1mg of type | collagen (Sigma) in 1ml collagenase buffer (100mM TRIS
pH7.5; 1ImM CaCl2) at 37°C under gentle agitation. 200ul of the reaction was then
incubated with 300ul of Chloramine T reagent (0.056M in acetate-citrate buffer pH6.5)
overnight at room temperature under gentle agitation. The mixture was then incubated for 5
hours with 500ul of Ehrlich’s reagent (1M in n-propanol/perchloric acid (2:1 v/v)). The
absorbance of the purple complex formed was measured at 550nm using a standard
spectrophotometer. The experiment was performed in triplicate. Hydroxyproline standards
were used to calculate free hydroxyproline release. Bacterial collagenase (type | collagenase,
Worthington), with or without bovine serum albumin (BSA) (5ug), with or without
recombinant HE4 protein, was also subjected to hydroxyproline release assay as described
above.

Trypsin and serine protease activity assays

Trypsin activity was assessed using the trypsin colorimetric assay (Abcam) and serine
protease activity was measured using N-Benzoyl-L-arginin 4-nitroanilide hydrochloride
(BAPNA, 1ImM in 100mM Tris pH 8.5) as substrate as previously described changing the
incubation time at 37°C to 24 hours?°.
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Histological processing, light microscopy, and morphometric analyses

All procedures were performed as previously described30-31,

Renal function analyses

Blood Urea Nitrogen (BUN) levels and albuminuria were measured as previously
described31:32, The ratio of urine albumin over urine cretatinine is expressed as pg of urine
albumin over g of urine cretatinine.

Immunohistochemistry

Kidneys were fixed in 10% neutral buffered formalin, dehydrated, and embedded in
paraffin. The deparaffinised sections were incubated in 10mM citrate buffer (pH 6.0) for 1
hour at boiling temperature prior blocking with 1% BSA in TBS for 30 min. The sections
were immunolabeled using anti-Collagen | antibody (Southern Biotech) overnight at 4°C.
The immunobound antibodies were detected using biotin-conjugated secondary antibodies
and ABC reagent (Vector Laboratories) and the sections were developed by DAB staining
and counterstained with haematoxylin. The number of DAB* (brown) cells was analyzed in
8 visual fields from each kidney section by NIH ImageJ analysis software and double-blind
cell counting using light microscopy.

Immunostaining

Frozen section of harvested kidneys embedded in O.C.T. medium were immunostained
using antibodies against aSMA (Sigma), HE4 (Epitomics), Ki67 (Abcam), and F4/80
(Hyclone), and secondary fluorescent antibodies. Positive staining was quantified in 8 fields
using NIH-ImageJ software and double-blind cell counting under the microscope. Pictures
were taken using the Axioskop 2 fluorescent microscope, AxioCam HRC camera and the
Axiovision 4.3 software.

RFP visualization

Mouse kidneys were fixed in 4% PFA overnight at 4°C and equilibrated in 30% sucrose
overnight at 4°C. The kidneys were then embedded in OCT compound and frozen sections
(5um) were mounted with Vectashield Mounting Medium with DAPI (Vectashield) and a
glass coverslip and visualized under RFP fluorescent filter.

Western Blot analysis and Immunoprecipitation (IP)

Kidneys and cells were homogenized in lysis buffer (1%TritonX100, 0.1%SDS, 150mM
NaCl, 50mM Tris-HCL(pH7.5), 1%NaDOC,) supplemented with protease cocktail
inhibitor(Roche) and denatured with SDS-Laemmli buffer with 5% B-mercaptoethanol.
Protein concentration was measured using BCA assay. For immunoprecipitation, fibrotic
kidney lysates (500pg) were pre-cleared with protein A/G beads only O/N at 4°C then
incubated with anti-1gG or anti-HE4 O/N at 4°C with protein A/G beads. The beads were
washed 5 times before the proteins were eluted in Laemmli sample buffer by boiling 5
minutes. For western blot analyses, 20ug of lysates, or 50l of culture media (of 200,000
seeded cells), or ~500ng of recombinant HE4 were resolved by SDS-PAGE and transferred
onto immobilon-P-membrane (Millipore Corporation, Bedford, MA) and blocked in 5% dry

Nat Med. Author manuscript; available in PMC 2015 June 05.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LeBleu et al.

Page 8

milk in TBS-T (TBS pH 7.6, 0.1% tween20). The membranes were blotted against HE4

(Epitomics), MMP2 (Cell signaling), MMP9 (Cell signaling) or actin (Sigma), diluted as
recommended by the manufacturer. Relative band densities for MMP2 and MMP9 were

analyzed using ImageJ gel analyser software and normalized to band densities of actin.

Human tissue, sera, and fibroblasts lines

HE4 ELISA

Human tissue and sera were provided by Dr. David Charytan (Renal Division, Department
of Medicine, Brigham and Women’s Hospital, Boston, MA) under appropriate patient
consent and institutional approval. Human fibroblast lines were provided by Drs. Gerhard
Miiller and Claudia Muller (Department of Nephrology and Rheumatology, Georg-August-
University Medical Center, Gottingen, Germany) and were cultured as previously
described?8. The specific lines listed below used in this study were also previously
described?8. Fibrosis associated fibroblast (FAF)1: TK274, FAF2: TK188, FAF3: TK239,
FAF4: TK261, FAF5: TK257. Normal fibroblasts: TK173, TK231a and TK163. The FAF6
line was derived from a de-identified kidney biopsy from a patient with Alport Syndrome
and biopsy validated interstitial renal fibrosis (FAF6).

Fifty microliters of patient sera and recombinant HE4 protein standards were mixed with
50ul of 200mM bicarbonate/carbonate buffer and the mixture was incubated overnight at
4°C in high affinity binding 96-well ELISA plates (100ul per well). Following antigen
binding, the wells were blocked with 200ul blocking buffer (5% BSA in PBS), and washed
twice with PBS. 100ul of 1:500 dilution of anti-HE4 antibody (Epitomics) in 1%BSA/PBS
was added per well for 30minutes at room temperature. The plate was washed twice with
PBS and incubated 30minutes at room temperature with 100ul of 1:4000 dilution of HRP
conjugated anti-rabbit 1gG antibody in 1%BSA/PBS. The plate was washed three times with
PBS and developed using TMB peroxidase substrate. The reaction was stopped with 1M
phosphoric acid and the absorbance values of each well read at 450nm using a standard
spectrophotometer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fibgur_el. aSMA™ myofibroblasts accumulate in the inter stitium and express HE4 in renal
IDrosis

a. Visualization of aSMA-RFP* cells in control (contralateral kidney to UUO) and fibrotic
mouse kidneys (UUO) from a SMA-RFP transgenic mice. DAPI (blue): nuclei. Quantitation
of aSMA* cells per visual field in control and fibrotic kidney, evaluated at Day 10 post
UUO. b. Visualization of aSMA-RFP* myofibroblasts cultured from control kidneys
(mouse normal fibroblasts, mNF) and fibrotic kidneys (mouse fibrosis-associated
fibroblasts, mFAF). c. Relative HE4 gene expression in mFAF normalized to mNF. AU:
Avrbitrary Unit. d. Western blot for HE4 in mouse mNF and mFAF. Actin was used as an
internal control. rHE4: recombinant HE4 protein used as positive control. e. Western blot for
HE4 in mNF and mFAF culture media, with loading normalized to cell numbers. Bovine
serum albumin (BSA) also controls for lane loading. f. Relative HE4 gene expression in
control kidneys (n=5) and fibrotic kidneys (n=5), evaluated at Day 10 post UUO. g. Western
blot for HE4 in mouse control and fibrotic kidneys. Actin was used as an internal control.
Scale bar: 50um. Data shown as mean +/— sem. *p<0.05.
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Figure 2. HE4 is a pan-serine protease and MM P2/9 inhibitor which preventstypel collagen
degradation

a. p-nitroalinine release in nM assessed by spectrophotometric readout of color development
as a measure of serine protease activity in non-fibrotic control kidney lysates, fibrotic kidney
lysates (UUO, Day 10), and fibrotic kidney lysates (UUO, Day 10) incubated with
recombinant HE4 protein (rHE4). b. Relative Prss23 and Prss35 gene expression in mouse
fibrosis-derived fibroblasts (mFAF) and mouse fibrotic kidneys (Fibrotic) compared and
normalized to mouse normal fibroblasts (mNF, derived from non-fibrotic kidneys) and
contralateral non-fibrotic kidneys (evaluated at Day 10 post UUO), respectively. nNFs and
contralateral non-fibrotic kidneys were set arbitrarily to 1 (white bar). AU, arbitrary units. c.
p-nitroalinine release in nM assessed by spectrophotometric readout of color development
using Prss23 and Prss35 serine protease with and without recombinant HE4 (rHE4). d.
Hydroxyproline release assay: free hydroxyproline (ug.ml=1) from type I collagen digestion:
type | collagen digested by Prss23 or Prss35 with and without rHE4, with and without anti-
HE4 antibody. e. Trypsin activity in non-fibrotic control kidney lysates, fibrotic (UUO, Day
10) kidneys, and fibrotic kidneys pre-treated with rHEA4. f. Hydroxyproline release assay:
free hydroxyproline (pg.mI~1) from type I collagen digestion: type I collagen digested by
trypsin with and without HE4, with and without BSA, and with and without anti-HE4
antibody. g. Hydroxyproline release assay: free hydroxyproline (ug.mi=1) from type |
collagen digestion: type I collagen digested by MMP2 or MMP9 with and without rHE4,
with and without anti-HE4 antibody. h. Immunoprecipitation (IP) of fibrotic kidney lysates
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using 1gG (control) or HE4 antibody and western blot for MMP2/9. Data shown as mean +/-
sem. *p<0.05.
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Figure 3. HE4 neutralization inhibits kidney fibrosis
a. Representative Masson Trichrome (MTS) and type | collagen staining of control and

fibrotic kidneys from mice treated with anti-HE4 (UUQ: n=5, NTN: n=6) or anti-lgG (UUO:
n=5, NTN: n=5) antibody. Respective morphometric analyses for relative interstitial fibrosis
based on MTS staining and type | collagen staining shows reduced fibrosis in anti-HE4-
treated mice. AU: Arbitrary Unit. b. Blood urea nitrogen (BUN, mg.dL™1) and urine
albumin/creatinine ratio measurements of mice with NTN and treated with anti-IgG (n=5) or
anti-HE4 (n=6) antibodies. c. Immunolabeling for HE4 and aSMA in fibrotic kidneys from
mice treated with anti-HE4 or anti-1gG control antibodies. DAPI (blue): nuclei. Histogram
represents the relative number of aSMA*, HE4*, aSMA*/HE4* (double positive) cells per
field of view. d. Gelatin zymography using lysates of contralateral (normal) kidney, fibrotic
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kidneys of mice treated with anti-1gG, and fibrotic kidneys of mice treated with anti-HE4.
Lysates are from kidneys at Day 10 post UUO. Histogram depicts relative band intensity
normalized to actin western blot of samples loaded. e. Serine protease activity in kidney
lysates (UUO) from fibrotic kidneys and fibrotic kidneys of mice treated with anti-HE4
(left). Trypsin activity in kidney lysates (UUQ) from fibrotic kidneys and fibrotic kidneys of
mice treated with anti-HE4 (right). Lysates are from kidneys at Day 10 post UUO. f.
Western blot analyses for MMP2, MMP9 and actin loading control of lysates of
contralateral (normal) kidney of mice treated with anti-1gG or anti-HE4 and of fibrotic
kidneys of mice treated with anti-IgG or anti-HE4. Lysates are from kidneys at Day 10 post
UUO. Histogram depicts relative band intensity normalized to actin. Scale bar: 50pm. Data
shown as mean +/- sem. *p<0.05.
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Figure4. HE4 iselevated in human fibrotic kidneys, human fibrosis-associated fibroblastsand in
serum of patientswith renal fibrosis

a. Relative HE4 gene expression of different fibroblast cultures (normalized to normal
fibroblast (NF, line TK173) set arbitrarily to 1). Fibrosis associated fibroblast (FAF) 1:
TK274, FAF2: TK188, FAF3: TK239, FAF4: TK261, FAF5: TK257. AU, arbitrary units. b.
Relative PRSS23 and PRSS35 gene expression of different fibroblast cultures (normalized to
normal fibroblast (NF, line TK173) set arbitrarily to 1). AU, arbitrary units. c. Western blot
analysis for HE4 in human NF (from left to right: line TK173, TK231a and TK163) and
human FAF (from left to right line TK274, TK188, and TK239). Actin is used as internal
control. d. Western blot for HE4 in human NF and FAF culture media, with loading
normalized to cell numbers. Bovine serum albumin (BSA) also controls for lane loading. e.
Immunolabeling for HE4 and aSMA in human kidneys with chronic kidney disease (Alport
syndrome) and renal fibrosis. DAPI (blue): nuclei. f. Serum HE4 (sHE4) levels (pM) from
healthy control (n=5) and CKD patients (n=11). Scale bar: 50um. *p<0.05
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