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c CIBER de Diabetes y Enfermedades Metabólicas Asociadas (CIBERDEM)-Instituto de Salud Carlos III (ISCIII), 28029 Madrid, Spain
d Medical Department III - Endocrinology, Nephrology, Rheumatology, University of Leipzig Medical Center, Leipzig, Germany
e Institute of Anatomy, Leipzig University, Leipzig, Germany
f Laboratory of Translational Nutrition Biology, Institute of Food, Nutrition and Health, ETH Zürich, Schwerzenbach, Switzerland
g German Center for Diabetes Research, Neuherberg, Germany
h Research Unit NeuroBiology of Diabetes, Institute for Diabetes and Obesity, Helmholtz Centre, Munich, Germany
i Division of Neurobiology of Diabetes, TUM School of Medicine & Health, Technical University of Munich, Munich, Germany
j Universitat Rovira i Virgili (URV), 43201 Reus, Spain
k Institute of Biochemistry, Faculty of Life Sciences, Leipzig University, Leipzig, Germany

A R T I C L E  I N F O

Keywords:
Serpin
Protease
Metabolic disease
Obesity
Adipose tissue
Inflammation

A B S T R A C T

Obesity is a major health problem associated with global metabolic dysfunction and increased inflammation. It is 
thus critical to identify the mechanisms underlying the crosstalk between immune cells and adipose tissue that 
drive cardiovascular and metabolic dysfunction in obesity. Expression of the kallikrein-related serine protease 7 
(KLK7) in adipose tissue is linked to inflammation and insulin resistance in high fat diet (HFD)-fed mice. Here, we 
engineered mice with a macrophage-specific KLK7 knockout (KLK7MKO) to investigate how KLK7 loss impacts 
immune cell function and obesity-related pathology. Compared to control mice, we observed lower levels of 
systemic inflammation, with less infiltration and activation of inflammatory macrophages in HFD-fed KLK7MKO 
mice, particularly in the epididymal adipose tissue. Mechanistically, we uncover that Klk7 deficiency reduces 
pro-inflammatory gene expression in macrophages and restricts their migration through higher cell adhesion, 
hallmark features of macrophages in obese conditions. Importantly, through analyses of 1143 human visceral 
adipose tissue samples, we uncover that KLK7 expression is associated with pathways controlling cellular 
migration and inflammatory gene expression. In addition, serum KLK7 levels were strongly correlated with 
circulating inflammatory markers in a second cohort of 60 patients with obesity and diabetes. Our work uncovers 
the pro-inflammatory role of KLK7 in controlling inflammatory macrophage polarization and infiltration in 
visceral obesity, thereby contributing to metabolic disease. Thus, targeting KLK7 to control immune cell acti-
vation may dissociate adipose dysfunction from obesity, thereby representing an alternative obesity therapy.

1. Introduction

Over the past three decades, the world-wide prevalence of obesity 

had tripled, prompting declarations of obesity an epidemic [1]. Obesity 
is a multifaceted condition influenced by various factors, including 
environmental, genetic, and psychosocial elements [2]. Despite 
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considerable research efforts to unravel the disease mechanisms un-
derlying obesity, bariatric surgery, a high-risk procedure that severely 
alters the gut physiology, long remained the only long-term therapeutic 
option available for the most severe cases [3]. More recently, significant 
breakthrough was achieved in obesity pharmacotherapy through the 
development of incretin-mimetic drugs [4,5], although additional and 
etiology-based therapies are still required for unmet medical needs.

Obesity frequently leads to metabolic inflammation and adipocyte 
dysfunction, characterized by altered adipokine secretion and immune 
cell infiltration. These processes subsequently contribute to systemic 
inflammation, insulin resistance and the development of metabolic 
disorders [6]. Notably, in human obesity, inflammation in the adipose 
tissue (AT) and metabolic disease has been linked to an imbalance be-
tween proteases and their specific inhibitors [7–12]. Therefore, target-
ing proteolytic enzymes residing in AT may be a promising therapeutic 
approach to counteract AT inflammation in obesity. Consistently, inhi-
bition of proteases in obese mice has been shown to exert beneficial 
effects on metabolic health. Regulating the expression or activity of 
proteases such as elastase, through genetic manipulations (deletion or 
transgenic overexpression of specific inhibitors) or pharmacological 
inhibition was reported to protect against high-fat diet-induced weight 
gain, adipose tissue inflammation and insulin resistance in mice 
[12–17].

In the diet-induced obese mouse model, we and others have consis-
tently found that overexpression of the serpin inhibitor vaspin (SER-
PINA12) in AT limits weight gain and adipose tissue inflammation while 
preserving insulin sensitivity [18,19]. In mechanistic studies, vaspin has 
been demonstrated to attenuate cytokine-induced inflammation in adi-
pocytes and improve insulin sensitivity [20,21]. In recent work, we 
identified that kallikrein-related peptidase 7 (KLK7) is a serine protease 
inhibited by vaspin [22].

KLK7 is primarily expressed in skin and is a key player in the 
maintenance of the skin barrier function and desquamation [23,24]. 
Consistently, dysregulation of KLK7 as well as other KLK family mem-
bers has been implicated in inflammatory skin conditions such as pso-
riasis, atopic dermatitis and Netherton's syndrome [25–28], and has also 
been implicated in cancer progression and autoimmune diseases [29]. 
Our recent work highlighted the role of KLK7 in metabolic regulation of 
AT in obesity. Specifically, we found that the inhibitory activity of 
vaspin is crucial for beneficial effects on glucose tolerance and insulin 
resistance in mice [22]. These effects are likely mediated by KLK7, 
which is co-expressed with vaspin in mouse pancreatic β-cells and able 
to specifically degrade insulin [22]. Notably, knockout of KLK7 had 
similar effects on metabolic health in diet-induced obese mice as over-
expression of the serpin inhibitor vaspin. Specifically, mice with either 
adipose-specific or global KLK7 KO and fed a high-fat diet were found to 
have reduced body weight and fat mass gain [30,31]. Although the mice 
were still obese, AT inflammation was significantly reduced, concomi-
tant with reduced hyperinsulinemia and increased insulin sensitivity, 
suggesting that KLK7 mechanistically impacts on AT inflammation and 
metabolic dysfunction in obesity [30,31].

However, functional roles of KLK7 in regulating immune cells, and 
specifically, potential effects on macrophages in obesity are unknown 
and remain unexplored. In this study, we show that KLK7 expression in 
macrophages drives AT inflammation in obesity by promoting inflam-
matory macrophage polarization as well as migration and infiltration of 
macrophages, particularly into the visceral AT in mice.

2. Methods

2.1. Animal studies

Mice were housed in a pathogen-free facility (3–5 mice per group and 
cage) at 23 ◦C on a 12 h light/dark cycle (unless stated otherwise) with 
ad libitum access to water and either standard chow (V1534, 9 % cal-
ories from fat, Ssniff®, Soest, Germany) or a high-fat diet (HFD; 

E15772–34, 55 % calories from fat, Ssniff®, Germany) between the ages 
of 5–25 weeks. Using the Cre-lox system for conditional gene-targeting, 
we generated macrophage-specific Klk7 knockout mice (KLK7MKO). We 
crossed C57BL6/NTac mice with conditional (floxed) Klk7 alleles 
(Klk7flox/flox by Taconic, Cologne, Germany; [30,31]) with mice 
expressing Cre-recombinase under control of the lysozyme 2 (Lyz2) 
promoter LysM-Cre+/− ), specific for myeloid cell linage expression, to 
generate KLK7MKO (Klk7flox/flox_LysM-Cre+/− ) and wild type littermate 
controls, termed WT throughout the manuscript (LysM-Cre+/− _Klk7flox/ 

flox and LysM-Cre− /− _ Klk7flox/flox). In monocytes, granulocytes and 
mature macrophages, Cre-recombinase mediated the deletion of the 
floxed Klk7 alleles. Mice were genotyped as previously described [31] 
and sacrificed at the age of 25 weeks at which point organs were har-
vested, weighed (liver, subcutaneous inguinal (iWAT) and epididymal 
(eWAT) and brown (BAT)) and processed for cell isolation (as described 
in the “macrophage isolation” section, Supplementary methods), histo-
logical or biochemical analyses, or snap frozen in liquid nitrogen.

2.2. Phenotypic characterization

We studied fifteen to twenty male mice of each genotype (KLK7MKO 
and WT) from an age of 4 up to 24 weeks under chow and HFD condi-
tions. We recorded body weight weekly, body composition (fat and 
chow-fed mass) at the age of 4, 10, 17 and 23 weeks in awake animals 
using an EchoMRI system (Echo Medical Systems, Houston, TX, USA). 
Intraperitoneal glucose (GTT) and insulin (ITT) tolerance tests were 
performed at an age of 22 and 24 weeks, respectively, as previously 
described [30,31]. Energy metabolism was analyzed by indirect calo-
rimetry using CaloSys V2.1 metabolic chambers (TSE Systems, Bad 
Homburg, Germany) at an age of 24 weeks as previously described [31]. 
Data were recorded every 5 min for five days at 23 ◦C, and after two days 
of acclimatization, data of three full days were analyzed. Energy 
expenditure data were analyzed using ANCOVA with body weight as a 
covariate as previously described [32]. For fecal energy analysis, fecal 
pellets (~2 g) were collected from HFD-fed mice (n = 5 per genotype) 
and dried for several days at 65 ◦C before measuring energy content 
using a C200 Oxygen Bomb Calorimeter (IKA, Staufen, Germany).

2.3. ELISA

We used ELISA to analyze serum levels of insulin (Mouse Insulin 
ELISA, Mercodia, Uppsala, Sweden), C-peptide (Mouse C-peptide ELISA, 
ALPCO, Salem, USA), leptin (Mouse Leptin ELISA, Crystal Chem, 
Downers Grove, USA), adiponectin (Mouse Adiponectin ELISA, Adip-
oGen, San Diego, USA), MCP1 (Mouse/rat CCL2/JE/MCP-1 Quantikine 
ELISA, R&D Systems, Minneapolis, USA), TNFA (#43904, BioLegend, 
San Diego, USA) and KLK7 (E03K0074, Bluegene, Shanghai, China) 
according to the manufacturer's protocols. MCP1 (#432704, from Bio-
Legend, San Diego, USA) was measured in eWAT and iWAT lysates, 
conditioned media, as well as in bone marrow derived macrophages 
(BMDM) and supernatants thereof.

2.4. Proteomic profiling

Protein abundance in WAT lysates was measured using a proximity 
extension assay (PEA), namely the Target 48 Mouse Cytokine panel 
(v.934001, Olink Proteomics, Uppsala, Sweden). Details are provided in 
the Supplementary Methods.

2.5. Histological analyses

AT histology measurements of adipocyte size distributions as well as 
immunohistochemical analyses were performed as previously described 
[31]. For the smaller sized lipid droplets in brown adipocytes (10–60 
μm, or larger under HFD conditions [33]), BAT slides were analyzed 
using the Adiposoft (ImageJ-Fiji) software to determine lipid droplet 
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diameters [34]. All objects <10 μm were omitted from the subsequent 
analysis. Immunohistochemistry was done using rabbit anti-CD68 
polyclonal antibody (MAB101141, R&D Systems), and HRP- 
conjugated anti-rabbit antibody (Dako Envision™+; Dako, Jena, Ger-
many) and images were taken using a Keyence BZ-X800 fluorescence 
microscope (Keyence, Osaka, Japan).

2.6. Macrophage isolation and culture

Adipose tissue macrophages (ATM) and bone marrow derived mac-
rophages (BMDM) were isolated and cultured as described in [35,36]. 
Details are provided in the Supplementary Materials.

2.7. Analysis of mitochondrial respiration and mitochondrial content

BMDMs were seeded into 96-well Seahorse assay plates at 50,000 
cells per well and assays were performed as published with minor 
modifications [37]. Macrophages were washed and incubated in assay 
medium (10 mM glucose, 2 mM L-glutamine, 1 mM sodium pyruvate in 
Seahorse XF base medium at pH 7.4) for 45–60 min at 37 ◦C (without 
CO2). For mitochondrial stress tests, OCR and ECAR were measured in a 
Seahorse XFe96 analyzer after the following injections: 2 μM Oligo, 1 μM 
FCCP, and 0.83 μM Rot/AA (103015–100, Agilent). Data were normal-
ized for cell content ratio of each well using the CyQUANT® Cell Pro-
liferation Assay Kit (C7026) following the manufacturer's instructions 
and analyzed using the Wave software. To assess mitochondrial content, 
DNA was extracted using the Allprep® DNA/RNA Kit (Qiagen, Hilden, 
Germany) and a specific region of mtDNA (non-NUMT) was amplified in 
a qPCR reaction. The nuclear gene B2m was used for normalization.

2.8. RNA preparation and quantitative real-time-PCR (qPCR)

RNA isolation from tissues (adipose tissue, liver and skin) and mac-
rophages (ATM, BMDM) was done using the Trizol protocol. qPCR was 
performed using the LightCycler System LC480 and LightCycler-DNA 
Master SYBR Green I Kit (Roche). Gene expression was calculated by 
the ΔΔCT method and normalized to 36b4 levels in each sample, as 
indicated. Primer sequences are listed in Supplementary table 1.

2.9. Preparation of eWAT conditioned medium

Epididymal WAT was dissected from four male WT or KLK7MKO 
mice fed a HFD for 20 weeks. Fat pads (average weight of 2517 ± 569 
mg) were minced into 2–3 mm3 fragments, pooled and incubated in 
DMEM (200 mg AT / ml) for 24 h in BioLite™ 150 mm cell culture dishes 
(Thermo Scientific). Then, fresh DMEM was added for additional 24 h 
(final 100 mg AT/ml). Conditioned media (CM) were sterile filtered and 
stored at − 80 ◦C until used. One lot of CM was used for all experiments 
and aliquots did not undergo multiple freeze and thaw cycles.

2.10. Cellular migration

BMDM migration capacity was measured using transwell inserts, for 
a 24 well plate, with a pore size of 8 μm (Costar, Corning, NY). In brief, 
BMDM (1 × 105 cells in 100 mL) from chow-fed and HFD-fed WT and 
KLK7MKO mice were seeded into the upper chamber of the insert and 
left to rest overnight under sterile conditions. The following day, the 
growth media was changed into serum-free medium and 600 μL of 
DMEM (non-stimulated conditions) or serum-free conditioned medium 
(CM – stimulated conditions), was loaded into the lower chamber. After 
incubation at 37 ◦C with 5 % CO2 for 6 h, the BMDM were rinsed with 
PBS and non-migrated cells removed from the inserts using a cotton tip. 
Inserts were then fixed in 4 % formalin for 1 h and stained with DAPI for 
15 min. The cells that had migrated to the lower surface of the mem-
brane were counted in the whole area using the Image J software and the 
stitching function available in the Keyence BZ-X800 fluorescence 

microscope. The number of migrated cells under stimulated conditions 
was expressed as a ratio relative to the number of cells that migrated 
under unstimulated conditions.

2.11. Electric cell-substrate impedance sensing (ECIS) measurements

ECIS plates (96W1E+; Applied Biophysics) were cleaned and stabi-
lized overnight with 200 μL of DMEM per well at 37 ◦C. Wells were 
washed once with fresh PBS before seeding BMDM from HFD-fed WT or 
KLK7MKO mice at a density of 100.000 cells per well in 200 μL. 
Continuous impedance measurements were performed at 37 ◦C and 5 % 
CO2 using an ECIS ΖΘ instrument (Applied Biophysics) and resistance of 
the monolayer was calculated using the ECIS software [38].

2.12. Cell proliferation and ROS assays

To quantify cell proliferation, BMDM were incubated for 24h with 
EdU, scraped, and washed with PBS. Cells were fixed in 4 % formalde-
hyde (diluted in PBS) and directly labeled using the Click-iT EdU Alexa 
Fluor 647 kit (C10424, Invitrogen) following manufacturer instructions. 
Samples were analyzed by cell cytometry, counting 50,000 events using 
a low flow rate during acquisition and Click-iT® EdU labeling was 
detected using logarithmic amplification of 650/660nm excitation and a 
red emission filter. Raw data were processed using FlowJo software 
(Tree Star, Ashland, OR, USA). ROS levels in differentiated BMDM were 
measured using a standard assay (ab139476, Abcam).

2.13. Human data

2.13.1. Human data

2.13.1.1. Leipzig Obesity BioBank (LOBB) cohorts. The Leipzig Obesity 
BioBank (LOBB; https://www.helmholtz-munich.de/en/hi-mag/coh 
ort/leipzig-obesity-bio-bank-lobb) comprises biomaterial including 
serum, plasma, adipose tissue, and other tissues, from donors with a 
wide range of data clinically relevant to obesity research. For these 
analyses, we included a consecutively recruited cross-sectional cohort of 
1143 patients with obesity (women: n = 813; men: n = 330; mean ±
standard deviation: age = 46.8 ± 11.8 years, BMI = 49.1 ± 8.4 kg/m2; 
glucose metabolism characteristics – normal glucose tolerance (NGT): n 
= 595, impaired fasting glucose (IFG): n = 25, impaired glucose toler-
ance (IGT): n = 40, type 2 diabetes (T2D): n = 483) and 26 patients 
without obesity (women: n = 14; men: n = 12; age = 58 ± 13.3 years, 
BMI = 25.8 ± 2.5 kg/m2; diabetes state – no: n = 23, type 2 diabetes 
(T2D): n = 3). IFG, IGT and T2D were defined according to the criteria of 
the American Diabetes Association (ADA) in “Standards of Medical Care 
in Diabetes” [39]. Samples of intra-abdominal omental visceral (VIS) 
and abdominal subcutaneous (SC) adipose tissue fat depots (~1–2 g per 
biopsy) were collected during elective laparoscopic surgery between 
2008 and 2018 at predefined locations, following standardized pro-
tocols [40,41] to ensure uniform biosampling. Simultaneously, mea-
surements of body composition and metabolic parameters were 
obtained according to standardized and previously published protocols 
[42]. The biobanking was carried out at the University Hospital of 
Leipzig Obesity Center using a validated storage system. The biobank 
stores various materials in different forms (DNA, RNA, cells, fluids) at 
different temperatures (− 80 ◦C and − 130 ◦C). Exclusion criteria 
encompassed participants under 18 years of age, chronic substance, or 
alcohol misuse, smoking within the 12 months prior to surgery, acute 
inflammatory diseases, use of glitazones as concomitant medication, 
end-stage malignant diseases, weight loss exceeding 3 % in the three 
months preceding surgery, uncontrolled thyroid disorder, and Cushing's 
disease.

2.13.1.2. Leipzig endocrinology cohort. The design of this cross-sectional 
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study has been described recently [43,44]. Here, n = 60 adults (women: 
n = 33; men: n = 27; mean ± standard deviation: age = 62.5 ± 10.4 
years, BMI = 30.2 ± 5.5 kg/m2) were recruited by the Department of 
Endocrinology and Nephrology, University of Leipzig. 50 % of the pa-
tients had a diagnosis of T2D. Inclusion criteria were subjects >18 years 
of age and written informed consent. Exclusion criteria were end-stage 
malignant diseases, pregnancy, acute generalized inflammation, acute 
infectious disease, and history of drug abuse.

2.14. Bulk RNA sequencing and analysis

RNA was extracted from subcutaneous (SC) and visceral (VIS) adi-
pose tissue samples obtained from each participant of the LOBB cohort 
using the SMARTseq protocol [45,46]. The RNA was enriched and 
reverse-transcribed using Oligo(dT) and TSO primers, followed by cDNA 
amplification with PCR primers that were in-silico tested. cDNA was 
processed using a Nextera DNA Flex kit with Tn5 transposase. Single-end 
sequencing of all libraries was conducted on a Novaseq 6000 instrument 
at the Functional Genomics Center in Zurich. Raw sequencing reads 
underwent adapter and quality trimming using Fastp (v0.20.0, [47]), 
with a minimum read length of 18 nucleotides and a quality cut-off of 
20. Read alignment against the human reference genome (assembly 
GRCh38.p13, GENCODE release 32, [48]) and gene-level expression 
quantification were performed using Kallisto (v0.48, [49]). Samples 
with read counts exceeding 20 million were downsampled to 20 million 
read counts using the R package ezRun (v3.14.1; https://github.com/ 
uzh/ezRun, accessed on 23 March 2022). The data were normalized 
using a weighted trimmed mean (TMM) of the log expression ratios [50]. 
Batch effects were explored using the R swamp package (v1.5.1; https:// 
CRAN.R-project.org/package=swamp, accessed on 23 March 2022) and 
adjusted using limma (v3.56.2, [51]). The data were adjusted for age 
and sex.

2.15. Gene set enrichment analyses

To predict the gene function of KLK7 and identify potential associ-
ations with Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways [52], we conducted Gene Set Enrichment Analysis (GSEA, [53]) of 
the RNA sequencing data of the LOBB cohort using the R package Cor-
relationAnalyzeR (v1.0.0; [54]). We then performed GSEA annotations 
for KLK7 by considering co-expression correlations with other genes 
within the cross-sectional LOBB cohort for both VIS and SC AT RNA-seq 
datasets applying the single gene mode of the correlationAnalyzeR R 
package. In this analysis, genome-wide Pearson correlations were 
employed as a pre-ranking metric for the GSEA algorithm. To address 
the issue of multiple testing, we corrected the analyses using the false 
discovery rate (FDR) method.

2.16. Serum targeted biomarker analysis

In all individuals of the Leipzig Endocrinology cohort, blood samples 
were taken after an overnight fast. Using Proximity Extension Assay 
technology, the Olink Target 96 (v3021) Inflammation panel was 
measured in serum by real-time polymerase chain reaction (PCR) on the 
Fluidigm BioMark HD real-time PCR platform according to the manu-
facturer's protocol (Olink, Uppsala, Sweden). After intensity normali-
zation (v2) and transformation, data are expressed as NPX. Proteins 
measurements below the LOD in >50 % of the samples from each group 
were excluded (n = 10). The remaining low expression values (NPX <
LOD) were replaced by LOD/√2 to obtain a conservative estimate for 
the low values that are below the detection limit. Negative expression 
values were retained. In total, 82 quantified proteins were used for 
downstream analysis. KLK7 in serum was measured via the human 
Kallikrein 7/KLK7 ELISA Kit (ab287175, abcam), according to the 
manufacturer's protocol.

2.17. PBMC isolation and KLK7 measurements

Blood was obtained from n = 13 donors in Tarragona (age = 52.84 ±
13.56) with (n = 7, BMI 33.20 ± 1.71) or without (n = 6, BMI = 22.95 ±
1.95) obesity. Human PBMCs were isolated using Ficoll-Hypaque gra-
dients (Amersham Bioscience). Between 4-7 × 106 PBMCs were cultured 
using supplemented DMEM medium (10 % FBS), and incubated at 37 ◦C 
in a humidified, 5 % CO2 atmosphere. After 3 days, the cells were 
washed with PBS to eliminate lymphocytes, and fresh media was added 
to the remaining attached cells (predominantly monocytes and macro-
phages). After 7 more days, the conditioned media was saved to measure 
KLK7 release according to manufacturer's protocol (ab287175, abcam).

2.18. Statistical analysis

If not stated otherwise, data are presented as means ± SEM. For 
correlation heatmaps of the human data, univariate Spearman correla-
tions were calculated using the R package RVAideMemoire (v0.9–81-2, 
https://CRAN.R-project.org/package=RVAideMemoire, accessed on 23 
March 2022) and corrected for multiple inferences by considering the 
sample-size-appropriate false discovery rate (FDR). Bioinformatic ana-
lyses were carried out in R v4.3.1. All other statistical analyses were 
performed using GraphPad Prism 10 (GraphPad, San Diego, CA, USA). 
Methods of statistical analyses were chosen based on the design of each 
experiment and are indicated in the figure legends. Adjusted p < 0.05 
were considered statistically significant.

2.19. Study approval

2.19.1. Animal studies
All animal experiments were approved by the local authorities of the 

Free State of Saxony (TVV11/20; TVV24/21; T09/21, Landesdirektion 
Leipzig, Germany), as recommended by the responsible local animal 
ethics review board.

2.19.2. Leipzig Obesity BioBank (LOBB) cohorts, Leipzig Endocrinology 
(LE) cohort, Tarragona cohort

Written informed consent was obtained from all patients. All studies 
were approved by the Ethics Committee of the University of Leipzig 
(LOBB approval numbers: 159–12-21,052,012 and 017-12ek; LE 
approval numbers: 140–2008 and180/13-ff) or the Ethics and Research 
Committee of Institut d'Investigació Sanitària Pere Virgili (IISPV CEIm, 
Tarragona, Spain; approval number: CEIC 54c/2009) and performed in 
accordance with the Declaration of Helsinki, the Bioethics Convention 
(Oviedo), Good Clinical Practice Guidelines approved by the Health 
Department of Generalitat de Catalunya and EU Directive on Clinical 
Trials (Directive 2001/20/EC).

All serum and AT donors have been informed of the purpose, risks 
and benefits of the biobank. Ethical guidelines and EU legislation for 
privacy and confidentiality in personal data collection and processing is 
being followed, in particular directive 95/46/EC.

3. Results

3.1. Macrophage Klk7 expression is upregulated in obesity

To uncover how KLK7 expression is regulated in immune cells in 
obesity, we first investigated its expression in mouse macrophages 
derived from the bone marrow (BMDM). In HFD-fed mice, we found that 
Klk7 expression was significantly elevated in BMDM (p < 0.05) (Fig. 1a). 
To test whether factors derived from AT were capable of increasing 
KLK7 expression in macrophages, we used an ex vivo approach. We 
tested whether conditioned medium (CM) from cultivated eWAT ex-
plants of HFD-fed mice would impact on KLK7 expression in BMDM 
(Fig. 1b). As expected, the expression of pro-inflammatory cytokines 
Tnfa and Mcp1 was significantly induced in BMDMs after 6 h in CM 
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(Fig. 1c). Notably, CM-treated BMDMs released significantly more KLK7 
into the supernatant compared to controls, with a substantial amount of 
KLK7 already present in the CM, i.e. released from the eWAT explant 
(Fig. 1d). To demonstrate direct effects of KLK7 on macrophage phe-
notypes, we ex vivo treated BMDM from WT mice with recombinant 
KLK7 for 24 h and found increased Mcp1 expression (Fig. 1e).

Taken together, our data show that expression of Klk7 in macro-
phages is elevated in diet-induced obese mice and acts through a para-
crine mechanism to induce cytokine and KLK7 expression and secretion 
from BMDM.

3.2. Macrophage-specific deletion of Klk7 ameliorates metabolic 
consequences of a high fat diet in mice

To delineate how KLK7 impacts on macrophage populations, we next 
generated mice with Klk7 deficiency in myeloid cells. Specifically, we 
crossed mice carrying loxP-flanked Klk7 alleles (Klk7 flox/flox) with mice 
expressing Cre-recombinase under control of the myeloid-specific lyso-
zyme 2 (Lyz2) promoter to specifically delete Klk7 gene expression in 
macrophages (KLK7MKO) (Fig. 2a), as confirmed by qPCR (Fig. 2b). 
When fed a control chow diet, KLK7MKO mice were fertile and showed 
no differences in growth and development (Fig. 2c). However, after 20 
weeks on HFD, KLK7MKO mice showed lower weight gain with reduced 
overall fat mass compared to WT mice (Fig. 2c-e, SF1a). Here, specif-
ically the iWAT mass was lower, while eWAT and liver weights were not 
different in KLK7MKO mice compared to littermate controls (Fig. 2f). 
However, we did not find differences in food intake (Fig. 2g), energy 
expenditure (Fig. 2h), locomotor activity (SF1b), and respiratory ex-
change ratio (Fig. 2i) in KLK7MKO compared to littermate controls. 
Fecal energy contents were comparable between genotypes, excluding 
potential contributions of nutrient malabsorption due to alterations in 
gut immune cell landscape (Fig. 2j).

Lower inflammation may preserve the activity of thermogenic adi-
pocytes in BAT or beiged/browned WAT (BeAT) and this may contribute 
to the weight gain phenotype. While BAT mass was not different (SF1c), 
histology did show morphologic differences with less hypertrophic or 
whitened brown adipocytes (Fig. 2k) and a significantly lower per-
centage of large droplets >60 μm in HFD-fed KLK7MKO mice (Fig. 2l). 
Among BAT marker genes, we found significantly higher Ucp1 expres-
sion (Fig. 2m). Given the reduction of iWAT mass, we also measured 

gene expression related to thermogenic BeAT (Ucp1, Pgc1a, Tmem26, 
Serca2b, Ryr2) but did not observe differences between genotypes 
(SF1d). Together, these data support improved or preserved BAT func-
tion in KLK7MKO mice.

Blood glucose levels in HFD-fed WT and KLK7MKO mice were higher 
compared to chow-fed mice, but not different (Fig. 3a). Similarly, 
glucose tolerance was affected by the HFD (Fig. 3b) but there were no 
genotype-specific differences. However, insulin tolerance tests (ITT) 
revealed significantly higher insulin sensitivity in KLK7MKO mice 
(Fig. 3c-e). To preclude major effects from overall lower body weight, 
the ITT were performed in mice selected for similar body weight and 
also fat mass (SF1e-f). A healthier metabolic phenotype of KLK7MKO 
mice was further reflected by a significantly improved profile of circu-
lating markers of metabolic health. KLK7MKO mice had significantly 
lower serum KLK7 levels (Fig. 3f), indicating that immune cells are a 
significant source of circulating KLK7. Levels of pro-inflammatory cy-
tokines TNFA and MCP1 were significantly lower in HFD-fed KLK7MKO 
mice (Fig. 3g-h), as were serum levels of leptin (Fig. 3i), which resulted 
in an improved leptin-to-adiponectin ratio (Fig. 3j-k). KLK7MKO also 
had lower insulin serum levels (Fig. 3l) and lower C-peptide levels 
(Fig. 3m) compared to WT mice, resulting in a higher insulin/c-peptide 
ratio (Fig. 3n). Together, our data show that HFD induces KLK7 
expression in macrophages, which in turn accelerates the development 
of obesity, inflammation, and metabolic alterations. Consequently, ge-
netic loss of KLK7 in myeloid cells mitigates the onset of these metabolic 
adaptations.

3.3. Obesity-induced immune cell infiltration and inflammation in 
epididymal white adipose tissue is mediated by KLK7

Next, we investigated WAT depots of HFD-fed KLK7MKO and control 
mice in greater detail. In line with increased Mcp1 expression in BMDM 
treated with KLK7, release of MCP1 was significantly lower in BMDM 
derived from HFD-fed KLK7MKO relative to BMDM derived from WT 
controls (Fig. 4a). WAT levels of MCP1 in general were higher in eWAT 
compared to iWAT, but eWAT MCP1 was significantly lower in 
KLK7MKO (Fig. 4b). Consistently, targeted proteomic analysis of in-
flammatory cytokine abundances in WAT lysates confirmed an overall 
significantly lower inflammatory milieu in eWAT of KLK7MKO mice 
(Fig. 4c), while there were only subtle differences in the iWAT between 

Fig. 1. Klk7 expression in immune cells is significantly altered in obesity. a) RT-PCR analysis reveals higher expression of Klk7 in bone marrow derived-macrophages 
(BMDM) isolated from HFD-fed (filled blue) when compared to chow-fed (outlined blue) wild type (WT) mice (n = 4). mRNA levels are relative to BMDM from chow- 
fed mice. b) Experimental set-up to assess the effect of conditioned media (CM) obtained from eWAT explants of HFD-fed WT mice, in cytokine expression (c) and 
KLK7 release (d) from BMDM isolated from chow-fed WT mice, after a period of six hours. c) RT-PCR analysis reveals significant induction of gene expression of Tnfa 
and Mcp1 in CM-treated (red) BMDM compared to DMEM controls (black) (n = 3 per condition). mRNA levels are relative to controls. d) ELISA measurement reveals 
the presence of mouse KLK7 in CM (red -, n = 3) and further significant release of KLK7 from CM treated BMDM (red +, n = 5), compared to controls (DMEM, black, 
n = 5). Treatment was for 6 h without serum. e) RT-PCR analysis reveals higher Mcp1 expression in BMDM from chow-fed WT mice treated with recombinant KLK7 
over 24 h (turquoise, n = 9), compared to controls (black, n = 8). Significance (p < 0.05) was determined by unpaired two-tailed t-tests (a, e), multiple corrected 
unpaired two-tailed t-test (c) or by one-way ANOVA and Tukey's post-tests (d). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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KLK7MKO and WT controls (Fig. 4c). Histological analyses further 
revealed a significantly higher percentage of smaller adipocytes in 
eWAT of KLK7MKO compared to WT mice (Fig. 4d-e), also in iWAT of 
HFD-fed KLK7MKO mice (Fig. 4f). Consistently, immune cell infiltration 
was significantly lower compared to WT mice (Fig. 4d,g-h), with a shift 

in macrophage polarization from M1 towards M2 macrophages (Fig. 4i), 
resulting in a lower M1/M2 ratio in eWAT of HFD-fed KLK7MKO mice 
(Fig. 4j). As for the ITT, mice were selected for similar body weights. In 
line with this hypothesis, we observed lower expression of pro- 
inflammatory Tnfa (p < 0.05) and Il1b (tendency) and significantly 

Fig. 2. Klk7 ablation in macrophages limits high fat diet-induced obesity. a) Schematic representation of the generation of macrophage specific Klk7 knockout mice 
(KLK7MKO). Mice expressing Cre-recombinase under control of the lysozyme 2 promoter (LysM-Cre) were crossed with C57BL6/NTac mice with conditional (floxed) 
Klk7 alleles (Klk7-flox) to specifically delete Klk7 in the myeloid cell linage. b) RT-PCR analysis of Klk7 expression in whole cell lysates from tail, liver, eWAT or 
iWAT; and macrophages from different anatomic sources (ATMs and BMDM) from chow-fed WT and Klk7 knockout (KLK7MKO) mice (n = 5–6) reveals the specificity 
and efficiency of the KLK7MKO model (a). mRNA levels are relative to chow-fed WT mice for each tissue. c) Body weight development over time in KLK7MKO mice 
and WT littermates fed on a chow or high fat diet (HFD) for 20 weeks starting at the age of 5 weeks (n = 12–18 per genotype) unravels genotypic differences in HFD- 
fed mice. d-e) Percentage of lean (d) and fat mass (e) as determined by EchoMRI at 4, 10, 16 and 23 weeks of age from chow-fed and HFD-fed KLK7MKO mice and WT 
littermates (n = 10–12 per genotype) unravels genotypic differences in HFD-fed mice. (f) Absolut organ masses (milligrams of tissue) from iWAT, eWAT and liver 
from chow-fed and HFD-fed KLK7MKO mice and WT littermates (n = 8–15 per genotype and diet) unravel genotypic differences in iWAT from HFD-fed mice. g-i) 
Food intake (g), energy expenditure (h) and respiratoy exchange ratio (i) from chow-fed and HFD-fed KLK7MKO and WT mice recorded every 5 min over a period of 
72 h (n = 4–8 per genotype and diet) by indirect calorimetry (with metabolic chambers) at an age of 24 weeks and after two days of acclimatization. Data is confined 
in light or dark phases corresponding to the 12 h light/dark cycle. Energy expenditure was analyzed using ANCOVA with body weight as a covariate. (j) Fecal energy 
content from HFD-fed KLK7MKO mice and WT littermates (n = 5 per genotype) measured via Bomb Calorimetry. (k-l) Representative H&E staining of BAT (k) from 
HFD-fed KLK7MKO mice and WT littermates (20× magnification, scale = 200μm) and measurements of adipocyte diameters (l) (n = 5/4 per genotype) reveal 
significantly higher numbers of enlarged droplets in BAT of WT littermates. m) RT-PCR analysis of thermogenic genes (Ucp1, Prdm16 and Elovl6) in BAT shows 
increased expression of Ucp1 in BAT of HFD-fed KLK7MKO compared to WT littermates (n = 6 per genotype). mRNA levels are relative to WT littermates. Genotypes 
are illustrated in blue (WT) and green (KLK7MKO) with diets indicated by outlined (chow) or filled (HFD) symbols. Significance (p < 0.05) was determined by 
multiple uncorrected unpaired two-tailed t-test (b, l-m), two-way ANOVA with Sidak's (c-e) or Tukey's post-tests (f-i) and unpaired two-tailed t-test (j). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

A. Ribas-Latre et al.                                                                                                                                                                                                                            Metabolism 168 (2025) 156239 

6 



higher expression of the anti-inflammatory marker Retnla in the eWAT- 
ATM (Fig. 4k) and iWAT-ATM fractions (Fig. 4l), as well as whole AT 
lysates from eWAT and iWAT of HFD-fed KLK7MKO mice (Fig. 4m). 
Because we did not detect any related effects of KLK7 depletion in the 
liver (Fig. 4m), we conclude that the resistance to obesity-induced 
inflammation in HFD-fed KLK7MKO mice is specific to AT.

To further demonstrate direct effects of KLK7 on macrophage phe-
notypes, we treated ATM from chow-fed WT mice with recombinant 
KLK7 for 24 h ex vivo. The presence of KLK7 significantly induced 
expression of Mcp1 in eWAT-, but not iWAT-derived ATM (Fig. 4n). Also, 
KLK7 significantly reduced expression of anti-inflammatory Retnla in 
M1-polarized eWAT ATM from chow-fed WT mice (Fig. 4o).

These findings establish the pro-inflammatory role of KLK7 in stim-
ulating or fostering immune cell infiltration of AT in obesity.

3.4. Inhibition of Klk7 in macrophages alters migration and metabolism in 
the context of obesity

We next asked whether the lower immune cell infiltration in AT of 
HFD-fed KLK7MKO mice resulted from migration deficiencies. To 
answer this question, we conducted migration assays using CM from 
eWAT of either HFD-fed KLK7MKO (CM-KO) or WT mice (CM-WT) 
(Fig. 5a). In line with lower MCP1 levels observed in serum (Fig. 3f) and 
eWAT (Fig. 4b-c), concentrations of MCP1 were significantly lower in 
CM-KO compared to CM-WT (Fig. 5b) and less effective at inducing 
migration (Fig. 5c). Furthermore, the migratory potential of BMDM from 
KLK7MKO mice stimulated with CM-WT was significantly reduced 

(Fig. 5c). When we analyzed migration of BMDM isolated from HFD-fed 
mice using only CM-WT as a chemoattractant, again the migratory po-
tential of BMDM from KLK7MKO mice was lower than that of BMDM 
derived from WT mice (Fig. 5d). As assessed by electric cell substrate 
impedance sensing (ECIS), BMDM from KLK7MKO mice adhered more 
strongly to the tissue plate (Fig. 5e), but this effect was not due to higher 
cell proliferation (SF2a).

Energy for cytoskeletal remodeling and cell migration is derived 
from mitochondrial metabolism. We analyzed the metabolic activity of 
BMDM populations using a Seahorse extracellular flux analyzer. Oxygen 
consumption rates (OCR) and extracellular acidification (ECAR) were 
significantly higher in BMDM derived from HFD-fed WT mice relative to 
BMDM from chow-fed mice (Fig. 5f-h), indicating higher oxidative 
phosphorylation and glycolysis. This elevated metabolic phenotype was 
absent in BMDM from HFD-fed KLK7MKO, that instead resembled 
BMDM derived from chow-fed mice irrespective of genotype (Fig. 5i). 
Consequently, basal and maximal respiration, spare respiratory capac-
ity, and ATP production in BMDM from HFD-fed KLK7MKO mice was 
comparable to that observed in chow-fed mice (Fig. 5g). In line with the 
less energetic phenotype, BMDM from HFD-fed KLK7MKO mice con-
tained lower ROS levels compared to BMDM derived from HFD-fed WT 
mice (Fig. 5j). BMDM from KLK7MKO mice showed no differences in 
mitochondrial content (SF2b) or mitochondrial gene expression (SF2c) 
compared to WT littermates under both chow and HFD conditions. 
Together, these data show that immune cell migration is negatively 
impacted by lower expression of KLK7, likely due to higher cell adhesion 
in general and a lower metabolic activation in obesity.

Fig. 3. Klk7 ablation in macrophages ameliorates metabolic consequences of diet-induced obesity. a) Fasted glucose levels in KLK7MKO mice and WT littermates 
under chow and HFD conditions (n = 15–28 per genotype) measured at the age of 22 weeks. b-e) Intraperitoneal glucose (b) and insulin (c) tolerance tests (GTT at 22 
weeks and ITT at 24 weeks of age), areas under/over the curve (d) and ITT effect (5 decrease of blood glucose levels after 60 min (e)) reveals higher insulin sensitivity 
in HFD-fed KLK7MKO mice compared to WT littermates (n = 6–8 per genotype). f-n) ELISA measurements in serum of KLK7MKO mice and WT littermates after 20 
weeks on a HFD: (f) KLK7 levels (n = 5 per genotype), (g) TNFa, and (h) MCP1 (n = 8–19 per genotype); (i) leptin, (j) adiponectin and (k) resulting leptin/adiponectin 
ratio (n = 9–10 per genotype); (l) insulin, (m) C-peptide and (n) resulting insulin/c-peptide ratio (n = 13–14 per genotype) establish an overall improved metabolic 
phenotype of HFD-fed KLK7MKO mice compared to WT littermates. Genotypes are illustrated in blue (WT) and green (KLK7MKO), diets by outlined (chow) or filled 
(HFD) symbols. Significance (p < 0.05) was determined by one-way ANOVA and Tukey's post-test (a), two-way ANOVA with Sidak's post-test (b-c) or unpaired two- 
tailed t-tests (d-n). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. KLK7 expression in human visceral adipose tissue is linked to 
inflammation and adipose immune cell infiltration in obesity

To investigate the clinical relevance of our findings, we analyzed 
KLK7 levels in human serum and WAT depots. In human scRNA-seq 
datasets [55], we found significant levels of KLK7 in the visceral AT, 
but not subcutaneous (SC) AT (Fig. 6a). KLK7 was strongly expressed in 

visceral AT mesothelial cells, and was also detectable in macrophages, T- 
cells, adipocytes and adipose stem and progenitor cells (ASPC) (Fig. 6a). 
PBMC derived M0 macrophages from patients with obesity also 
secreted/contained significantly higher levels of KLK7(Fig. 6b). We 
further analyzed KLK7 expression in 1143 human VIS and SC AT sam-
ples from the cross-sectional cohort of the Leipzig Obesity BioBank 
(LOBB). We found that KLK7 expression was significantly higher in VIS 

Fig. 4. Klk7 ablation in macrophages alters adipose tissue macrophage infiltration and polarization. a) ELISA measurement reveals lower MCP1 released from naïve 
M0 BMDM from HFD-fed KLK7MKO mice when compared to WT littermates (n = 5 per genotype). b) ELISA measurements in epidydimal (eWAT) and inguinal 
(iWAT) adipose tissue lysates reveal lower MCP1 levels specifically in the eWAT from HFD-fed KLK7MKO mice when compared to WT littermates (n = 7–8 per 
genotype). c) Normalized pro-inflammatory cytokines abundance significantly differentially expressed across adipose tissue lysates (eWAT and iWAT) and measured 
via the Olink Target 48 panel unravel a fat-pad specific reduction in HFD-fed KLK7MKO mice when compared WT littermates (n = 7–8 per genotype). d) Repre-
sentative CD68 staining reveals a reduction in the presence of infiltrated macrophages in the eWAT from HFD-fed KLK7MKO mice when compared to WT littermates 
(20× magnification, scale = 100μm). e-f) Analysis of the adipocyte size (expressed as area) distribution determined from H&E stained slides reveals a higher number 
of smaller and a lower number of bigger adipocytes in eWAT and iWAT from HFD-fed KLK7MKO mice when compared to WT littermates (n = 5 per genotype). g) 
Corresponding quantification from (d) reveals a reduction in the CD68+ area of eWAT stained slides from HFD-fed KLK7MKO mice when compared to WT littermates 
(n = 6 per genotype). h) Quantification of ATM (enriched in F4/80) isolated from eWAT reveals a reduction in HFD-fed KLK7MKO mice when compared to WT 
littermates (n = 4–5 per genotype). i-j) Quantification of fluorescence activated cell sorting of eWAT-ATM with different polarization states (M1, M2 and Mme) 
determined through specific cell-surface markers (CD11c, CD206 and LAMP-1/CD36 respectively) reveals a higher percentage of M2 polarized ATM in the eWAT 
from HFD-fed KLK7MKO mice when compared to WT littermates (n = 4 per genotype) (i); and corresponding M1/M2 ratio (j). k-l) RT-PCR analysis of pro- (Tnfa and 
Il1b) and anti- (Retnla) inflammatory marker genes in eWAT (k) and iWAT ATM (l) reveals lower levels of inflammation in HFD-fed KLK7MKO mice when compared 
to WT littermates (n = 6 per genotype). mRNA levels are relative to WT littermates. m) RT-PCR analysis of Retnla expression in liver, eWAT and iWAT tissue from 
HFD-fed KLK7MKO mice and WT littermates (n = 5–6 per genotype). mRNA levels are relative to WT littermates (WAT to eWAT). n) RT-PCR analysis in ATM (from 
eWAT and iWAT) from chow-fed WT littermates treated with recombinant KLK7 over 24 h (n = 5–6 per group) reveals a fat-pad specific induction of Mcp1 in eWAT- 
ATM. mRNA levels are relative to eWAT controls. o) RT-PCR analysis in eWAT-ATM from chow-fed WT mice polarized to M1 while treated with recombinant KLK7 
over 24 h (n = 4–5 per group) reveals a lower Retnla expression in the treated group. Genotypes and treatments are illustrated in blue (WT) and green (KLK7MKO), 
black (control) and turquois (KLK7). Significance (p < 0.05) was determined by unpaired two-tailed t-test (a,g,h,j,o), multiple unpaired uncorrected two-tailed t-tests 
(e,f,k-m), two-way ANOVA with Tukey's (b), or uncorrected Fischer's LSD (i). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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relative to SC AT in patients with obesity (Fig. 6c; adj. p < 0.001), and 
independent of diabetes status (SF3a, no T2D: adj. p < 0.001, IFG/IGT: 
adj. p < 0.001, T2D: adj. p < 0.001) and gender (SF3b; men: adj. p <
0.001; women: adj. p < 0.001). In VIS AT, there was a trend for higher 
KLK7 expression in patients with obesity (p = 0.06), and for lower KLK7 
expression in patients with T2D (p = 0.04). Age- and sex-adjusted KLK7 
expression was significantly correlated with body fat in VIS AT (Fig. 6d, 
ρ = 0.09, p = 0.0018, n = 1112).

We then identified genes significantly correlated with KLK7 expres-
sion in VIS and SC AT and performed gene set enrichment analyses 
(GSEA) using the KEGG pathway database (Fig. 6e; Supplementary table 
2 for VIS AT, and Supplementary table 3 for SC AT). In VIS AT, KLK7 
expression correlated positively with genes enriched in pathways related 
to cell migration and cell adhesion molecules (NES = 1.9, adj. p =
0.0015), chemokine signaling (NES = 2.3, adj. p = 0.0015), focal 
adhesion (NES = 2.6, adj. p = 0.0015) and regulation of actin 

Fig. 5. Klk7 ablation in macrophages affects migratory capacity and alters immune cell metabolism in obesity. a) Experimental set-up using trans-well inserts to 
assess the effect of conditioned media (CM) during 6 h, obtained from eWAT explants of HFD-fed KLK7MKO mice and WT littermates, on BMDM migration from chow 
and HFD-fed KLK7MKO mice and WT littermates. b) ELISA measurement reveals lower levels of MCP1 in conditioned media from eWAT explants of KLK7MKO mice 
when compared to WT littermates (CM-WT or CM-KO; n = 3 technical replicates from pooled samples). c) Quantification of migration as in (a) reveals a lower 
migration capacity of BMDM from chow-fed KLK7MKO mice when compared to WT littermates (n = 5 per genotype and diet); and a lower chemo-attractant effect of 
HFD-fed KLK7MKO derived-CM when compared to HFD-fed WT derived-CM. d) Quantification of BMDM migration as in (a), but with BMDM from HFD-fed mice and 
using WT-CM reveals a lower migration capacity of BMDM from KLK7MKO mice when compared to WT littermates (n = 4–5 per genotype). e) Cell impedance to 
continuously measure cell adhesion over 24 h (using a constant current of 64,000 Hz) in BMDM from HFD-fed KLK7MKO mice and WT littermates (n = 5 per 
genotype). f-h) Time-resolved analysis of the Oxygen Consumption Rate (OCR) (f), quantification of corresponding cellular bioenergetics (basal and maximal 
respiration, spare respiratory capacity, ATP production, non-mitochondrial respiration, and proton leak, g) and analysis of the time-resolved Extracellular Acidifi-
cation Rate (ECAR) (h) in BMDM from chow-fed and HFD-fed KLK7MKO mice and WT littermates (n = 3–5 chow-fed and n = 8–9 HFD-fed animals per genotype) 
measured via the Mito Stress test using a Seahorse extracellular flux analyzer unravels genotypic differences in BMDM from HFD-fed mice. i) Energetic profile map 
derived from (f) and (g). j) ROS production in BMDM from HFD-fed KLK7MKO mice and WT littermates (n = 8 per genotype) reveals genotypic differences. Ge-
notypes are illustrated in blue (WT) and green (KLK7MKO), diets by outlined (chow) or filled (HFD) symbols. Significance (p < 0.05) was determined by unpaired 
two-tailed t-test (b,d,j) and two-way ANOVA with Tukey's post-test (c) or uncorrected Fischer's LSD (e,g). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 6. KLK7 expression in human AT and serum is linked to inflammation and immune cell migration. a) KLK7 expression in human VIS and SC AT on the single cell 
level. Data was from [55]. b) ELISA measurement reveals higher released levels of KLK7 from PBMCs isolated from participants with obesity (n = 7) and cultured over 
10 days when compared to PBMCs isolated from participants without obesity (n = 6) from the Tarragona cohort. c) RNA sequencing analysis of KLK7 expression in 
VIS and SC AT of participants with (n = 1117) or without obesity (n = 26) from the Leipzig Obesity BioBank (LOBB) cohort reveals AT depot specific KLK7 induction 
in participants with obesity. d) Spearman correlation analysis of KLK7 and body fat in VIS AT (adjusted for age and sex) reveals a positive correlation between the 
RNA levels of KLK7 and the body fat of the participants from the LOBB cohort (n = 1112). e) Gene set enrichment analysis (GSEA, using KEGG pathways) of genes co- 
expressed with KLK7 in VIS and SC AT from the LOBB cohort. The top 10 up and down enriched pathways sorted by adj. p and set size are shown. f) Comparison of 
gene expression of KLK7, inflammatory cytokines (IL1B, IL6, TNFA, RETN and MCP1) and the adipokine LEP in VIS AT in non-obese and obese patients. g) Cor-
relations of KLK7 and MCP1 expression in VIS (left) and SC (right) AT from the LOBB cohort (adjusted for age and sex) reveal depot-specific differences. h) Cor-
relation analysis of KLK7 expression with Spearman's correlation in VIS and SC AT from the LOBB cohort with inflammatory cytokines and adipokines (corrected for 
multiple testing). i) Correlations shared between KLK7 and inflammatory biomarkers in serum from the Leipzig Endocrinology cohort and AT depots from the LOBB 
cohort reveal markers strongly associated with KLK7. Significance (p < 0.05) was determined by unpaired two-tailed t-test (b) or one-way ANOVA (c).
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cytoskeleton (NES = 2.4, adj. p = 0.0014). Furthermore, genes related to 
WNT signaling (NES = 2.5, adj. p = 0,0014), MAPK signaling (NES =
2.3, adj. p = 0,0015) and purine metabolism (NES = 2.4, adj. p =
0,0015) were overrepresented among positively correlated genes. 
Conversely, genes related to olfactory transduction (NES = − 3.5, adj. p 
= 0.045) and neuroactive ligand receptor interactions (NES = − 1.9, adj. 
p = 0.029) were negatively correlated with KLK7 expression in VIS AT. 
In SC AT, KLK7 was associated with higher expression of genes related to 
neuroactive ligand receptor interactions (NES = 1.8, adj. p = 0.00066) 
and olfactory transduction (NES = − 2.5, adj. p = 0.0039), while nega-
tively correlated genes were related to insulin signaling (NES = − 2.8, 
adj. p = 0.004), WNT signaling (NES = − 2.3, adj. p = 0.0039), and 
purine metabolism (NES = − 2.4, adj. p = 0.0039).

In relation to classic adipokines and inflammatory cytokines (such as 
IL1B, IL6, RETN, MCP1 and LEP), KLK7 was robustly expressed in human 
VIS AT (Fig. 6f). Notably, of these candidates only MCP1 and LEP were 
significantly higher expressed in patients with obesity (Fig. 6f). Given on 
our findings in the KLK7MKO mouse model, that KLK7 depletion in the 
myeloid compartment reduces inflammation, we next investigated a 
possible link between AT KLK7 gene expression and genes related to AT 
function and inflammation (Supplementary table 4). In VIS AT (n =
1143), we indeed detected a strong correlation between KLK7 and MCP1 
expression (ρ = 0.4, adj. p < e− 23; Fig. 6g-h), independent of age and sex. 
KLK7 was also positively correlated with ADIPOQ (ρ = 0.21, p =
8.5e− 13), LEP (ρ = 0.19, adj. p = 1.2e− 10), RARRES2 (ρ = 0.46, adj. p <
e− 23), RETN (ρ = 0.1, adj. p = 0.00065) and TNFa (ρ = 0.1, adj. p =
0.0023), and negatively correlated with IL6 (ρ = − 0.1, adj. p = 0.0013) 
and a specific vaspin inhibitor (SERPINA12; ρ = − 0.28, adj. p = 6.5e− 21) 
(Fig. 6h, Supplementary table 4). In SC AT, KLK7 was also correlated 
with MCP1 (ρ = − 0.21, adj. p = 1.7 × 10− 13), TNFA (ρ = − 0.21, adj. p =
9.8e− 13) and vaspin (SERPINA12, ρ = 0.1, adj. p = 0.0014), but in the 
opposite direction relative to VIS AT (Fig. 6g-h, Supplementary table 4). 
Furthermore, KLK7 was negatively correlated with ADIPOQ (ρ = − 0.68, 
adj. p < e− 23), LEP (ρ = − 0.62, adj. p < e− 23), IL1B (ρ = − 0.23, adj. p =
2.6e− 14), IL6 (ρ = − 0.13, adj. p = 4.8e− 6), RARRES2 (ρ = − 0.63, adj. p 
< e− 23), and RETN (ρ = − 0.15, adj. p = 3.9e− 7) (Fig. 6h, Supplementary 
table 4).

To investigate the interrelation of circulating KLK7 with (systemic) 
inflammation, we measured KLK7 levels in the serum of a well charac-
terized second cohort with available targeted OLINK protein expression 
data. This cohort of 60 individuals comprises patients with or without 
T2D and with a wide BMI range (25 % percentile = 26.7, median = 28.7, 
75 % percentile = 31.9). There were no differences in circulating KLK7 
levels related to sex, BMI, age or diabetes status (SF3c-f), and there were 
no significant correlations of circulating KLK7 with other clinical pa-
rameters of obesity and metabolic health (Supplementary table 5). As 
observed in VIS AT gene expression, serum KLK7 levels were positively 
correlated with circulating chemerin (ρ = 0.36, adj. p = 0.00031, SF3g). 
When we investigated correlations between KLK7 and a broad panel of 
inflammatory serum biomarkers included in the OLINK Target 96 
inflammation panel (n = 82 included in this analysis), we identified 14 
markers (nominal p < 0.05) (Supplementary table 6, SF3h), with CCL23, 
CD5, IL8, ST1A1 and TNFSF14 showing the strongest correlations. We 
then performed a complementary panel-wide association analysis for 
KLK7 VIS and SC AT gene expression in the LOBB cohort. We identified 
79 inflammatory genes that significantly correlated with KLK7 expres-
sion, 64 of which are expressed in both VIS and SC AT, and 45 of which 
have a differential expression profile in the AT depots (Supplementary 
table 6). 12 markers were significantly correlated with KLK7 in serum of 
the Leipzig Endocrinology cohort and with KLK7 gene expression in both 
AT depots of the LOBB cohort (Fig. 6i, SF3h; Supplementary table 6). 
The strongest and uniformly positive correlation was with TNFSF14 
(Fig. 6i), an established driver of AT inflammation and metabolic disease 
in obesity [56,57]. Consistent correlations were mostly observed be-
tween serum and VIS AT, while only two markers were correlated uni-
formly in serum and SC AT (Fig. 6i; Supplementary table 6).

Together, these results support the hypothesis that elevated KLK7 
expression levels in AT are functionally related to inflammation in VIS 
AT and may be linked to immune cell infiltration of adipose tissue in 
human obesity. At the serum level, we found significant associations 
with established inflammatory markers mostly in line with VIS AT gene 
expression. And although serum KLK7 was not directly linked to obesity 
or T2D, we observed the strongest and most uniform correlations be-
tween key regulators of immune cell activation and adipose tissue 
inflammation.

4. Discussion

Immune cell infiltration and inflammation, hallmarks of adipose 
tissue dysfunction, are drivers of metabolic abnormalities in animal 
models of obesity and in human obesity. In this study, we demonstrate 
that myeloid-specific deletion of Klk7 in HFD mice is associated with 
lower levels of inflammatory cytokines in epididymal AT as well as in 
serum, and with lower immune cell infiltration with proportionally 
more anti-inflammatory M2 macrophages in AT. At the end of our study, 
these improvements had a significant effect on insulin sensitivity, yet a 
more limited impact on fasting glucose levels and glucose tolerance. This 
is consistent with the findings in the AT-specific (using Fapb4-Cre) KLK7 
knockout mice [41] and may require prolonged HFD-feeding to have 
more pronounced effects on metabolic parameters. Furthermore, it may 
reflect that KLK7 expression in pancreatic islets, known to affect levels of 
secreted insulin [22], or in mesothelial cells of the visceral AT (Fig. 6a), 
a cell population strongly linked to AT inflammation [58,59], is not 
altered in the myeloid-specific KLK7MKO. Importantly, amelioration of 
metabolic inflammation in epididymal AT in the macrophage KLK7MKO 
mice occurred despite predominant loss of iWAT and thus a shift to-
wards visceral obesity, distinct from the adipocyte-specific Klk7 
knockout in which subcutaneous obesity was more pronounced [31]. 
Higher adaptive thermogenesis and improved BAT function, likely 
preserved by reduced inflammation, may contribute to the lower body 
weight gain in KLK7KO models on HFD. However, as indicated by the 
ECHO-MRI fat mass data at 6 and 10 weeks, differences in energy 
expenditure may have been most pronounced early on the HFD diet and 
may decline over time due to adaptation.

Supporting a functional role of KLK7 in shifting macrophage polar-
ization, our data show that Klk7-deficient macrophages express and 
release lower levels of the inflammatory cytokines Mcp1, Tnfa and Il1b 
and higher levels of the anti-inflammatory M2 macrophage marker 
Retnla [60]. In obesity, Retnla-expressing monocytes and macrophages 
are gradually replaced by other ATM subpopulations, including lipid- 
catabolizing macrophages that form crown-like structures surrounding 
hypertrophic adipocytes [61]. Consistent with a predominantly anti- 
inflammatory M2-like phenotype, the cellular metabolism of Klk7- 
deficient macrophages from HFD-fed mice retained a less glycolytic 
profile. Mechanistically, KLK7 activity may drive inflammatory polari-
zation by directly activating established cytokine and adipokine medi-
ators of inflammation, such as IL1b [62], chemerin [63], and midkine 
[64].

Obesity-related local and systemic inflammation is exacerbated by 
higher infiltration of circulating monocytes into adipose tissue [65] and 
their subsequent differentiation into proinflammatory macrophages. 
Our data show that Klk7-deficient BMDM become more adhesive, 
limiting their ability to migrate towards a chemoattractant gradient and 
infiltrate AT. Higher expression of cadherin-related proteins was pre-
viously observed in the WAT of HFD-fed KLK7 KO mice [30] suggesting 
that KLK7 may contribute to regulate shedding of cell surface ECM 
adhesion molecule. KLK7-mediated shedding of E-cadherin and fibro-
nectin has also been proposed to promote cancer cell migration and 
invasion [66,67], with high levels of KLK7 expression being associated 
with poor prognosis across several solid tumor indications [68–70]. In 
line, overexpression of KLK7 in epidermal cells induced inflammatory 
skin thickening due to infiltration of predominantly macrophages [71]. 
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Furthermore, higher E-cadherin expression is a hallmark of alternatively 
activated M2 macrophages, enhancing cell-cell adhesion, and when 
accumulated in the extracellular matrix, promoting fibroblast and 
endothelial cell spreading [72]. Similarly, known KLK7 substrates such 
as the ECM glycoproteins fibronectin and tenascin-C [64] are expressed 
in human macrophages, mediate cell-cell adhesion and migration 
[73–75], and are associated with AT inflammation in human obesity 
[76,77].

Other proteases identified to drive AT inflammation in obesity, such 
as neutrophile elastase or fibroblast activation protein α (FAP), promote 
immune cell infiltration but without affecting macrophage polarization 
[12,78]. Also, FAP knock-out in immune cells significantly improved AT 
inflammation and insulin resistance in HFD-fed mice, but also limited 
body weight gain and reduced visceral obesity, and thus complicate 
delineating contributions from FAP deficiency from those of less pro-
nounced obesity [78]. Similarly, this holds true for whole-body elastase 
knock-out mice [12]. Inhibition of KLK7 may thus be particularly 
beneficial, as it addresses both inflammatory polarization of local im-
mune cells and the infiltration of additional immune cells in visceral 
obesity.

KLK7 inhibitors are being actively developed to address inflamma-
tory skin diseases, cancers, and other conditions where KLK7 dysregu-
lation drives pathology, with potential applications in respiratory 
diseases and wound healing due to its role in inflammation and tissue 
remodeling. Inhibitors, ranging from small molecules to antibodies, are 
currently in clinical trials, particularly for skin disorders, pancreatitis, 
and asthma. Intriguingly, the natural product tutuilamide A, a 3-amino- 
6-hydroxy-2-piperidone cyclodepsipeptide derived from marine cyano-
bacteria, has been shown to exhibit excellent selectivity towards human 
neutrophil elastase and KLK7, also discriminating KLK7 from other KLK 
homologs with excellent selectivity [79]. Given the beneficial effects of 
neutrophil elastase and KLK7 inhibition or knockout in diet-induced 
obese mice, compounds like this would be extremely interesting to 
study in the context of obesity. However, validating KLK7 as a phar-
maceutical target for the treatment of obesity-related metabolic disor-
ders in mouse models poses several challenges. Foremost, species 
differences in the specificity pocket of the protease active site (human: 
Ala190, mouse: Thr190) render most inhibitors inefficient when tar-
geting mouse KLK7 and would therefore require humanized KLK7 mouse 
models. Alternatively, inhibitors must be designed to overcome these 
species differences, and initial efforts have already been reported [80].

Human adipose tissue expression data further supports the link be-
tween KLK7 expression and inflammation, highlighting its potential as a 
therapeutic target in human obesity. Analyzing WAT KLK7 expression 
and serum KLK7 levels in two cohorts, we found that KLK7 expression is 
significantly higher in VIS AT relative to SC AT, independent of diabetes 
or obesity status. This expression difference is consistent with the 
visceral AT-specific effects we observed in KLK7MKO mice, but also 
reflects the visceral AT-specific presence of mesothelial cells, which in 
addition to VAT macrophages express high levels of KLK7 (Fig. 6a) [55]. 
KLK7 expression correlated with pro-inflammatory cytokines in AT and 
consistent with our in vivo findings, KLK7 expression in VIS was 
significantly associated with MCP1 and TNFA. In more comprehensive 
analyses (including gene expression of proteins measured by the OLINK 
inflammation panel), we found significant correlations between KLK7 
and a multitude of inflammatory mediators in both AT depots, the ma-
jority of which were differentially regulated in VIS and SC AT, and only 
8 with the same expression profile in both AT depots (Supplementary 
table 6). The most strongly associated genes in VIS AT were established 
mediators of obesity-related inflammation, such as CXCL6, CD40, IL-18, 
TRAIL, bNGF and others. The neutrophil-recruiting chemokine GCP-2/ 
CXCL6 [81] is a driver of early neutrophil infiltration into visceral AT 
in response to a HFD, initiating the pro-inflammatory cascade in obese 
AT [82]. IL18 expression is induced by proinflammatory cytokines such 
as TNFA in human adipocytes and is associated with inflammation and 
insulin resistance in human obesity [83,84]. Similarly, NGF is expressed 

and secreted by human white adipocytes, induced by TNFA, and asso-
ciated with inflammatory response in AT [85]. TNFSF14, the most 
strongly and uniformly associated gene (in AT and serum), is increased 
in obesity and T2D in humans [86,87], and promotes cytokine release 
from adipocytes and macrophages to drive AT inflammation and onset 
of hepatic insulin resistance [56,57]. Yet, despite the obvious relation-
ship between KLK7 expression and inflammation locally (in AT) and 
systemically (in the circulation), clinical data further indicated no clear 
correlations between KLK7 expression in VIS AT and obesity, BMI, or 
type 2 diabetes, suggesting its role in metabolic dysfunction may be 
context-dependent or nuanced. Our observations however may be 
biased by the composition of the LOBB cohort featuring predominantly 
individuals with high grade obesity and only a small number of in-
dividuals with normal or overweight. Furthermore, protease biology is 
inherently complex, as protein levels often not reflect activity due to 
expression as an inactive zymogen, activation by proteases or as part of 
protease cascades, spatial-temporal regulation, and compartmentaliza-
tion. Additionally, the expression of specific inhibitors (e.g., serpins like 
vaspin for KLK7) and limited substrate access create dynamic regulatory 
patterns that challenge straightforward correlation analysis. Yet, we 
found human PBMCs (cultured over 10 days and enriched in attached 
monocytes and macrophages) from patients with obesity released 
significantly higher levels of KLK7 compared to lean controls, high-
lighting the role of this protease in obesity and specifically in immune 
cells. Inhibition of KLK7 activity in pancreatic islets or from visceral AT- 
specific mesothelial cells may further enhance the benefits of KLK7- 
targeted treatment strategies for metabolic diseases.

An obvious limitation of our study is that no single or specific mo-
lecular interaction or pathway can be attributed to our findings, nor can 
it be inferred from the significant correlations of KLK7 with inflamma-
tory markers. Rather, the increasing number of recently identified 
interferon and cytokine substrates of KLK7 [64,88] further support that, 
in addition to its most prominent role in keratinocyte shedding in the 
skin, KLK7 appears to have a profound impact on complex inflammatory 
cytokine networks. Along these lines, already subtle changes in protease 
expression or activity may have non-linear effects due to cascade 
amplification or regulation of multiple downstream targets.

In conclusion, our work shows that obesity induces KLK7 expression 
in immune cells, which promotes an inflammatory macrophage profile 
as well as migration and infiltration of macrophages, particularly into 
the visceral AT in mice, and drives AT inflammation. Our work also 
establishes a strong link between KLK7 and inflammation in humans and 
suggests that proteolytic enzymes such as KLK7 are promising phar-
macological targets for the treatment of AT dysfunction in obesity.
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