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Abstract

Sepsis is a leading cause of death worldwide and recent studies have shown white adipose tissue
(WAT) to be an important regulator in septic conditions. In the present study, the role of the
inflammatory cytokine macrophage migration inhibitory factor (MIF) and its structural homolog
D-dopachrome tautomerase (D-DT/MIF-2) were investigated in WAT in a murine endotoxemia
model. Both MIF and MIF-2 levels were increased in the peritoneal fluid of LPS-challenged
wildtype mice, yet in visceral WAT, the proteins were differentially regulated, with elevated MIF
but down-regulated MIF-2 expression in adipocytes. Mifgene deletion polarized adipose tissue
macrophages (ATM) towards an anti-inflammatory phenotype while Mif-2 gene knockout drove
ATMs towards a pro-inflammatory phenotype and Mifdeficiency was found to increase fibroblast
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viability. Additionally, we observed the same differential regulation of these two MIF family
proteins in human adipose tissue in septic vshealthy patients. Taken together, these data suggest
an inverse relationship between adipocyte MIF and MIF-2 expression during systemic
inflammation, with the downregulation of MIF-2 in fat tissue potentially increasing pro-
inflammatory macrophage polarization to further drive adipose inflammation.
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Introduction

Sepsis is a fatal disease that, despite significant research attention, continues to affect
hospitalized patients irrespective of age, ethnicity, or medical pre-condition (1, 2). In 1992
the American College of Chest Physicians (ACCP) and the Society of Critical Care
Medicine (SCCM) released a consensus attempting to define and categorize sepsis, which
was revised in 2014/2015 and published as the Third International Consensus Definitions for
Sepsis and Septic Shock (3, 4). Despite the consensus and substantial improvements in
supportive care, sepsis remains a major challenge to modern surgical research and is a public
health concern; even those fortunate to survive, develop significant medical problems, as
well as social and financial burden on health care systems (5, 6). While the detrimental
effect of sepsis on organs such as heart, kidney, lungs, and their respective responses have
been investigated in detail over the years, attention has been more recently directed on the
role of white adipose tissue (WAT). An increasing body of literature underscores special
functions of adipose tissue in inflammation and sepsis. In septic patients, adipose tissue
alters cytokine expression to promote the inflammatory response and influences the
macrophage phenotype towards a pro-inflammatory polarization (7, 8). On the other hand,
recent meta-analyses by Pepper et al. and Wang et a/. indicate a potential protective role of
adipose tissue in critical illness, as overweight/obese patients show better outcome when
compared to lean patients under septic conditions (9, 10). However, the molecular reasons
for this “obesity paradox” remain unknown (11). On the cellular level, adipose tissue
macrophages (ATMs) may be an important immunological cell type in septic conditions as
they are the predominant leukocyte population in adipose tissue (12). ATMs are believed to
initiate and regulate inflammation in adipose tissue by secreting diverse soluble factors.

The macrophage migration inhibitory factor (MIF) protein superfamily consists of the
cytokine MIF (more recently also termed MIF-1) and its homolog D-dopachrome
tautomerase (D-DT, also called MIF-2). Both members are abundantly expressed in adipose
tissue (13, 14). MIF and MIF-2 are involved in the pathogenesis of sepsis as evidenced by
the fact that both proteins are highly expressed in systemic inflammation and by the
observation that anti-MIF or anti-MIF-2 protect mice from lethal endotoxemia (15-17).
However, there is evidence to suggest an inverse relationship in the expression and action of
MIF and MIF-2 in obesity and chronic adipose tissue inflammation (18). In contrast to MIF,
MIF-2 shows a negative correlation with obesity and may ameliorate insulin resistance (19).
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We have shown recently that MIF and MIF-2 are differentially expressed in subcutaneous
adipose tissue from patients with inflamed chronic wounds and exert inverse action in
wound repair /n vitro (20, 21). In LPS-injected adipose tissue, MIF induced macrophage
migration whereas MIF-2 had no such effect (20).

In the present study, we investigated the expression of MIF and MIF-2 in visceral WAT
(VWAT) during LPS-induced endotoxemia in lean mice and examined the impact of Mifand
Mif-2 gene knockout on adipose tissue macrophage (ATM) polarization. We further
performed assays on MIF/MIF-2-dependent fibroblast viability /n vitroto shed light on the
functional role of adipose MIF and MIF-2. Based on our prior studies with human adipose
tissue samples in the context of adipose tissue inflammation during wound healing, we
hypothesized that we would observe a similar inverse expression of MIF and MIF-2 in
adipose tissue during LPS-induced endotoxemia with differential action on macrophage
phenotypes.

Experimental animals

Eight to 12-week-old male C57BL/6 wildtype (WT), male Mif”~, and male Mif-27~ mice
were used in this study. WT mice were purchased from Charles River Laboratory
(Wilmington, United States). Mif”~ mice were maintained in the pure C57BL/6J
background as described previously (22). Constitutive Mif-2~~mice lacking the entire Mif-2
gene (promoter and 3 exons) were generated by Cre-mediated genomic deletion of a
previously described Mif-2-flox mouse (23). Briefly, genomic DNA containing Mif-2was
isolated from a C57BL/6J RPCIB-731 BAC library and a Mif-Ztargeting vector was
designed to replace the Mif-2exons 1 and 2 with flanking /oxP sequences for Cre
recombination. The final targeting vector was additionally flanked with 5" and 3" arms
containing genes for puromycin resistance and tyrosine kinase and transfected into the
C57BL/6N Tac embryonic stem cell line. A combined positive and negative selection
strategy (puromycin, ganciclovir) eliminated the untargeted and non-homologous
recombinant ES cells. Homologous recombinants were selected by Southern blot analysis
and the targeted ES clones verified by sequencing prior to microinjection into blastocysts.
Chimeric mice with germline transmission were identified and offspring bred to
homozygosity in the pure C57BL/6 mice in the Yale School of Medicine animal facility.
Animals were housed in plastic cages and access to food and water ad /ibitum. Yale
University’s Institutional Animal Care and Use Committee approved all animal experiments
(2015-10756/ 2017-10992).

Statistical significance

GraphPad Prism software (San Diego, CA) was used for statistical analysis. Unless indicated
otherwise, results are expressed as mean values + SEM. Normal distribution was tested by
the Kolmogorov-Smirnov test. For normally distributed data, statistical significance was
determined by unpaired two-tailed Student’s #test or by one-way ANOVA followed by
Bonferroni’s multiple comparison test. For datasets with no normal distribution, statistical
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significance was calculated by the Mann-Whitney test or Kruskal-Wallis test with Dunn’s
multiple comparison test. * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.

Induction of endotoxemia

10 mg/kg of LPS from Escherichia coli (E. coli O111:B4) (Sigma Aldrich, St. Louis, United
States) was injected into the peritoneum of WT, Mif”~, and Mif-27~mice. Control mice
were treated with the same volume of sterile phosphate buffered saline (1x PBS, Gibco,
Thermo Fisher Scientific). Mice were sacrificed after 6, 12, 18, 24, 48, and 72 hours, and
peritoneal lavage as well as adipose tissue were harvested for further analysis.

Isolation of peritoneal macrophages and peritoneal lavage

Peritoneal macrophages (PMs) and intraperitoneal fluid were collected from euthanized
mice by peritoneal lavage with 10 ml PBS and centrifuged at 300 g for 5 minutes. The
supernatants were collected for protein measurement and stored at —20 °C. The remaining
cell pellet containing the PMs was treated with ammonium-chloride-potassium (ACK) lysis
buffer (Lonza, NJ, USA) for erythrocyte lysis. The cells then were washed, centrifuged, and
counted in a Countess® Il Automated Cell Counter (Thermo Fisher Scientific, MA, USA)
with dead cells excluded by trypan blue, and then used for further experiments. PMs were
characterized in two separate subsets by flow cytometric analysis. Briefly, cells were labeled
at 4 °C for 30 min in FACS Buffer with the following fluorophore-conjugated antibodies:
CD11b-AlexaFluor700 (eBioscience, CA, United States), F4/80-eFluor450 (eBioscience,
CA, United States), CD45-APC-Cy7 (BD Pharmingen, CA, United States). Flow cytometry
was performed on a LSR Il cytometer (Becton Dickinson, Franklin, NJ) and analyzed with
Flow Jo software (Tree Star, Ashland, OR). We characterized the different PM subsets as
F4/80Mgh, CD11b* or F4/80'W, CD11b*.

Isolation of adipose tissue, stromal vascular fraction, and adipocytes

Depending on the experiment, either whole VWAT (before enzymatic digestion) or stromal
vascular fraction (SVF) and adipocytes (after enzymatic digestion) were isolated as
described previously (24). Briefly, after cardiac perfusion with 10 ml PBS, vVWAT was
excised with meticulous removal of lymph nodes and other non-adipose tissue. Explants
were washed with PBS twice, minced with scissors, and digested with collagenase
(Collagenase type 11, Sigma-Aldrich, MO, USA) to separate adipocytes from SVF cells.
Digested tissue was incubated with 2 mM ethylenediaminetetraacetic acid (EDTA,
AmericanBio, Inc., MA, USA), filtered through a 100 um mesh, and centrifuged at 500 g for
10 minutes. Floating adipocytes were transferred into separate tubes and either cultivated or
immediately assayed. The SVF-containing cell pellet underwent erythrocyte lysis in ACK
lysis buffer, was washed and pelleted by centrifugation, and finally either put into culture or
used for further downstream application.

LPS stimulation of cultured adipocytes and SVF cells in vitro

Isolated adipocytes and SVF cells were cultured in Dubeccos’s modified Eagle’s medium
(DMEM, supplemented with 10% FCS, 25 mmol/l HEPES, 10 000 U penicillin/ml, 10
mg/ml streptomycin) in a humidified 37 °C, 5% CO, incubator. After one day of culture,
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adipocytes were removed from the culture flask to separate adipocytes from adherent
fibroblasts (25). Two days after adipocyte and SVF cell isolation, cells were stimulated with
0.01 - 100 pg/ml LPS for 48 hours. After stimulation, cells were lysed, and lysates were
used for MIF and MIF-2 ELISA. Supernatants were collected after PBS and LPS stimulation
to use for in vitro polarization of isolated murine WT and Mif-27~bone marrow-derived
macrophages (BMDM). To minimize adipocyte contamination in the supernatants,
adipocytes were stimulated in cell inserts with a pore-size of 0.4 pm (Merck Millipore, MA,
USA).

Harvest and in vitro polarization of bone marrow-derived macrophages

BMDM s from sacrificed WT and Mi£-2-~mice were harvested from femoral and tibial bone
marrow by cutting the proximal and distal end of each bone and flushing with sterile PBS.
Collected cells were centrifuged at 300 g for 5 minutes and cultured in growth medium
(RPMI-1640, 15% L929-conditioned medium (CM), 10% FCS, 10,000 U penicillin/ml, 10
mg/ml streptomycin) for seven days. L929-CM was generated following a standardized
protocol (26). After seven days, BMDMs were treated with supernatants from PBS and LPS-
stimulated WT and Mif-27~ adipocytes and SVF cells mixed with starvation medium (90%
RPMI, 5% FBS, 5% L929-CM, 10 000 U penicillin/ml, 10 mg/ml streptomycin). After 48
hours, macrophage phenotype was assessed by flow cytometry.

Macrophage phenotype analysis by flow cytometry

Adipose tissue macrophages (ATM) and their respective pro- or anti-inflammatory
phenotype markers were characterized by flow cytometry as described earlier (24). SVF
cells were stained with the following antibodies: CD11b-AlexaFluor700 (eBioscience, CA,
United States), F4/80-eFluor450 (eBioscience, CA, United States), CD45-APC (Biolegend,
CA, United States), CD11c-PE, CD301-AlexaFluor647 (AbD Serotec, NC, USA). All
samples were measured on a LSR 11 cytometer (BD Bioscience, CA, USA) and the data was
analyzed by FlowJo (OR, United States). After exclusion of singlets by forward and
sideward scatter, macrophages were defined as CD45*, CD11b™*, F4/80* cells. CD11c was
used as a pro-inflammatory macrophage marker, while CD301 served as an anti-
inflammatory marker. To characterize intracellular protein levels of pro-and anti-
inflammatory markers, SVF fraction cells were surface-stained with CD11b-AlexaFluor700
(eBioscience, CA, United States), F4/80-eFluor450 (eBioscience, CA, United States),
CDA45-APC-Cy7 (BD Pharmingen, CA, United States) and then fixed and permeabilized
with Fix/Perm Buffer (eBioscience FoxP3/Transcription Factor Buffer Set, Invitrogen/
Thermo Fisher Scientific, CA, United States) according to manufacturer’s instructions. After
fixation and permeabilization, the cells were stained intracellularly for MCP1-APC (R&D
Systems, MN, United States), TNFa.-PE (eBioscience, CA, United States), Arginasel-FITC
(R&D Systems, MN, United States) and TGFp-PerCP-Cy5.5 (Biolegend, CA, United
States). All samples were measured on an LSR Il cytometer (BD Bioscience, CA, USA) and
the data was analyzed by FlowJo (OR, United States). Adipose tissue macrophages were
defined as CD45*, CD11b*, F4/80* cells and then further analyzed for intracellular
expression of the pro-inflammatory markers MCP1 and TNFa as well as the anti-
inflammatory markers TGFp and Arginasel.

FASEB J. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al. Page 6

Protein measurement and MIF/ MIF-2 ELISA

Total protein content was measured by the Pierce™ BCA Protein Assay Kit (ThermoFisher,
MA, USA) following to the manufacturer’s instructions. Absorbance was detected at 560 nm
using an iMark Microplate Absorbance Reader (Bio-Rad Laboratories, Inc., CA, USA). MIF
and MIF-2 levels of whole adipose tissue samples were measured by ELISA and normalized
to the total protein contents. Briefly, to analyze mouse MIF levels, plates were coated with a
monoclonal anti-mouse capture antibody X1V.14.3 (purified anti-mouse MIF mono IgG1, 15
ug/mL) diluted in 1 x PBS and incubated overnight at 4°C and the following day after
washing the plate, the plates were blocked using 1x ELISA diluent (eBioscience, CA, United
States) overnight at 4 °C. On the following day, the excess blocking buffer was removed.
The coated wells were loaded with samples and recombinant mouse MIF as standard
(prepared in ELISA Diluent, range 0-100 ng/mL) and incubated overnight at 4 °C. Next day,
wells were washed and treated with a polyclonal goat secondary antibody diluted in ELISA
diluent (sc-16965, Santa Cruz, CA, USA) and incubated for 2 hours at room temperature.
Afterwards the wells were washed and incubated with a polyclonal bovine anti-goat 1gG-
horse radish peroxidase (HRP) detection antibody (sc-2350, Santa Cruz, CA, USA) diluted
in ELISA diluent for 1 hour at room temperature. After washing, the plates were developed
with TMB Substrate Solution (Dako, CA, USA) in the dark and the reaction stopped by stop
solution (0.5 M H,SQOy4 - 0.5 M HCI). Plates were read at 450/590 nm with an iMark
Microplate Absorbance Reader. MIF-2 levels were measured by ELISA as reported
previously (16). All ELISA measurements were run in duplicates.

Quantitative real time-polymerase chain reaction (RT-PCR)

The mRNA for RT-PCR was prepared by the RNeasy Mini Kit (Qiagen, CA, USA) and
cDNA synthesized with the Quantitect® Reverse Transcription Kit (Qiagen, CA, USA)
following the manufacturer’s instructions. Quantitative RT-PCR was performed with the
iTag™ Universal SYBR Green Supermix (Bio-Rad Laboratories, Inc., CA, USA) on a
C1000™ Thermal Cycler (Bio-Rad Laboratories, Inc., CA, USA). Primers used are listed in
Table 1. The housekeeping gene B-actin served as an internal control for normalizing murine
gene expression. Data were analyzed with the comparative cycle time (CT) method by
calculating the ACT as the difference in cycle times between the tested gene and
housekeeping gene. Next, the AACT was obtained by determination of the difference
between the control and experimental conditions. All RT-PCR measurements were done in
triplicates.

Co-culture with 3T3 fibroblasts and proliferation assay

First, 50,000 3T3 fibroblasts were seeded in 24 well plates overnight. The following day,
fibroblasts were co-cultured with 0.3 g VWAT isolated from Mif7~, Mif-27~ and WT mice
after LPS injection. Adipose tissue and fibroblasts were separated by cell inserts with a pore-
size of 0.4 um (Merck Millipore, MA, USA). One ml growth medium containing 0.5% FCS
was added. Medium with 0.5% FCS and 10% FCS and no additional adipose tissue served
as negative and positive control. To assess fibroblast proliferation alamarBlue® assay
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) was performed before addition of
VWAT as well as one day after addition of VWAT samples.

FASEB J. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 7

MIF and MIF-2 ELISA from subcutaneous WAT samples of septic patients

Results

Subcutaneous WAT (sWAT) was collected from ten patients with Gram-negative bacterial
sepsis. The ethics committee of the RWTH Aachen University approved the study with
human samples (EK 163/07), written consent was provided by each patient. Sepsis was
defined according to the ACCP/SCCM consensus conference criteria (27). Ten matched
healthy patients served as controls. Adipose tissue was homogenized, and human MIF-2
ELISA and human MIF ELISA were performed as described previously (16, 21).

Peritoneal MIF and MIF-2 levels increase under endotoxemia

We used an established LPS shock model to induce endotoxemia for investigating the role of
MIF and MIF-2 in septic conditions. After /.p. injection of 10 mg/kg LPS into WT mice,
intraperitoneal fluid was collected after 6, 12, 18, 24, 48, and 72 hours (n=8 per time point).
PBS injected WT mice served as controls (n=8). MIF levels were elevated after 6 hours and
levels peaked additionally again after 24 (significant) and 48 hours when compared to the
control group (Fig. 1A). MIF-2 levels also were significantly elevated after 24 hours (Fig.
1B). Notably, MIF-2 levels were significantly lower in both the control as well as the LPS-
challenged group, when compared to the respective MIF levels (Fig. 1A, B). Additionally,
we measured Mifand Mif-2 mRNA expression levels in peritoneal macrophages (PMs).
After /ip. injection of 10 mg/kg LPS into WT mice, PMs were collected after 6, 12, 24 and
48 hours (n=9 per time point) and PBS-injected WT mice served as controls (n=9). We
observed MifmRNA expression to be significantly elevated after 6 hours of 7p. LPS-
treatment and then to decline after 12 hours of treatment, while Mif-2 expression remained
at similar levels to the PBS-treated control group at 6 hours of treatment but decreased after
12 hours post-LPS-injection (Supplementary Fig. S1). This data suggest that PMs may be a
crucial source for peritoneal MIF especially at the early onset of the inflammation, while
peritoneal MIF-2 may be secreted by a different cellular source.

MIF and MIF-2 expressions are conversely regulated in VWAT

We measured MIF and MIF-2 protein levels and mRNA expression from homogenized
VWAT following LPS injection after 6, 12, 18, 24, 48, and 72 hours (n=8) with PBS injected
WT mice serving as controls. While MIF protein as well as mRNA levels increased after
LPS challenge in VWAT (Fig. 1C, E), MIF-2 protein and mRNA expression were
significantly reduced in VWAT after LPS challenge when compared to the control group
(Fig. 1D, F).

MIF-2 expression in adipocytes but not the stromal vascular fraction is decreased upon
LPS challenge

Adipose tissue consists of various cell types including mature adipocytes and SVF cells
which include adipogenic progenitor cells, ATMs, fibroblasts, pericytes, and many more. To
identify the cellular source responsible for the differential MIF and MIF-2 expression in
VWAT during endotoxemia, we isolated adipocytes as well as SVF from vVWAT of LPS-
challenged mice (n=8) and analyzed the MIF and MIF-2 levels. After LPS injection,
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adipocytes showed no differential MIF levels in endotoxemia compared to the control group
(Fig. 2A), the SVF cells exhibited increased MIF levels compared to PBS control group
(Fig. 2B). However, during endotoxemia MIF-2 levels were significantly lower in adipocytes
(Fig. 2C), but no changes in MIF-2 levels were observed in SVF cells compared to the
control group (Fig. 2D).

We confirmed these findings by /n vitro LPS-stimulation of vVWAT-isolated adipocytes (n=6)
and SVF cells (n=6) from untreated WT mice. In SVF cells, we observed MIF levels to rise
with increasing LPS concentration (Fig. 3A), while cultured adipocytes stimulated with LPS
did not show any altered MIF protein expression when compared to PBS-stimulated controls
(Fig. 3B). Similar as the MIF expression, SVF cells showed a significant increase of MIF-2
levels at LPS concentrations of 10 pg/ml and 100 pg/ml (Fig. 3C). MIF-2 levels in
adipocytes by contrast, diminished when cultured with 10 pg/ml and 100 pg/ml of LPS
compared to PBS control (Fig. 3D).

MIF induces a pro-inflammatory phenotype in ATMs while MIF-2 promotes an anti-
inflammatory phenotype

We next sought to elucidate the role of adipose MIF and MIF-2 expression on the ATM
phenotypes during endotoxemia. WT, Mif'~ and Mif-27~ mice (n=10 each group) were
challenged with LPS, vVWAT harvested and ATM phenotype was characterized by flow
cytometric analysis of the surface markers CD11c (pro-inflammatory) and CD301 (anti-
inflammatory) as reported earlier (24). In the control group, mice were injected with PBS.
The distribution of pro- and anti-inflammatory phenotypes in ATMs was expressed by an
CD11c¢/CD301-ratio and we observed the CD11c/CD301-ratio of ATMs in LPS-treated Mif
I~ mice to be significantly reduced when compared to WT mice (Fig. 4A, B) indicating a
shift into a larger population of anti-inflammatory ATMs, while ATMs of LPS-treated
Mif-27~ mice exhibited elevated levels of a pro-inflammatory phenotype demonstrated by a
significant increase of the CD11c/CD301-ratio compared to WT mice (Fig. 4C, D).
Additionally, we analyzed the mRNA expression of both pro-and anti-inflammatory
cytokines in VWAT after LPS injection in WT, Mif'/~ and Mif-27~ mice (n=8 each group).
The expression levels of the pro-inflammatory cytokines 7nfa and Mcp1 were decreased in
Mif'= mice (Fig. 4E, F), whereas the anti-inflammatory cytokine 798 mRNA levels were
upregulated in VWAT from Mif’~ mice when compared to WT mice (Fig. 4G, H). The
expression of 7nfa and Mcpl in VWAT from LPS-injected Mif-27~ mice on the other hand
was up-regulated (Fig. 41, J), whereas the mRNA expression of ArgZ, a binuclear manganese
metalloenzyme and marker for tissue-resident macrophages involved in tissue repair and
regeneration, was down-regulated in Mif-2~ mice compared to WT (Fig. 4K, L). To
confirm our mRNA expression data, we analyzed the intracellular protein levels of TNFa.,
MCP1, Arginasel and TGFB in ATMs isolated from VWAT by flow cytometry. While we
observed Mif”~ mice to exhibit a lower presence of TNFa.-positive and MCP1-positive
ATMs confirming the mRNA expression data, TNFa-positive and MCP1-positive ATMs
were neither increased nor decreased in Mif-27~ mice when compared to WT mice.
However, Mif-27~ ATMs express elevated levels cytokines TNFa and MCP1 when
compared to Mif-17~ ATMs, confirming an important role for MIF in driving a pro-
inflammatory phenotype in ATMs (Supplemental Fig. S2A, B). While the FACS data didn’t

FASEB J. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 9

not show elevated protein levels of anti-inflammatory markers in Mif”~ ATMs, we observed
a significant decrease of intracellular Arginasel levels in Mif-27~ ATMs compared to WT
ATMs (Supplemental Fig. S2C, D).

Our results indicate that in VWAT MIF and MIF-2 may exert inverse effects on ATM
polarization with MIF contributing to an inflammatory phenotype, as characterized by
elevated TNFa and MCP1 expression, while MIF-2 may promote a tissue-resident
macrophage and anti-inflammatory phenotype involved in tissue regeneration, as
characterized by the expression of the signature marker Arginase 1.

LPS-treated adipocytes of Mif-2/~ mice promote BMDM polarization towards an
inflammatory phenotype in vitro

We hypothesized that the downregulation of MIF-2 in adipocytes during endotoxemia may
contribute to the phenotypic switch of adipose macrophages. We therefore collected
supernatants from PBS and LPS-stimulated Mif-27~ (n=12) or WT (n=12) adipocytes,
incubated them with BMDMSs from WT and Mif-27" mice, and examined macrophage
polarization by flow cytometry. We observed that Mif-27~ BMDM treated with the
adipocyte-derived supernatants from Mif-27~ adipocytes showed an increased CD11c/
CD301-ratio when compared to Mif-27~ BMDM treated by WT adipocytes (Fig. 5A). A
similar result was observed when treating WT BMDM with supernatants from LPS-treated
Mif-27 adipocytes (Supplemental Fig. S3B), while PBS-treated Mif-2~ or WT adipocytes
did not affect the macrophage phenotype polarization of Mif-27~or WT BMDM
(Supplemental Fig. S3A, C).

Down-regulation of adipocyte-derived MIF-2 enhances pro-inflammatory macrophage

phenotype

LPS administration 7p. results in a down-regulation of MIF-2 in adipocytes (Fig. 2C), and
genetic deletion of MIF-2 resulted in an increase of pro-inflammatory phenotype
polarization of ATMs when treated with LPS (Fig. 4C, D). In the peritoneum, by contrast,
MIF-2 levels are elevated after 7p. LPS injection. Given that macrophages are a critical cell
population with profound effects on the outcome of sepsis, we examined the effect of MIF-2
on the polarization of PMs by flow cytometry. We treated WT, Mif”~, and Mif-27~ mice
intraperitoneally with 10 mg/kg LPS or PBS as sham control conditions and analyzed the
macrophage phenotype polarization after 24h in PMs as well as ATMs. Under sham
conditions, the macrophage phenotype does not differ between WT, Mif”~, and Mif-27/~
mice when examining PMs or ATMs under sham conditions (Supplemental Fig. S4A), but
we observed an increase in pro-inflammatory macrophage phenotypes and increase in
CD11c¢/CD301-ratios under endotoxic conditions for both ATMs and PMs in all genotypes
(Supplemental Fig. S4B, C) compared to PBS control conditions. The CD11¢/CD301-ratio
for PMs and ATMs was significantly reduced in Mif”~ mice (n=10) and increased in
Mif-27~ mice (n=10) when compared to WT (n=10) mice (Fig. 5B). Moreover, CD11c/
CD301-ratios of ATMs were significantly higher when compared to PMs in WT and Mif”~
mice. In Mif-27~ mice by contrast, no statistical difference between ATMs and PMs upon
LPS administration was observed (Fig. 5B). Together, these results indicate that down-
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regulation of MIF-2 in adipocytes upon LPS stimulation may contribute to a promotion of
pro-inflammatory macrophage phenotype in ATMs.

To gain further insight into the effects on PMs during endotoxemia, we analyzed the
presence of two distinct macrophage subsets within the peritoneal cavity. Macrophages were
characterized according to their F4/80 expression, with F4/80M9" and F4/80!°W subsets
according to the published work by Ghosn et al (28). Previous literature has characterized
these two co-existing macrophage subsets according to their functions and origin, with
F4/80Mi9h CD11b* macrophage subset to be of embryonic precursor origin and to exert
tissue-resident macrophage functions, while the F4/80°%, CD11b* macrophage subset
seems to be myeloid-cells derived and to be the major source of pro-inflammatory mediators
during inflammation (29). The prevalence of the tissue-resident F4/80h, CD11b*
macrophage subset decreases in response to inflammation, while the levels of the pro-
inflammatory F4/80'°% macrophage subset increases (28). A gating strategy is shown in
(Supplemental Fig. S5A-C). After LPS treatment, Mif”~ mice exhibit a significantly lower
number of F4/80'°" macrophage subsets compared to WT and Mif-27~ mice, while the
levels of F4/80M9" macrophage population are higher in Mif”~ mice compared to WT and
Mif-27~ (Supplemental Fig. S5D). Our results suggest that the high levels of pro-
inflammatory F4/801°% PMs within the peritoneal cavity in WT and Mif-27~ mice after
LPS-treatment may explain the increase of a pro-inflammatory macrophage phenotype in
PMs, while the higher levels of F4/80M9" macrophages in Mif”~ mice may support an anti-
inflammatory phenotype and lower CD11¢/CD301 ratio in Mif”~ PMs.

Supernatants of Mif /= vVWAT increase 3T3 viability

Adipose tissue inflammation has been shown to impair wound healing and fibroblasts
represent a crucial cell type mediating wound repair (30, 31). Hence, we also examined the
impact of adipose tissue-derived MIF and MIF-2 in endotoxemia on fibroblast viability in a
co-culture assay. Visceral WAT samples after LPS treatment from WT, Mif”~, and Mif-27~
mice (in 0.5% FCS medium) were co-cultured with 3T3 fibroblasts, and fibroblast viability
was measured by the alamarBlue® assay (n=8). 0.5% FCS medium served as negative
control, 10% FCS medium as positive control. Fibroblasts incubated with VWAT of Mif”~
mice showed a significantly higher viability when compared to vVWAT of WT mice. There
was no difference seen between fibroblasts co-cultured with VWAT from Mif-27~ or WT
mice (Fig. 5C).

MIF and MIF-2 are reciprocally regulated in adipose tissue of septic patients

To investigate the potential translation of our mouse model findings to human sepsis, we
measured the MIF and MIF-2 protein content of SWAT samples from ten patients suffering
from Gram-negative sepsis (6 female, 4 male; mean age: 57.3 + 4.02 years; mean BMI:
29.96 + 1.91) and non-septic patients (3 female, 7 male; mean age: 42.5 + 5.44; mean BMI:
28.56 + 1.79). Importantly, like the observation in the murine endotoxemia model, MIF was
significantly up-regulated in adipose tissue from septic patients (Fig. 6A) whereas MIF-2
was significantly down-regulated (Fig. 6B).
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Discussion

LPS is the main inflammatory component of the external membrane of Gram-negative
bacteria, and is responsible for many of the toxic features of the host response to bacteria
(32). LPS-induced endotoxemia is commonly used to mimic sepsis as it leads to fulminant
systemic inflammation in mice with activation of the innate immune response (33). The role
of MIF in LPS induced endotoxemia has been well studied early on and contributes to
disease severity (17, 34). Expressed by both pituitary gland cells as well as immune cells
throughout the progression of endotoxemia, MIF is vital for the development of an ensuing
inflammatory immune response (17, 35). It’s contribution to disease severity involves
overriding the anti-inflammatory and protective effects of glucocorticoids, recruitment of
leukocytes to the site of infection through its chemokine-like functions, and activation of
immune cells to produce large amounts of inflammatory cytokines driving inflammation (36,
37). Genetic deletion as well as immunoneutralization through antibodies or small molecule
inhibitors against MIF have been shown to protect mice from lethal consequences of sepsis,
even when treated several hours after microbial invasion (15). In contrast to MIF, knowledge
about the function of MIF-2 in sepsis and endotoxemia is sparse. The action of MIF-2 in
LPS shock was investigated by Merk et al. earlier who showed that 7p. injection of LPS led
to elevation of both plasma MIF and MIF-2 levels in mice. MIF-2 secretion also was up-
regulated in cultured macrophages with similar kinetics as MIF upon LPS stimulation (16).
MIF-2 serum levels also have been reported to be increased in burn patients with sepsis (38).

Obesity is accompanied by a low-grade chronic inflammatory state of adipose tissue, and
with an increased content of activated macrophages (39). In contrast to the up-regulation of
MIF-2 during sepsis and burn injury (40), MIF-2 was shown to be down-regulated in
adipose tissue during obesity and appears to exert an inverse role to MIF with respect to
insulin resistance and glucose metabolism. Iwata et a/. found that contrary to MIF (41),
Mif-2 expression in adipocytes negatively correlates with the patients’ BMI and improves
obesity induced glucose intolerance. The same group further showed an inhibitory effect of
MIF-2 on adipogenesis by interleukin 6 (IL6) (42). We recently reported an inverse
regulation of MIF and MIF-2 in human adipose tissue collected from non-healing
inflammatory wounds (21, 43), although a limitation of this prior study was that protein and
mMRNA levels of whole adipose tissue were measured.

In the present work, we digested adipose tissue and identified adipocytes as the main cell
type that is responsible for the observed MIF-2 down-regulation upon LPS-induced
endotoxemia. This observation is supported by Iwata et a/. who noted MIF-2 expression only
in mature adipocytes but not in adipogenic precursor cells and saw a negative association
between adipocytes and the donor’s BMI (19). While no increase of MIF-2 in the stromal
vascular fraction of WT mice after /n vivo LPS injection was seen, a significant increase of
MIF-2 was observed in SVF cells when treated with LPS /n vitro. A reason for the increase,
which was not observed in SVF cells in vivo, could be the differing concentration of LPS
used during /n vitro culture or unknown systemic counter-regulatory mechanisms. We
observed that the downregulation of MIF-2 in adipose tissue is linked to adipocytes, while
MIF-2 as well as MIF are both up-regulated in the intraperitoneal fluid after LPS injection.
While the up-regulation of peritoneal MIF may be linked to elevated infiltration of pro-
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inflammatory PMs to the site of inflammation, Mif-2 expression was not upregulated in
PMs, suggesting other cellular sources for peritoneal MIF-2.

Adipose tissue macrophages may contribute to systemic inflammation (44). Macrophages
are a dynamic cell type that are often exposed to a large variety of microenvironmental
signals such as cytokines, which influence macrophage polarization and activation (45, 46).
Some macrophages exhibit a pro-inflammatory phenotype, which are crucial in host-defense
against pathogens and promote inflammation by secretion of pro-inflammatory cytokines
(47). Other subtypes can be classified as tissue-resident macrophages, which have been
described to have immunosuppressive and reparative functions (47). Many studies have also
shown that upon changes in the environmental conditions, macrophages can switch from one
phenotype to the other (47, 48). The classically defined M1 and M2 macrophage subtypes
are now rather considered to represent the extreme phenotypic ends of a continuous and
reversible spectrum of macrophage phenotypic identities that are governed by numerous
microenvironmental determinants (47). It has been shown that Gram-negative and positive
bacteria provoke a pro-inflammatory activation shift of macrophages and thereby aggravate
inflammatory processes (49). Studies by Lumeng and colleagues showed an obesity-related
shift towards the pro-inflammatory phenotype in WAT (50). Other studies demonstrated the
dominance of inflammatory peritoneal macrophages upon /p. LPS administration (51).
Throughout this study, we have categorized our macrophages either as pro-inflammatory
phenotype with high CD11c expression or as anti-inflammatory phenotype with high CD301
expression. In our study, LPS endotoxemia resulted in a significant increase in pro-
inflammatory macrophages in VWAT and in the peritoneum when compared to the respective
PBS-treated control groups in WT, Mif”~and Mif-27~ mice. The predominance of pro-
inflammatory activated ATMs may fuel systemic inflammation by promoting the release of
soluble factors such as TNFa. or MCP1 and contribute to a disrupted glucose metabolism,
which occurs commonly during septic illness (52). As an up-stream regulator of pro-
inflammatory cascades, MIF has been shown in prior studies to promote an inflammatory-
polarizing effect on macrophages. During obesity and chronic adipose tissue inflammation,
MIF was also reported to polarize ATMs towards a pro-inflammatory phenotype (53-55).
These preceding publications are in line with our findings that reveal a shift of ATMs and
PMs towards an anti-inflammatory phenotype in Mif-deficient mice.

Strikingly, we observed an opposite action of MIF-2, as ATMs and PMs of Mif-27~ mice
showed increased CD11c/CD301-ratios when compared to WT mice. Interestingly, the PMs
of Mif”~and WT mice showed a consistently lower CD11c/CD301-ratio when compared to
ATMs. This difference in the polarization of ATMs and PMs, however, was not seen in
Mif-27~ mice which may indicate that the downregulation of MIF-2 specifically in
adipocytes contributes to the pro-inflammatory phenotype polarization of ATMs. A more
detailed analysis into the PM subset showed lower levels of the myeloid-derived, pro-
inflammatory macrophage subset F4/80'°%, CD11b* in the peritoneal cavity of Mif”~ mice
after LPS-treatment, but an increase in the tissue-resident macrophage subset F4/80Mgh,
CD11b* compared to WT and Mif-27~ mice. These different macrophage subset
distributions may contribute to the anti-inflammatory phenotype and lower CD11¢/CD301
ratio we observe in Mif”~PMes.
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In line with prior reports, we observed MIF to elevate the mRNA expression as well as the
protein levels of TNFa and MCP1 in ATMs (53-55), while we observed MIF-2 to regulate
the MRNA expression and intracellular protein levels of Arginase 1. This enzyme has been
described as an anti-inflammatory signature marker for macrophages with an involvement in
tissue repair and regeneration (56), which may suggest a tissue-protective role for MIF-2,

Wound infections contribute to sepsis, and sepsis itself may impair wound repair (57). The
surgeon faces the dilemma of surgically treating septic foci and thereby causing another
defect that requires treatment and potentially aggravates the critical status of the patient.
Based on studies with severely septic patients, Koskela et a/. concluded that sepsis delays
epidermal restoration (58) and other studies have reported a detrimental effect of systemic
inflammation on wound healing (57, 59). In line with our previous study, where we
demonstrated an enhancement of fibroblast proliferation in an /n vitro scratch assay by use
of MIF neutralizing antibodies (21), our viability assay results indicate a harmful effect of
MIF on fibroblast viability. The viability of cultured 3T3-L1 fibroblasts was significantly
increased when co-cultured with VWAT of LPS-injected Mif”~ mice. MIF-2, on the other
hand, appeared to have negligible effect on fibroblast viability.

There are some limitations to our mouse and /in vitro studies. We only discerned between
adipocytes and SVF cells. The SVF, however, is a heterogeneous mix of cells so that a more
precise characterization of cell types may reveal a more complex regulation of MIF and
MIF-2. Furthermore, the /in vitrowound healing experiments should be supported by
additional /n vivo investigations in the future. While we selected S-actin as a housekeeping
gene for our gene expression experiments due to its stable expression profile, other reference
genes would be suitable as well. We also used BMDM s instead of ATMs for the /n vitro
polarization experiments as the isolation and cultivation of BMDMs was easier and more
consistent when compared to ATMs.

Finally, the analysis of WAT samples from patients suffering from Gram-negative sepsis
suggests that the results of these murine studies are applicable to human physiology. The
results also confirmed that not only local adipose tissue inflammation (21, 43) but also
systemic inflammatory conditions lead to a reciprocal regulation of MIF and MIF-2 in
humans.

Our primary goal of the present study was to understand MIF and MIF-2 function in sepsis
in lean mice. In the next step, their respective roles in sepsis under obese conditions will be
investigated.

Conclusion

MIF and MIF-2 are differentially regulated in VWAT during LPS endotoxemia and Gram-
negative sepsis. Simultaneously elevated levels of MIF as well as a decreased production of
MIF-2 lead to an increased polarization of ATMs towards a pro-inflammatory phenotype in
adipose tissue. Increased numbers of pro-inflammatory macrophages in the adipose tissue
may further drive the septic-dysregulated immune response by excessive inflammatory
cytokine production.
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Figure 1: Peritoneal and adipose MIF and MIF-2 levels in endotoxemia.
WT mice were injected with 10 mg/kg LPS intraperitoneally. Intraperitoneal fluid or vVWAT

were harvested 6, 12, 18, 24, 48, and 72 hours (n=8 per group) after LPS injection. MIF or
MIF-2 levels were determined by quantitative RT-PCR or ELISA. PBS injected mice served
as controls. (A) Intraperitoneal MIF protein levels (B) Intraperitoneal MIF-2 protein levels
(C) MIF protein levels in VWAT (D) MIF-2 protein levels in VWAT (E) MifmRNA
expression in VWAT (F) Mif-2mRNA expression in VWAT. Statistically significant
differences are indicated by asterisks (* p< 0.05; ** p< 0.01; *** p< 0.001); in Figure 1E:
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not bold/not italicized: p < 0.05; bold/not italicized: p < 0.01. p: PBS, 6: 6h, 12: 12h, 18:
18h, 72: 72h.
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Figure 2: MIF and MIF-2 protein levels in native adipocytes and SVF cells.
Visceral WAT was digested by collagenase to separate adipocytes from the SVF (n=8). In

(A) and (B), MIF protein was measured in adipocytes and SVF cells from WT mice 24h
after 7p. injection of 10 mg/kg LPS. In (C) and (D) MIF-2 protein was measured in
adipocytes and SVF cells isolated from WT mice 24h after /p. injection of 10 mg/kg LPS.
Statistically significant differences are indicated by asterisks (* p < 0.05).
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Figure 3: MIF and MIF-2 protein levels in cultured adipocytes and SVF cells.
Adipocytes and SVF were isolated from vVWAT from WT mice (n=6) and stimulated /n vitro

with different concentrations of LPS. In (A) and (B) MIF protein levels were measured in
the cell supernatant from SVF and adipocytes by ELISA. In (C) and (D) MIF-2 protein
levels were measured in the cell supernatant from SVF and adipocytes by ELISA.
Statistically significant differences are indicated by asterisks (* p< 0.05; ** p< 0.01).
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Figure 4: ATM polarization in Mif ™/~ and Mif-2~/~ mice in endotoxemia.
Mif=, Mif-2~ and WT mice were injected with 10 mg/kg LPS intraperitoneally and

VWAT was harvested after 24h. Visceral WAT was digested by collagenase and the SVF
underwent flow cytometry analysis. Pro-inflammatory ATMs were defined as CD45",
CD11b™*, F4/80*, CD11c* cells and anti-inflammatory ATMs were defined as CD45",
CD11%, F4/80%, CD301* cells. The relative CD11c/CD301-ratio was measured by flow
cytometry. (A,B) Ratios were compared between Mif”~and WT mice (n=10 each group)
with representative flow plots shown in (B), and (C,D) between WT and Mif-27~ mice
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(n=10 each group) with representative flow plots shown in (D). (E-H) mRNA expression
(n=8 each group) of pro-inflammatory macrophage phenotype typical genes of (E) 7nfa, (F)
Mcpl, and anti-inflammatory macrophage phenotype related genes (G) ArgZand (H) 7g/8
isolated from VWAT were measured by quantitative RT-PCR and compared between Mif”~
and WT mice. (I-L) mRNA expression of pro-inflammatory macrophage phenotype typical
genes of (1) 7nfa, (J) Mcpl, and anti-inflammatory macrophage phenotype related genes
(K) ArgZand (L) 7gfBisolated from VWAT were measured by quantitative RT-PCR and
compared between Mif-27~ and WT mice. Statistically significant differences are indicated
by asterisks (* p< 0.05, *** p<0.001).
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Figure 5: The effect of adipocyte-derived MIF-2 on macrophage phenotype polarization and the
effect of Mif and Mif-2 knockout on fibroblast viability.

(A) Mif-27~ BMDM were treated with supernatants of LPS-stimulated adipocytes of
Mif-27~ (n=12) and WT (n=12) mice and Mif-27- BMDM polarization was assessed by
flow cytometry and expressed by the CD11c/CD301-ratio. (B) WT, Mif”~, and Mif-27
mice (n=10 each group) were injected intraperitoneally with 10 mg/kg, PMs were isolated

by peritoneal lavage and ATMs were collected by collagenase digestion from isolated VIWWAT.

The relative CD11c/CD301-ratio of PMs and ATMs were compared by flow cytometry. Pro-
inflammatory macrophages were defined as CD45*, CD11b*, F4/80*, CD11c* cells, while
an anti-inflammatory macrophage phenotype was defined as CD45", CD11b*, F4/80*,
CD301* cells. (C) Visceral WAT after /,p. injection of 10 mg/kg LPS into WT, Mif”~, and
Mif-2" mice were explanted after 24h (n=8), co-cultured with 3T3 fibroblasts and
fibroblast viability was measured by the alamarBlue® assay. Statistically significant
differences are indicated by asterisks (* p< 0.05; ** p<0.01; *** p< 0.001).
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Figure 6: MIF and MIF-2 protein levels in patients with Gram-negative sepsis.
Subcutaneous WAT samples were collected from septic patients (hn=10) and healthy patients

(n=10). Adipose tissue was homogenized, and MIF and MIF-2 protein levels were measured
by ELISA. (A) MIF protein levels (B) MIF-2 protein levels. Statistically significant
differences are indicated by asterisks (* p < 0.05)
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Table 1

List of primers used for quantitative real time PCR.

Gene F/R | Primer Sequence 5’ -3’
mouse B-actin | F GGC-TGT-ATT-CCC-CTC-CAT-CG

R CCA-GTT-GGT-AAC-AAT-GCC-ATG-T
mouse Argl F GGA-ATC-TGC-ATG-GGC-AAC-CTG-TGT

R GGG-TCT-ACG-TCT-CGC-AAG-CCA
mouse Mcpl F TGG-AGC-ATC-CAC-GTG-TTG-GC

R ACT-ACA-GCT-TCT-TTG-GGA-CA
mouse Mif F CCA-TGC-CTA-TGT-TCA-TCG-TG

R GTG-AAT-GGA-CGT-GGC-GAC-AAG
mouse Mif-2 F CTC-TTC-TCC-CGC-TAA-CAT-GC

R TCA-TGC-CAG-GTC-GTA-TCG-TA
mouse Tgfa F GGA-GAG-CCC-TGG-ATA-CCA-AC

R CAA-CCC-AGG-TCC-TTC-CTA-AA
mouse Tnfa F CCA-GAC-CCT-CAC-ACT-CAG-ATC
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