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Abstract
Leukemia inhibitory factor, a member of the interleukin-6 cytokine family, plays a central role in homeostasis and disease. Interestingly, 
some of the pleiotropic effects of leukemia inhibitory factor have been attributed to the modulation of macrophage functions although 
the molecular underpinnings have not been explored at a genome-wide scale. Herein, we investigated leukemia inhibitory factor–driven 
transcriptional changes in murine bone marrow–derived macrophages by RNA sequencing. In silico analyses revealed a selective and 
time-dependent remodeling of macrophage gene expression programs associated with lipid metabolism and cell activation. 
Accordingly, a subset of leukemia inhibitory factor–upregulated transcripts related to cholesterol metabolism and lipid internalization 
was validated by real-time quantitative polymerase chain reaction. This was accompanied by a leukemia inhibitory factor–enhanced 
capacity for lipid accumulation in macrophages upon incubation with oxidized low-density lipoprotein. Mechanistically, leukemia 
inhibitory factor triggered the phosphorylation (Y705 and S727) and nuclear translocation of the transcription factor STAT3 in bone 
marrow–derived macrophages. Consistent with this, ingenuity pathway analysis identified STAT3 as an upstream regulator of a 
subset of transcripts, including Il4ra, in leukemia inhibitory factor–treated macrophages. Notably, leukemia inhibitory factor priming 
enhanced bone marrow–derived macrophage responses to interleukin-4-mediated M2 polarization (i.e. increased arginase activity and 
accumulation of transcripts encoding for M2 markers). Conversely, leukemia inhibitory factor stimulation had no significant effect in 
bone marrow–derived macrophage responses to M1-polarizing stimuli (interferon-γ and lipopolysaccharide). Thus, our study provides 
insight into the transcriptional landscape of leukemia inhibitory factor–treated macrophages, shedding light on its role in lipid 
metabolism and M2 polarization responses. A better understanding of the regulatory mechanisms governing leukemia inhibitory 
factor–driven changes might help informing novel therapeutic approaches aiming to reprogram macrophage phenotypes in diseased 
states (e.g. cancer, atherosclerosis, and infection).
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1. Introduction
Leukemia inhibitory factor (LIF) is a member of the interleukin-6 
(IL-6) family which includes other cytokines such as ciliary neuro
trophic factor, cardiotrophin-like cytokine (CLC), cardiotrophin 1, 
IL-11, IL-27, and oncostatin M.1 LIF is a heavily glycosylated pro
tein which signals through engagement with the heterodimeric 
complex LIF receptor (LIFR) comprised of the glycoprotein 130 
(common to all IL-6 family members) and the LIFR beta subunit.2

Upon stimulation, LIF can activate a number of intracellular path
ways (i.e. MAPK, PI3 K, YAP, mTOR, β-catenin, and JAK/STAT), 
among which signal transducer and activator of transcription 3 
(STAT3)–dependent signaling is one of the best characterized.3

As a pleiotropic cytokine, LIF has been reported to play a role in 
embryo implantation, tumor development, neuronal differenti
ation, lipid uptake, and inflammation.4–8 ChIP-chip characteriza
tion of pituitary AtT-20 cells revealed the upregulation of a 
distinctive STAT3/glucocorticoid receptor–dependent cell defense 

transcriptional program upon LIF and glucocorticoid stimula
tion.9,10 In addition, and consistent with a central role for LIF in 

placental cell function and normal pregnancy outcomes,11 tran
scriptional profiling of 2 different human trophoblast cell lines 
identified a subset of invasion-associated genes induced upon 
LIF stimulation.12,13 However, high-throughput analyses of the re

sponse to LIF in primary cells or cell types other than trophoblasts 
and pituitary corticotropes are still lacking.

Accumulating evidence indicates that LIF exerts a protective 
role during viral and bacterial infections. For instance, in the con
text of lung infections, LIF has been shown to promote tissue re

sistance to pathogen-induced damage in response to respiratory 
syncytial virus or Escherichia coli.14–16 Additionally, LIF has been re
ported to inhibit human immunodeficiency virus 1 replication and 
transmission in vitro17 and in vivo.18

In hematopoietic cells, LIF stimulation can favor the develop
ment of T regulatory cells (Tregs) with potential benefits in the 
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context of inflammatory pathologies such as multiple sclerosis and 
colitis.19–21 Moreover, LIF modulates dendritic cell functions by pro
moting the development of semimature and tolerogenic subsets 
while inhibiting type I interferon (IFN), tumor necrosis factor 
(TNF), and IL-6 responses to 5′-cytosine-phosphate-guanine-3′ oli
gonucleotides.22,23 Conversely, increased eosinophil activation 
and chemotaxis have been documented upon LIF treatment which 
could be detrimental in eosinophil-dependent airway disorders (e.g. 
asthma).24 Of note, monocytes and macrophages have been identi
fied as the primary hematopoietic cell types expressing LIFR.25

Macrophages are ubiquitous phagocytes essential for numerous 
immunological, inflammatory, and metabolic processes in homeo
stasis and disease while exhibiting a remarkable plasticity in their 
response to stimuli.26 For example, classically activated macro
phages (i.e. M1 macrophages) exhibit higher levels of glycolysis, 
pathogen killing, and TNF, IL-6, and IL-12 expressions following 
stimulation with proinflammatory signals such as IFNγ  and bacter
ial lipopolysaccharide (LPS).27,28 In contrast, alternatively activated 
macrophages (i.e. M2 macrophages) are elicited upon treatment 
with anti-inflammatory cues (e.g. IL-4) and play a paramount role 
in tissue repair and resolution of inflammation.29,30 It has been re
ported that LIF is highly expressed in the tumor microenvironment 
which promotes the differentiation of resident macrophages to
ward an immunosuppressive phenotype.31,32 Similarly, LIF has 
been shown to inhibit directly or indirectly inflammatory responses 
in IFNγ-primed human macrophages.33,34 Despite this body of evi
dence, the overall transcriptional impact of LIF in macrophages has 
not been investigated.

Using a combination of in silico and experimental approaches 
in bone marrow–derived macrophages (BMDM), herein we show 
that LIF promotes transcriptional programs associated with lipid 
metabolism and macrophage alternative activation. More specif
ically, our study provides evidence that LIF-treated macrophages 
have an increased capacity for lipid accumulation and are poised 
to better respond to M2-polarizing stimuli.

2. Materials and Methods
2.1 Ethics statement
C57BL/6 mice were housed and handled according to a protocol 
approved by the Comité Institutionnel de Protection des 
Animaux (CIPA) of the INRS (CIPA #2102-01). This protocol re
spects procedures on good animal practice provided by the 
Canadian Council on Animal Care.

2.2 Reagents
Culture media and supplements were purchased from Wisent; 
cOmplete EDTA-free protease inhibitor and PhosSTOP phosphat
ase inhibitor tablets were purchased from Roche; STATTIC was 
purchased from Tocris; recombinant murine LIF was purchased 
from STEMCELL Technologies, and recombinant murine IFNγ was 
acquired through Cederlane; recombinant murine IL-4 was pur
chased from BioLegend; LPS was ordered from Sigma-Aldrich; oxi
dized low-density lipoprotein (Ox-LDL) from human plasma was 
obtained from Medix Biochemica; 4′,6-diamidino-2-phenylindole 
dilactate (DAPI) was purchased from Invitrogen; primary and sec
ondary antibodies for western blotting, immunofluorescence, and 
flow cytometry were purchased from Cell Signaling Technologies, 
Sigma-Aldrich, and BioLegend.

2.3 Differentiation of murine BMDM
BMDM were generated from 6- to 8-week-old female C57BL/6 mice 
(Jackson Laboratory), as previously outlined.35 Briefly, marrow 

was extracted from the bones of the hind legs, red blood cells 
were lysed, and progenitor cells were resuspended in BMDM cul
ture medium supplemented with 15% L929 fibroblast-conditioned 
culture medium (LCCM). Nonadherent cells were collected the fol
lowing day and were cultured for 7 d in BMDM culture medium 
supplemented with 30% LCCM with fresh medium replenishment 
at day 3 of incubation.

2.4 RNA purification and real-time quantitative 
polymerase chain reaction
Total cellular RNA was extracted with QIAzol (QIAGEN) according 
to the manufacturer’s specifications. For samples processed for 
sequencing, RNA samples were further purified by using an 
RNeasy MinElute Cleanup Kit (QIAGEN), according to the manu
facturer’s recommendations. Finally, purified RNA concentration, 
purity, and integrity were assessed spectrophotometrically by us
ing a NanoDrop 1000 instrument (Thermo Fisher Scientific) and a 
Bioanalyzer 2100 instrument with a Eukaryote Total RNA nano
chip (Agilent Technologies).

For real-time quantitative polymerase chain reaction 
(RT-qPCR) analyses, approximately 0.5 to 1 µg of RNA was 
reverse transcribed using the LunaScript RT SuperMix Kit (New 
England Biolabs). RT-qPCR was performed with Luna qPCR 
Master Mix (New England Biolabs) using a QuantStudio 3 
Real-Time PCR System (Thermo Fisher Scientific). Relative quan
tification of gene of interest expression was calculated using the 
comparative Ct method (ΔΔCt),36 and relative expression was 
normalized to murine Atcb or Rpl19. Primers used for RT-qPCR 
analyses were designed using NCBI Primer-BLAST (http:// 
www.ncbi.nlm.nih.gov/tools/primer-blast/) and are listed in 
Supplementary Table 4.

2.5 Library preparation and RNA sequencing 
data processing
RNA was quantified using Qubit (Thermo Fisher Scientific), and 
quality was assessed with the 2100 Bioanalyzer (Agilent 
Technologies). Transcriptome libraries were generated using 
the KAPA RNA HyperPrep (Roche) using a poly-A selection 
(Thermo Fisher Scientific). Sequencing was performed on the 
Illumina NextSeq 500, obtaining around 25 M single-end 75 bp 
reads per sample. Samples were submitted for Illumina next- 
generation sequencing to the IRIC Genomics Platform 
(Université de Montréal, QC, Canada). Adapter sequences and 
low-quality bases in the resulting FASTQ files were removed us
ing Trimmomatic version 0.35,37 and genome alignments were 
conducted using STAR version 2.7.1a.38 Sequences were aligned 
to the mouse genome version GRCm38 with gene annotations 
from Gencode version M25 based on Ensembl 100. As part of 
quality control, sequences were aligned to several different ge
nomes to verify that there was no sample contamination. 
Expression levels were obtained as gene read counts from 
STAR as well as estimated using RSEM39 to obtain gene and tran
script level expression in reads per transcripts per million for 
these stranded RNA libraries. DESeq2 version 1.30.140 was then 
used to normalize gene read counts and compute differential 
expression between the various experimental conditions. 
Significant gene sets were chosen according to a false discovery 
rate (FDR) cutoff of 5% (P.adj < 0.05). Computing both a hierarch
ical sample clustering based on Pearson correlation of normal
ized log read counts and a principal component analysis shows 
that samples behave as expected, with no obvious outlier, as 
well as good consistency among replicates.
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2.6 Ingenuity pathway analysis
Enrichment of transcripts showing differential abundance in 
specific functional networks was determined using ingenuity 
pathway analysis (IPA) (QIAGEN) by comparing significantly regu
lated gene sets against the entire sequenced data sets. Within the 
IPA application, statistical significance was calculated using a 
right-tailed Fisher Exact test, and P-values were adjusted for mul
tiple hypothesis testing using the Benjamini–Hochberg method to 
arrive at an FDR.

2.7 BMDM stimulation
Macrophages were plated 1 d prior to stimulation with LIF and al
lowed to adhere O/N at 37 °C, 5% CO2. On the following day, cultures 
were stimulated or not with 50 ng/mL LIF for the indicated times. 
When applicable, cells were stimulated 24 h following addition of 
LIF inoculation with 100 U/mL IFNγ (Cederlane #CLCYT651) and 
10 ng/mL LPS (Sigma-Aldrich # L2630) or 20 ng/mL IL-4 (BioLegend 
#574302) for 24 h.

2.8 Ox-LDL uptake and lipid droplet staining
Macrophages were plated on glass coverslips and stimulated with 
LIF for 24 h, as described above. Cells were serum-starved for 4 h, 
and then, fresh culture medium supplemented or not with 100 μM 
Ox-LDL was added to cultures for an additional 24 h, as re
ported.41 BMDM were fixed in 2% paraformaldehyde (PFA) in 
phosphate-buffered saline (PBS)  and stained with 10 μg/mL 
BODIPY 493/503 dye (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora- 
3a,4a-Diaza-s-Indacene, Invitrogen, #D3922), as described.42 Cells 
were permeabilized using 0.1% Triton X-100 in PBS, and nonspecific 
surface binding was blocked in blocking buffer (1% bovine serum 
albumin [BSA], 5% skim milk, and 5% FBS in PBS) for 20 min at 
room temperature (RT). Nuclei were stained with 2 μM DAPI 
(Invitrogen, #D21490). Coverslips were mounted on slides with 
Fluoromount-G (Southern Biotech). Samples were visualized with 
the 63× objective, and sequential z-stack images were captured us
ing a Zeiss LSM780 system equipped with a 30 mW 405 nm diode la
ser and a 25 mW 458/488/514 argon multiline laser mounted onto a 
Zeiss Axio Observer Z1 and operated with Zen 2011 software 
(Zeiss). BODIPY 493/503 and DAPI signal intensity was quantified 
by using ImageJ (National Institutes of Health).

2.9 Western blot analysis
Cells were lysed in RIPA lysis buffer (25 mM Tris [pH 7.6], 150 mM 
NaCl, 1% Triton-X 100, 0.5% sodium deoxycholate, 0.1% SDS) 
supplemented with cOmplete EDTA-free protease inhibitor, 
PhosSTOP phosphatase inhibitor tablets, and 10 mM 10- 
phenanthroline monohydrate (Sigma-Aldrich), and samples 
were prepared for western blotting as described.43 Membranes 
were probed with the following primary antibodies: rabbit 
anti-phospho-STAT3 (Y705) (clone D3A7, #9145), rabbit anti- 
phospho-STAT3 (S727) (clone D8C2Z, #94994), mouse anti-STAT3 
(clone 124H6, #9139), rabbit-anti-arginase-1 (polyclonal, #9819), 
rabbit anti-iNOS (polyclonal, #2982), rabbit anti-phospho-STAT6 
(Y641) (clone D8S9Y, #56554), rabbit anti-STAT6 (clone D3H4, 
#5397), and mouse anti-β-actin (clone 8H10D10, #3700) (Cell 
Signaling Technologies). Membranes were then incubated with 
the following horseradish peroxidase (HRP)–conjugated anti
bodies: goat anti-rabbit IgG (#A0545) and goat anti-mouse IgG 
(#A4416) (Sigma-Aldrich). Proteins were then detected by chemi
luminescence using Clarity Western ECL substrate (Bio-Rad) 
and exposing membranes to autoradiography film (Denville 
Scientific).

2.10 Immunofluorescence and confocal 
microscopy
BMDM were seeded onto glass coverslips in 24-well plates over
night. At the indicated time points, cultures were rinsed with 
PBS 3 times and then fixed with 2% PFA in PBS for 15 min at RT. 
Cells were permeabilized with methanol for 10 min at 4 °C. 
Samples were incubated in blocking solution (5% normal goat se
rum, 0.3% Triton X-100, 0.05% sodium azide in PBS) supplemented 
with 10 μg/mL rat anti-mouse CD16/32 (Fcγ III/II) (clone 93; 
#101302) (BioLegend) for 1 h at RT. Samples were then incubated 
O/N at 4 °C with a rabbit anti-phospho-STAT3 (Y705) (clone 
D3A7, #9145) (Cell Signaling Technologies) diluted in antibody 
buffer (1% BSA, 0.5% Triton X-100 in PBS). Samples were stained 
with a goat anti-rabbit IgG (H + L) conjugated to Alexa Fluor 488 
(polyclonal, #A-11034, Invitrogen) diluted in antibody buffer sup
plemented with 2 μM DAPI (Invitrogen, #D21490) for 1 h at RT. 
Coverslips were mounted onto slides with Fluoromount-G 
(#00-4958-02, Invitrogen). Samples were visualized with the 63× 
objective of an LSM780 Zeiss confocal microscope; image acquisi
tion and processing were carried out using ZEN software.

2.11 Flow cytometry staining
BMDM were detached from plates using ice-cold PBS with 5 mM 
EDTA and then washed once with FACS buffer (0.1% BSA in 
PBS). Fc receptors were blocked with rat anti-mouse CD16/32 
(Fcγ III/II) (clone 93; #101302) (BioLegend) and then probed with 
the following antibodies for 30 min on ice: rat APC-anti-mouse 
CD124 (IL-4Rα) (clone I015F8, #144807) and rat FITC-anti- 
mouse CD206 (MMR) (clone #C068C2, #141703) (BioLegend). 
Isotype-matched APC-conjugated rat IgG2a, κ (clone RTK2758, 
#400511) or FITC-conjugated rat IgG2b, and κ (clone RTK2758, 
#400505) (BioLegend) were included to control for nonspecific 
staining. After staining, cells were washed once with FACS buffer. 
Samples were acquired using a BD LSRFortessa (BD Biosciences), 
and data were analyzed using FlowJo software (Tree Star).

2.12 Viability assay
Viability of BMDM following STATTIC (Tocris) treatment was de
termined by the resazurin assay as described.44 Briefly, cells 
were treated with 2-fold serially diluted STATTIC (starting at 
40 μM) or an equivalent volume of DMSO (vehicle) for 24 h at 
37 °C, 5% CO2. Cultures were then incubated with culture medium 
supplemented with 0.025% resazurin for an additional 6 h. Optical 
density was measured using a Multiskan GO (Thermo Fisher 
Scientific) at 600 and 570 nm. Absorbance at 600 nm was sub
tracted from readings at 570 nm. Viability was calculated as a per
centage of readings from DMSO-treated cultures.

2.13 Nitrite measurement (Griess reaction)
Culture supernatants were collected from BMDM cultures follow
ing treatment, and nitric oxide (NO) production was measured 
using the Griess reaction to generate nitrites, as previously de
scribed.45 Absorbance was measured at 548 nm, and nitrite con
centrations were calculated using linear regression obtained 
from serial dilution of sodium nitrite standards.

2.14 Arginase enzymatic activity
Arginase enzymatic activity was measured as previously de
scribed.46 Briefly, BMDM cultures were lysed in 0.1% Triton 
X-100 supplemented with cOmplete EDTA-free protease inhibitor 
for 15 min at RT. Lysates were diluted with a solution containing 
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50 mM Tris (pH 7.5) and 5 mM MnCl2. Samples were incubated at 
56 °C for 7 min; then, 250 mM L-arginine was added. Mixtures 
were incubated for 37 °C for 1 h. Enzymatic reaction was stopped 
by adding an equal volume of Stop Solution (H3PO4:H2SO4:H2O 
[1:3:7 ratio]). Alpha-isonitrosopropiophenone was added (0.6% fi
nal), and samples were incubated at 95 °C for 1 h. After heating, 
samples were cooled down, and optical density was measured at 
540 nm with a Multiskan GO (Thermo Fisher Scientific). Arginase 
enzymatic activity was calculated using values obtained from 
urea standards and expressed as milli-enzyme units per million 
cells (mU/106 cells).

2.15 IL-10 ELISA
Soluble IL-10 in the supernatants from LIF-treated, LPS-treated, 
and control BMDM cultures was assessed using the ELISA capture 
IL-10 antibody (#504902) and ELISA detection IL-10 biotinylated 
antibody (#505004) from BioLegend. Concentrations were calcu
lated from standard curves generated using linear regression ana
lysis of data obtained from serial dilutions with recombinant 
murine IL-10 (BioLegend, #575809).

2.16 Statistical analysis
Where applicable, data are presented as mean (SD). Statistical sig
nificance was determined using analysis of variance. Differences 
were considered significant when ***P < 0.001, **P < 0.01, and 
*P < 0.05.

3. Results
3.1 LIF induces distinct transcriptional changes 
in macrophages
LIF has been shown to modulate gene expression in macro
phages.31,32 However, LIF-driven transcriptomic reprogramming 
of macrophages has not been investigated. To address this, we 
first set out to assess transcriptome-wide changes in mRNA abun
dance in murine primary macrophages following LIF stimulation. 
BMDM cultures were incubated with recombinant LIF or left un
treated for 4, 8, or 24 h. Total mRNA was collected at each time 
point and subjected to RNA sequencing (RNA-seq). Downstream 
bioinformatic analyses revealed a gradual increase in the number 
of significantly regulated genes (Fig. 1A), ranging from 38 (37 up, 1 
down) at 4 h and 68 (65 up, 3 down) at 8 h up to 544 (325 up, 219 
down) at 24 h poststimulation compared to unstimulated control 
conditions (Supplementary Table 1A to C). These data sets indi
cate that LIF stimulation favors the upregulation of a subset of 
macrophage mRNAs starting at early time points while inhibiting 
the accumulation of a different group of transcripts later during 
treatment.

To identify differentially regulated canonical pathways poten
tially linked to transcriptional changes upon BMDM treatment 
with LIF, we used IPA. In total, 54 canonical pathways were pre
dicted to be significantly activated after a 24 h LIF stimulation, 
while only 10 and 19 pathways were identified at 4 and 8 h 
post-LIF stimulation, respectively (Supplementary Table S2A to 
C). Among these canonical pathways, several categories were of 
particular interest in the context of macrophage biology, notably 
cytokine and lipid mediator signaling (IL-4, IL-13, and IL-6-type cy
tokines; pathogen-induced cytokine storm; eicosanoid signaling; 
and TREM1 signaling), macrophage polarization (alternative and 
classical activation signaling pathways), and macrophage bio
logical processes (phagosome formation and cholesterol biosyn
thesis) (Fig. 1B). Consistent with IPA data indicative of LIF-driven 

modulation of immune responses and lipid metabolism in macro
phages, several mediators of cell activation (e.g. Cd40, Tarm1, and 
Sting1), tissue repair (e.g. Fn1 and Ptger4), cytokines and cytokine 
receptors (e.g. Il-10, Il1b, and Il4ra), and chemokines and chemo
kine receptors (e.g. Ccl12, Ccl2, Ccl8, Ccr5, and Cxcl10) were among 
differentially expressed genes manually curated under “Immune 
Response” (Fig. 2, left panel). Similarly, transcripts encoding for 
lipid receptors (e.g. Cysltr1, Ffar2, Ldlr, and Ltb4r1) and enzymes in
volved in fatty acid, phospholipid, and cholesterol metabolism 
(e.g. Cyp51, Mvd, Enpp6, Plbd1, Plppr3, Soat2, and Sqle) were also 
identified in the upregulated data set manually curated under 
“Lipid Metabolism and Signaling” (Fig. 2, right panel).

In line with the kinetics of transcript downregulation upon 
LIF treatment (Fig. 1A; Supplementary Table 1A to C), IPA did not 
identify any canonical pathways predicted to be inhibited at 
4 and 8 h poststimulation while only 5 were detected at 24 h 
(Supplementary Table 2D and Fig. 1A). Such pathways comprised 
transcripts associated with cell migration (e.g. Cx3cr1, Cxcl14, and 
Vegfa), oxidative response (e.g. Enc1 and Mgst2), and immune 
response (e.g. Cav1, Clec7a, Havcr2, Mmp12, and Klrb1c, etc.) 
(Supplementary Fig. 1B). Taken together, in silico analyses of our 
transcriptomic data provide evidence of LIF-driven selective remod
eling of gene expression programs predicted to modulate macro
phage polarization, immune activation, and lipid metabolism.

3.2 LIF stimulation modulates lipid metabolism 
in macrophages
LIF has been reported to modulate lipid metabolism by promot
ing47 or inhibiting lipogenesis.48 Consistent with IPA-predicted ac
tivation of canonical pathways related to lipid metabolism in 
BMDM (Figs. 1B and 2; Supplementary Table 2C), LIF treatment up
regulated the expression of transcripts associated with choles
terol biosynthesis (e.g. Cyp51, Dhcr24, Fdps, Hsd17b7, Idi1, Mvd, 
Pmvk, and Sqle) and esterification (e.g. Soat2) as well as lipid medi
ator signaling, fatty acid and phospholipid metabolism, and traf
ficking (e.g. Atp8b1, Cysltr1, Enpp6, Fads3, Ffar2, Ldlr, Lipg, Lpar1, 
Ltb4r1, Naaa, Plbd1, Plppr3, Ptger3, and Ptger4) (Fig. 2 and 3A). 
Previous reports have highlighted the central role of LIF in modu
lating lipid metabolism, including lipid uptake.8 Hence, we set out 
to examine the foam cell formation capacity of Ox-LDL49 in the 
presence or absence of LIF using BODIPY staining and confocal mi
croscopy. Increased lipid accumulation was detected upon LIF 
treatment (Fig. 3B, left panel). Lipid signal quantification indicated 
a 9.2-fold increase in normalized BODIPY intensity of LIF-treated 
macrophages compared to unstimulated controls (Fig. 3B, top 
right panel). In addition, LIF enhanced lipid accumulation in 
Ox-LDL-treated BMDM cultures (Fig. 3B, left panel), as evidenced 
by a 1.8-fold increase in normalized BODIPY signal intensity in 
cells primed with LIF compared to unprimed Ox-LDL-treated con
trols (Fig. 3B, bottom right panel). In all, this set of experiments in
dicates that LIF treatment activates transcriptional programs 
associated with lipid metabolism with a concomitant upregula
tion of macrophage capacity for lipid accumulation.

3.3 LIF activates STAT3-dependent 
transcriptional programs in macrophages
IPA analyses of LIF-induced transcriptional changes predicted the 
activation of several upstream transcriptional regulators, includ
ing STAT3 among those with the highest activation Z-score 
(Supplementary Table 3). This transcription factor modulates 
macrophage activation and polarization in a context dependent 
manner by regulating the expression of inflammatory effectors 
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(e.g. Il10, Il4rα, Il6, Socs3, and Tnf) and profibrotic factors (e.g. Igf, Fn, 
and Tgfb1) that can alleviate tissue damage.50,51 Phosphorylation 
of STAT3 at Y705 is a requirement for its dimerization and trans
location to the nucleus (i.e. STAT3 canonical activation).52 In 
addition, noncanonical STAT3 phosphoactivation at S727 pro
motes breast, lung, and gastric carcinogenesis by favoring the ex
pression of mitochondrial- and nuclear-encoded transcripts.53–56

LIF-inducible STAT3 phosphorylation has been reported in differ
ent cell types, including human monocyte-derived macro
phages.34 To determine whether treatment with LIF activated 
STAT3 in BMDM, we monitored the phosphorylation status at res
idues Y705 and S727 by western blotting (Fig. 4A). Phosphorylation 
levels at both residues were induced rapidly after the addition of 
LIF, especially between 0.08 (15 min) and 1 h. Although phosphor
ylation levels receded beyond 1 h posttreatment, phosphorylation 
at residue Y705 remained higher in LIF-stimulated cells compared 
to unstimulated control cultures up to 24 h. Increased and sus
tained phosphorylation of STAT3 at Y705 was also observed by 
confocal microscopy which coincided with its nuclear localization 

upon exposure to LIF (Fig. 4B). In all, these data indicate that LIF 
treatment induces STAT3 phosphorylation and nuclear trans
location in BMDM.

Consistent with the activation of the STAT3 signaling pathway, 
several transcripts predicted by IPA to be STAT3 regulated 
(Supplementary Table 3) were significantly induced in BMDM 
upon LIF treatment (Fig. 4C). Changes in expression levels of 3 dif
ferent transcripts, namely, Il4ra, Socs3, and Timp1, were validated 
by RT-qPCR analyses (Fig. 4D). These transcriptional targets have 
also been associated with IL-10-dependent STAT3 activation.57 To 
evaluate the possible contribution of endogenous IL-10 produc
tion in LIF-treated macrophages, we measured IL-10 accumula
tion in BMDM supernatants. Accordingly, very low or below 
detection levels of secreted IL-10 were found in macrophages 
treated or not with LIF (Supplementary Fig. 2). Thus, our results 
suggest that LIF activation of STAT3 is likely IL-10 independent.

To confirm STAT3-mediated transcription of these LIF-induced 
transcripts, we employed a biochemical approach using STATTIC, 
an inhibitory compound reported to block STAT3 nuclear 

Fig. 1. LIF induces distinct transcriptional changes in macrophages. BMDM cultures were treated or not with 50 ng/mL recombinant LIF. Total mRNA 
was extracted 4, 8, and 24 h poststimulation and subjected to RNA-seq analysis. (A) Volcano plots showing the differentially expressed genes in BMDM 
following LIF treatment at the indicated times compared to unstimulated cultures. Differentially expressed genes were identified by DESeq2 with an 
FDR of 5% and a log2 expression fold-change ≥ 1.0. The top 5 upregulated differentially expressed genes by FDR are highlighted at the indicated time 
points. Up, significantly upregulated transcripts. Down, significantly downregulated transcripts. ns, nonsignificantly regulated transcripts. (B) IPA 
activation scores (Z ) of predicted time-dependent upregulation (Z ≥ 2) of canonical pathways following LIF treatment. ns, not significant. Heat maps 
were generated using Morpheus (Broad Institute; https://software.broadinstitute.org/morpheus/index.html). Analyses were carried out on data 
generated from 3 independent biological replicates.
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translocation and phosphorylation specifically at residue Y705.58

Toxicity assays revealed that doses ≤ 2.5 μM do not significantly 
affect BMDM viability after 24 h of exposure (Supplementary 
Fig. 3). We then performed a dose-response experiment to assess 
the efficacy of the inhibitor by western blotting. LIF-induced 
STAT3 phosphorylation at residue S727 was not inhibited at 
any STATTIC concentration tested, confirming a specific activity 
of the compound toward residue Y705 (Fig. 5A). Although a dose 
of 5 μM showed a total inhibition of LIF-induced STAT3 phosphor
ylation at residue Y705, the toxicity of the compound 

(Supplementary Fig. 3) precluded its use. On the other hand, a con
centration of 2.5 μM partially inhibited STAT3 phosphorylation at 
Y705 (Fig. 5A) while not demonstrating overt toxicity in BMDM cul
tures (Supplementary Fig. 3). Pretreatment with 2.5 μM STATTIC 
not only substantially blocked STAT3 phosphorylation at 
Y705 but also inhibited its translocation into the cell nucleus 
as revealed by confocal microscopy (Fig. 5B). Importantly, expos
ure to STATTIC prior to stimulation significantly inhibited 
LIF-induced increase of Il4ra, Socs3, and Timp1 transcript levels 
(Fig. 5C). In line with RT-qPCR analyses, STATTIC reduced cell 

Fig. 2. LIF stimulation upregulates different subsets of transcripts associated with immune functions and lipid metabolism and signaling in 
macrophages. Within the different enriched categories identified by IPA (see Fig. 1B and Supplementary Table 2A to C), subsets of differentially 
expressed genes related to immune responses or lipid metabolism and signaling were grouped according to biological functions. Shown here are heat 
maps of Log2(FC) of individual genes. ns, not significant. Heat maps were generated using Morpheus (Broad Institute). Analyses were carried out on data 
generated from 3 independent biological replicates.
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surface expression of the Il4ra-encoded IL-4 receptor alpha sub
unit (IL-4Rα) in both unstimulated and LIF-stimulated BMDM cul
tures (Fig. 5D and E). Taken together, this set of experiments 
provides evidence that LIF triggers a STAT3-mediated transcrip
tional signature in macrophages.

3.4 LIF priming enhances IL-4-mediated M2 
macrophage polarization
It has been reported that LIF skews macrophage activation toward 
immunosuppressive phenotypes (i.e. tumor-associated macro
phages).31–34 Interestingly, IPA of our RNA-seq data sets identified 
canonical pathways associated with both macrophage classical 
and alternative signaling pathways in LIF-treated macrophages 
when compared to unstimulated controls (Fig. 1B; Supplementary 
Table 2). We therefore tested whether priming of BMDM culture 
with LIF would alter their response to M1- and/or M2-polarizing 
stimuli (i.e. LPS and IFNγ and IL-4, respectively).27 We first meas
ured transcript levels of 4 M1-associated genes (i.e. Nos2, Cd80, 
Cd86, and Cxcl10) by RT-qPCR. Stimulation of BMDM cultures 

with LIF alone did not lead to significant changes in the expression 
of any M1-related transcripts tested compared to unstimulated 
controls (Fig. 6A). Treatment with LPS and IFNγ robustly induced 
the accumulation of Nos2, Cd80, Cd86, and Cxcl10 mRNAs, as previ
ously reported.27 However, priming with LIF did not affect the mag
nitude of induction (Fig. 6A, left panel). Out of these set of 4 genes, 
only Cd86 showed a small significant decrease in LIF-primed mac
rophages, but this marginal difference may not ultimately lead to 
significant changes in CD86 protein expression in this context 
(Fig. 6A, left panel). In line with our RT-qPCR data, increased 
iNOS expression and soluble nitrite accumulation were observed 
in macrophages treated with LPS and IFNγ although no differences 
were observed when cells were primed or not with LIF (Fig. 6D 
and E). Thus, LIF does not affect LPS- and IFNγ-driven M1 polariza
tion of macrophages.

We next set out to elucidate whether in agreement with our IPA 
data (Fig. 1B, Supplementary Table 2) LIF promoted macrophage 
responses to the M2-polarizing cytokine IL-4.27 To address this, 
the expression of M2-associated genes was monitored in BMDM 
cultures exposed to LIF or left untreated prior to stimulation 

Fig. 3. LIF stimulation modulates lipid metabolism in macrophages. (A) BMDM cultures were stimulated or not with LIF for 24 h. Total mRNA was 
collected and subjected to RT-qPCR analyses for selected transcripts linked to lipid and cholesterol metabolism (normalized to Actb). Data are plotted as 
means (SD) calculated from 3 independent biological replicates. (B) BMDM cultures were stimulated or not with LIF for 24 h and then serum starved for 
4 h. Fresh culture medium supplemented or not with 100 μM Ox-LDL was added to cultures for an additional 24 h. Samples were fixed, stained with 
BODIPY 493/503 and DAPI, and processed for confocal microscopy. Shown here are representative images of lipid droplet accumulation within 
macrophages under indicated conditions (left panel). Fluorescence intensity of lipid droplets stained with BODIPY 493/503 was measured by ImageJ and 
normalized to DAPI fluorescence intensity (right panel). Data are plotted as means (SD) calculated from 3 independent biological replicates. Differences 
were considered significant when ***P < 0.001, **P < 0.01, and *P < 0.05.
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with IL-4. As expected, treatment with IL-4 alone augmented 
mRNA levels of Arg1, Chil3, Mrc1, and Retnla (Fig. 6A, right panel). 
Interestingly, LIF alone led to an increase in Mrc1 and Retnla tran
scripts (Fig. 6A, right panel) which was independent of STAT6 ac
tivation as determined by lack of STAT6 phosphorylation upon LIF 
stimulation (Supplementary Fig. 4). Conversely, LIF priming po
tentiated macrophage responses to IL-4 stimulation as evidenced 
by a significant enhancement of all 4 selected M2 markers com
pared to IL-4 alone (Fig. 6A, right panel). In turn, treatment with 
either LIF or IL-4 alone induced cell surface expression of 
Mrc1-encoded mannose receptor CD206 in BMDM cultures, while 
priming with LIF followed by IL-4 led to the strongest increase in 
its expression (Fig. 6B and C). Similarly, LIF priming was required 
for Arg1-encoded arginase 1 (ARG1) induction (Fig. 6D) and 

enhanced arginase activity (Fig. 6F) upon IL-4 treatment in macro
phages. Taken together, these data indicate that LIF potentiates 
IL-4-driven polarization of M2 macrophages.

4. Discussion
LIF is a pleiotropic cytokine of the IL-6 family, as evidenced by its 
central regulatory role in a wide array of cell types (e.g. tropho
blasts, neurons, adipocytes, T cells, dendritic cells, monocytes, 
and macrophages)3 and biological processes (e.g. blastocyst 
implantation, nervous system development, bone metabolism, 
tissue regeneration, immune activation, and tumorigenesis).2

Accumulating evidence indicates that LIF modulates macrophage 
functions in healthy and diseased states.31–34 Surprisingly, 

Fig. 4. LIF triggers STAT3 phosphorylation and nuclear localization leading to the activation of a STAT3-dependent transcriptional program. IPA 
identified STAT3 as an upstream transcriptional regulator (see Supplementary Table 3A to C) in BMDM upon LIF treatment. BMDM cultures were 
stimulated or not with LIF at the indicating times. (A) Phosphorylation of STAT3 at Y705 and S727 and total protein levels were monitored by western 
blotting. Total amounts of β-actin were used as a loading control. (B) Nuclear localization of phospho-STAT3 (Y705) was assessed by confocal 
microscopy by colocalization with DAPI signal. (C) Heat map of transcripts identified by IPA as transcriptionally regulated by STAT3. ns, not significant. 
Heat maps were generated using Morpheus (Broad Institute). (D) Total mRNA collected from LIF-stimulated and unstimulated BMDM cultures was 
subjected to RT-qPCR analyses for selected transcripts (Il4ra, Socs3, and Timp1) predicted to be transcriptionally regulated by STAT3. Data are plotted as 
means (SD) calculated from 3 independent biological replicates. Differences were considered significant when ***P < 0.001, **P < 0.01, and *P < 0.05.
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transcriptome-wide characterization of macrophage responses to 
LIF is lacking. Herein, we report that LIF induces wide but distinct 
transcriptional changes in primary murine macrophages leading 
to alterations in lipid metabolism and enhanced IL-4-mediated 
polarization.

Contrasting reports show divergent roles for LIF in lipid metab
olism. For instance, adipocyte differentiation is favored by LIF 
through the MAPK-driven activation of CREB, C/EBPβ, and 
C/EBPϵ.59–61 Conversely, hydrocortisone-induced adipocyte dif
ferentiation is impaired in stromal cells treated with cytokines 
of the IL-6 family, including LIF.62 Moreover, LIF-induced cach
exia occurs via inhibition of hepatic lipogenesis and lipid uptake 
via the STAT3-dependent downregulation of PPARα, a master 
regulator of lipid metabolism, in a model of tumor transplant
ation.48 Interestingly, it has also been reported that LIF 

stimulation increases hepatic lipid uptake in cholesterol-fed 
rabbits and inhibits atherosclerotic lesion development.8

Additionally, Marshal et al.47 showed that LIF treatment can in
duce metabolic changes in cultured adipocytes including aug
mented fatty acid synthesis.

Although a previous study indicated that LIF stimulation does 
not influence the lipid uptake capacity of the murine macrophage 
cell line J774,63 our data provides evidence that LIF promotes the 
expression of a transcriptional program associated with lipid bio
genesis and uptake in murine primary macrophages. Similar re
sults were reported by Pasquin et al.41 who investigated the role 
of CLC, another IL-6 family member, in the formation of foam 
cells. The authors concluded that CLC induces: i) the expression 
of the scavenger receptor SR-A1 (Msr1), ii) macrophage uptake of 
acetylated LDL, and iii) triglyceride accumulation in BMDM. 

Fig. 5. Inhibition of STAT3 ablates LIF-induced STAT3-mediated transcription. (A) BMDM cultures were pretreated with different doses of STATTIC 
(2-fold serial dilutions starting at 5 μM) or vehicle (DMSO) for 1 h. Cells were then treated or not with LIF for 30 min. Phosphorylation of STAT3 at Y705 
and S727 and STAT3 total protein levels were monitored by western blotting. Total amounts of β-actin were used as a loading control. (B) BMDM 
cultures were pretreated with 2.5 μM STATTIC or an equivalent volume of DMSO for 1 h. Cells were then stimulated or not with LIF for 30 min. The 
inhibitory effects of STATTIC on STAT3 phosphorylation (Y705) and nuclear localization were assessed by colocalization with DAPI signal. (C) BMDM 
cultures were pretreated with 2.5 μM STATTIC or an equivalent volume of DMSO for 1 h. Cells were then stimulated or not with LIF for 8 h. Total mRNA 
was collected and subjected to RT-qPCR analyses for selected transcripts (Il4ra, Socs3, and Timp1) predicted to be transcriptionally regulated by STAT3. 
(D) BMDM cultures were pretreated with 2.5 μM STATTIC or an equivalent volume of DMSO for 1 h. Cells were then stimulated or not with LIF for 24 h. 
Surface expression of IL-4Rα was monitored by flow cytometry. An isotype-matched APC-conjugated antibody was included to control for nonspecific 
staining (left panel). Geometric mean fluorescence intensity of IL-4Rα staining measured by flow cytometry was plotted for each condition (right panel). 
Where applicable, data are plotted as means (SD) calculated from 3 independent biological replicates. Differences were considered significant when  
***P < 0.001, **P < 0.01, and *P < 0.05.
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Even though we did not find an increased expression of Msr1 in our 
data sets, we detected the upregulation of other transcripts asso
ciated with increased processing and esterification of internalized 
lipids (i.e. Lipg, Soat2)64 which could lead to the observed higher lip
id accumulation in LIF-treated macrophages.

Lipid mediators are known to either promote (i.e. classic eicosa
noids, prostaglandins, and leukotrienes) or resolve (i.e. resolvins, 
protectins, and maresins) inflammation.65 Our data indicate 
that the expression of leukotriene (Ltb4r1), cysteinyl leukotriene 
(Cysltr1) and prostaglandin (Ptger3, Ptger4) receptors increases 
upon LIF stimulation which could have a profound effect in 
macrophage responses. For instance, macrophage LTB4R1 plays 
a key role in the promotion of inflammatory insulin resistance 
in obese mice66 while cysteinyl leukotrienes have been associated 
with increased macrophage MMP9 release, and reactive oxygen 
species (ROS), CCL-2 and IL-8 production.67 However, LIF-driven 

expression of lipid receptors could also favor macrophage tissue 
repair capacity, as evidenced by the regenerative role of 
CD206+ and PTGER4-expressing intestinal macrophages in 
a model of colitis.68 Collectively, our data support the notion 
that LIF induces transcriptional programs that affect the 
lipid-loading capacity and lipid mediator responsiveness of 
macrophages.

LIF is an immunomodulatory cytokine reported to promote or 
inhibit inflammatory processes.3 Increased LIF levels in serum 
have been detected during acute and chronic inflammatory infec
tions, including COVID-19,69 and have been directly correlated 
with disease severity, as reported during meningococcemia.70 In 
silico analysis of our RNA-seq data sets identified a functional sub
set of transcripts associated with macrophage classical activa
tion. However, after assessing the effect of LIF priming on the 
response of BMDM to a combination of M1-polarizing stimuli 

Fig. 6. LIF priming enhances IL-4-mediated M2 macrophage polarization. BMDM cultures were primed or not with LIF for 24 h and then stimulated or 
not with M1-promoting LPS and IFNγ, or M2-inducing IL-4 for an additional 24 h. (A) Total mRNA was collected and subjected to RT-qPCR analyses for 
markers associated with M1 (Nos2, Cd80, Cd86, and Cxcl10) or M2 (Arg1, Chil3, Mrc1, and Retnla) polarized macrophages. Normalized expression levels are 
reported as fold-change compared to unstimulated controls (i.e. no LIF control). (B) Surface expression of CD206 (Mrc1) was monitored by flow cytometry. 
An isotype-matched FITC-conjugated antibody was included to control for nonspecific staining. (C) Geometric mean fluorescence intensity of CD206 
staining measured by flow cytometry was plotted for each condition. (D) Expression levels of inducible NO synthase (iNOS) and arginase-1 (ARG1) were 
monitored by western blotting. Total amounts of β-actin were used as a loading control. (E) Nitrite (NO2

−) levels in culture supernatants were quantified 
using the Griess reaction as an indirect measurement of NO production. (F) Arginase enzymatic activity was measured in BMDM cultures according to 
the indicated treatment regiments. Where applicable, data are plotted as means (SD) calculated from 3 independent biological replicates. Differences 
were considered significant when ***P < 0.001. **P < 0.01, and *P < 0.05. ns, not significant.
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(LPS and IFNγ), we found no major differences in NO production or 
M1 marker expression. This could be in part attributed to the mo
dest yet statistically significant transcriptional upregulation of 
some of the transcripts that might be insufficient to potentiate 
the response to M1-polarizing stimuli. Furthermore, some of the 
transcripts in this signature, such as Acod1 have been reported 
to either promote or inhibit M1 polarization.71,72 Further charac
terization of the molecular mechanisms of LIF-dependent modu
lation of macrophage phenotypes and functions will shed light on 
this matter.

Numerous reports indicate that LIF skews macrophage responses 
toward immunosuppressive or M2-like phenotypes.3,31–34 This 
could be partially explained, through STAT3 activation, which has 
extensively been associated with anti-inflammatory responses in 
macrophages,50 while STAT3 deficiency in BMDM has been linked 
to an M1-like phenotype.73 In line with these observations, we 
provide evidence that LIF-primed BMDM are sensitized to IL-4 stimu
lation which might be in part due to STAT3-dependent upregulation 
of IL-4Ra, a key player in M2 polarization.30 However, we cannot rule 
out the possibility that LIF upregulation of M2 responses could be 
multifactorial. In support of this notion, we found that LIF induces 
the expression of Kdm6b, a transcript encoding for JMJD3, a histone 
demethylase known to promote M2 differentiation in response to 
helminth infection via IRF4 epigenetic upregulation.74 Additionally, 
LIF failure to enhance M1 macrophage polarization could also be 
due to a posttranscriptional regulatory mechanism. For instance, 
microRNAs are recognized as important regulators of macrophage 
differentiation.75 Among them, mir-93 is known to promote M2 
macrophage polarization76 by inhibiting IRG1-dependent itaconate 
production. Of note, expression of mir-93 was reported to be highly 
upregulated upon LIF stimulation.77 As highlighted by a recent study 
using a 3D in vitro model, IL-4/IL-13 M2 polarized macrophages pro
mote wound healing by inducing myofibroblast differentiation.78

Hence, by potentiating IL-4 driven M2 polarization and expression 
of tissue repair–associated transcripts (e.g. Fn and Ptger4), LIF could 
be a pivotal regulator of this process, as supported by our study along 
with previous reports.14–16 Conversely, depending on the polarizing 
stimulus, M2 macrophages can be grouped in 4 different categories. 
Accordingly, M2a (induced by IL-4 and IL-13 stimulation), M2b 
(LPS and immune complexes), M2c (IL-10), and M2d (TLR ligands 
and A2 adenosine receptor agonists) macrophages have been 
characterized.79 It would be worth investigating whether 
LIF-promoting effect on IL-4-driven macrophage polarization 
extends to other M2 subtypes.

In all, our characterization of the macrophage transcriptomic 
response to LIF has uncovered transcriptional programs associ
ated with lipid metabolism and cell activation that appear to con
tribute to enhanced lipid-loading capacity and IL-4-polarizing 
sensitivity. Future investigation using a combination of in vivo, 
ex vivo, and in vitro functional and mechanistic studies will con
tinue to shed light on the impact of LIF on homeostasis and dis
ease (e.g. cancer, metabolic disorder, and infections) which 
could inform novel therapeutic strategies via reprogramming of 
macrophage phenotypes.
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