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ABSTRACT

PTPN2 is encoded by the protein tyrosine phosphatase N2 (also known as TC-PTP) and is a negative regulator of cytokine sign-
aling and macrophage differentiation. In the past decade, our work and others, including several pharmaceuticals, have empha-
sized that inhibition of PTPN2 and PTPN1 (also known as PTP1B) may act as a new first-of-class cancer immunotherapeutic.
Although the potential roles of these two enzymes in various immune cells have been broadly reported, the specific activity of
PTPN2 in regulating macrophage immune and metabolic responses has yet to be fully elucidated. Hence, we sought to investi-
gate the function of PTPN2 in macrophage polarization and on their activities. We used two different mouse models to system-
atically and specifically inhibit the expression of PTPN2 in macrophages and utilized a chemical inhibitor with a macrophage
human cell line to assess their immune and metabolic profiles. We demonstrated that PTPN2 ablation in macrophages alters
their immunometabolic transcriptome and enhances their proinflammatory response, as observed by increased IFN-y and nitric
oxide production. PTPN2 deficiency also leads to a dysregulation of mitochondrial respiration, as observed by decreased oxygen
consumption and ATP production. We establish herein that PTPN2 dampens the proinflammatory response of macrophages
while altering their mitochondrial respiration, validating its macrophage inhibition as a contributing factor in the potency of
systemic dual inhibition of PTPN1 and PTPN2 against cancer.

1 | Introduction

Macrophages are the predominant type of phagocytic cells and,
along with neutrophils, serve as the first line of defense in in-
nate immunity [1, 2]. They secrete a plethora of cytokines and
chemokines, including IFN-Y, IL-6, IL-10, IL-12, TNF-a, and
CXCL10, which then activate other immune cells and attract
them to the site of injury, leading to the initiation of an inflam-
matory cascade [3-7]. The protein tyrosine phosphatases (PTPs)
PTPN1 and PTPN2 are known negative regulators of cytokine

signaling. We have previously demonstrated that deletion of
PTPN2 in mice is lethal at 3weeks of age due to severe systemic
inflammation caused in part by the upregulation of proinflam-
matory cytokines, including iNOS, TNF-a, and IFN-y [8, 9]. We
have further established that this PTP regulates macrophage
development and activation by controlling the CSF-1R receptor
[10, 11].

Over the past decade, it has been established that control of
immune responses and metabolic homeostasis are closely
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intertwined. We now understand that metabolic stresses can ac-
tivate various pathways, such as NF-xB and HIF-1a, which can,
in turn, upregulate inflammatory pathways and lead to inflam-
mation [12, 13]. Similarly, inflammation can induce metabolic
changes, as is the case in inflammatory bowel diseases when key
glycolytic enzymes are upregulated [14]. In addition to its role as
a negative regulator of inflammatory cytokine signaling, we have
recently demonstrated that PTPN2 is a critical positive regula-
tor of metabolism and mitochondrial respiration [15], proposing
that this phosphatase may be necessary in the immunometabolic
regulation of macrophages.

In addition to promoting inflammation and enabling the re-
cruitment of immune cells, macrophages can also have anti-
inflammatory functions, depending on the microenvironment
and requirements. Although the plasticity of macrophages is
now well accepted in the field [5, 6] and we now understand that
macrophage polarization consists of a gradient of inflammatory
phenotypes. For this study, we will consider homogeneous pop-
ulations of proinflammatory macrophages (classically activated,
termed M1) and anti-inflammatory macrophages (alternatively
activated, referred to as M2). Various PTPs have been shown
to regulate the polarization of macrophages, such as PTPN22,
which is a positive regulator of M2 macrophage polarization
[16]. In contrast, SHP-1 (PTPN6) and PTPN1 are negative reg-
ulators of M1 macrophage polarization upon induction by LPS
[16]. Knowing the involvement of PTPs in reprogramming mac-
rophages toward the proinflammatory M1 phenotype and the
role of PTPN2 as a negative regulator of cytokine signaling, we
were interested in studying the potential role of this phosphatase
as a modulator of macrophage polarization and immunometa-
bolic functions. This enthusiasm is compounded by the recent
excitement to use dual inhibition of PTPN2 and its close relative
PTPN1 in clinical oncology immunotherapeutics [17].

Herein, we focused our study on one of the putative anticancer
activities of PTPN2 inhibition by demonstrating that PTPN2 is a
negative regulator of proinflammatory macrophage polarization
and immune responses. Additionally, loss of PTPN2 in macro-
phages leads to dysregulation of their transcriptome and aberrant
induction of several pathways that promote immune responses,
antigen processing and presentation, and mitochondrial respira-
tion. We have also established that myeloid-specific deletion of
PTPN2 leads to a similar phenotype in macrophages as a systemic
deletion, albeit milder. Hence, deletion of PTPN2 solely in macro-
phages appears to be enough to induce inflammation. This effect
is increased when the microenvironment, such as other immune
cells and their corresponding cytokine production, is also deficient
in PTPN2. The implication is that PTPN2 promotes macrophage
immune responses in both a cell-intrinsic and cell-extrinsic man-
ner. PTPN2 is crucial in macrophages to dampen inflammation
and mitochondrial respiration that may result from inflammatory
events such as tumor growth, infection, and injury.

2 | Material and Methods
2.1 | Mice

The generation of mice with a constitutive germline deletion
of PTPN2 (PTPN2~/~ mice, also known as PTPN2~/") has been

described previously [8]. Heterozygous breeding pairs were
used to ensure that wild-type, heterozygous, and knockout lit-
termates were obtained for experiments. We also generated a
myeloid-specific mouse model of PTPN2 deletion by breeding
PTPN2!/l or PTPN2f/%t C57BL/6 mice with LysM-Cre mice, as
described previously by Spalinger et al. [18]. For experimental
purposes, we crossed heterozygous (fl/wt) or knockout (fl/fl)
PTPN2 mice, with one breeder being Cre,*/~ to obtain PTPN2{/1
LysM-Cre*/~ knockout mice. All mice were housed in a specific
pathogen-free facility in sterile microisolator caging. Animal
protocols followed the regulations of the Canadian Council on
Animal Care and were approved by the McGill University ani-
mal care committee.

2.2 | Isolation and Stimulation of Murine
Immune Cells

Immune cells were harvested from two mouse models: the
whole-body and myeloid-specific targeting of PTPN2. Bone
marrow-derived macrophages (BMDMs) were generated by
harvesting monocytes from the bone marrow, growing them
in 10cm? petri dishes in DMEM supplemented with 10% heat-
inactivated fetal bovine serum, 1% GlutaMAX, 1% sodium
pyruvate, 1% penicillin and streptomycin (Pen/Strep), 1% non-
essential amino acids, and 0.1% -mercaptoethanol, incubating
them in a 5% CO, incubator at 37°C, and differentiating them
into macrophages by stimulating them with 30ng/mL recom-
binant murine M-CSF (PeproTech, 315-02) for 7days. BMDMs
were either maintained as naive macrophages (MO) or polarized
toward the M1 proinflammatory phenotype using 20ng/mL
recombinant murine IFN-y (PeproTech, 315-05) and 100ng/
mL lipopolysaccharide (LPS, Sigma-Aldrich, E. coli 055:B5) or
toward the M2 anti-inflammatory phenotype using 20ng/mL
IL-4 (PeproTech, 214-14) for 24 h. For downstream experiments
such as qRT-PCR, flow cytometry, and western blotting, macro-
phages plated in a 10cm? Petri dish were harvested by washing
twice with PBS, gently scraping with a cell scraper, and counting
the cells.

2.3 | Cell Culture and Macrophage Differentiation

The human monocytic cell line U-937 (ATCC CRL-1593.2)
was cultured in RPMI 1640 medium (Wisent Bioproducts)
supplemented with 10% fetal bovine serum (FBS) (Hyclone,
Fisher Scientific), 2mM L-glutamine (Fisher Scientific),
10mM HEPES (Wisent Bioproducts), 1 mM sodium pyruvate
(Fisher Scientific), 4.5g/L glucose, 1.5g/L sodium bicarbon-
ate (Hyclone, Fisher Scientific), 100 U/mL penicillin (Hyclone,
Fisher Scientific), 100 ug/mL streptomycin (Hyclone, Fisher
Scientific), and 0.05 mM f-mercaptoethanol (Fisher Scientific),
and cultured in a 5% CO, incubator at 37°C. For macrophage
differentiation, U-937 cells were cultured in six-well plates
at a density of 400,000 cells/mL and treated with 100ng/
mL phorbol 12-myristate 13-acetate (PMA) (PeproTech) for
72h. Media containing PMA was removed, and the cells were
washed twice with PBS, followed by a recovery period of 24 h,
during which new media was added. Differentiation into mac-
rophages was confirmed by microscopic examination of cell
morphology and evaluation of markers CD14, CD11b, CDl11c,
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and CD45RA expression by flow cytometry. Polarization
of macrophages was carried out for 48h by stimulation
with 100ng/mL LPS (E. coli 055:B5) and 25ng/mL IFN-y
(PeproTech) to generate M1 macrophages and with 25ng/mL
IL-4 (PeproTech) to generate M2 macrophages. The absence
of stimulation mimicked MO macrophages. To inhibit PTPN2
and PTPN1, U-937 macrophage-like cells were treated for
30min with 30 uM of the inhibitor L-598. Cells were washed
twice with PBS and treated with polarization cytokines as de-
scribed with 30 uM fresh L-598 for 48 h, after which cells were
then processed for downstream analysis.

2.4 | RNA Isolation, Reverse Transcription
and Quantitative Real-Time PCR

Total RNA was isolated from macrophages using TRIzol re-
agent (Thermo Fisher Scientific), according to the manufactur-
er's instructions. RNA was quantified with NanoDrop and the
quality of the RNA was determined by running an RNA gel
using with 500ng RNA on a 1% agarose gel. Then, 1 ug of RNA
was reverse transcribed to complementary DNA (cDNA) using
the SuperScript 111 Reverse Transcriptase Kit (Thermo Fisher
Scientific), as per the manufacturer's protocol. Quantitative real-
time PCR (QRT-PCR) was performed with a LightCycler 480
(Roche) using SYBR Green Master Mix (Roche) according to the
manufacturer's instructions. A panel of different housekeeping
genes was tested with samples from different genotypes and po-
larization statuses, and Actb was determined to be the most re-
liable housekeeping gene for these conditions. It was, therefore,
used as a reference gene to normalize the relative abundance of
each gene of interest for all qRT-PCR experiments.

2.5 | Flow Cytometry

Fc receptors on purified BMDMs were blocked with an an-
ti-CD16/CD32 antibody (BD Biosciences). Cell surface antigens
were detected with the following antibodies diluted in PBS
(Wisent) supplemented with 2.5% fetal bovine serum: phyco-
erythrin (PE)-conjugated anti-F4/80, fluorescein isothiocya-
nate (FITC)-conjugated anti-CD11b, PE/Dazzle 594 anti-CD80,
pacific blue (PB) anti-CD86, and peridinin-chlorophyll protein
(PerCP)-Cy5.5-conjugated anti-CD301 from BioLegend. For
experiments requiring the detection of intracellular antigens
or cytokines by flow cytometry, cells were fixed and perme-
abilized after the extracellular staining and then stained for
the following intracellular markers: allophycocyanin (APC)-
conjugated anti-NOS2 (Thermo Fisher Scientific) and PE-
Cy7-conjugated anti-IFN-y or PE-Cy7-conjugated anti-CD206
(BioLegend). F4/80 and CD11b were used as general macro-
phage markers, NOS2, CD80, and CD86 as M1 macrophage
markers, and CD206 and CD301 as M2 macrophage markers.
All cells were stained with the Live/Dead fixable Aqua viability
dye (Thermo Fisher Scientific). For the U-937 cell line, FITC-
conjugated anti-CD14 (clone M5E2, BD), APC-conjugated anti-
CD11b (clone ICRF44, BD), PE-conjugated anti-CD11c (clone
3.9, BD), and PerCP-Cy5.5-conjugated anti-CD45RA (clone
HI100, BD) were used.

For CXCL9 and CXCL10, intracellular staining was performed
using BD GolgiPlug for 4h. Cells were washed twice with PBS,
gently detached, and resuspended in FACS buffer (2% FBS in
PBS). To block nonspecific binding, the cells were incubated with
Human TruStain FcX (BioLegend) for 10min at 4°C. Cells were
then stained with a viability dye (LIVE/DEAD Fixable Aqua
Dead Cell Stain Kit, Invitrogen) for 30 min at 4°C. Intracellular
staining was performed using the Cytofix/Cytoperm kit (BD)
as per the manufacturer's directions. The detection of CXCL9
and CXCL10 was performed using APC-conjugated anti-CXCL9
(clone J1015E10, BioLegend) and PE-conjugated anti-CXCL10
(clone J034D6, BioLegend). Samples were acquired using a
FACSCanto II or LSRFortessa (BD Biosciences) and analyzed
with FlowJo software (Tree Star).

2.6 | RNA-Sequencing and Data Analysis

RNA from purified BMDMs was isolated with TRIzol and pu-
rified with the PureLink DNase Set (Thermo Fisher Scientific),
according to the manufacturer's protocol. Samples were sub-
jected to RNA-sequencing (RNA-Seq) using an Illumina
HiSeq 2500. Transcript abundances were quantified with
Kallisto v0.41.1 [19] using paired-end reads pseudo-aligned
to the mouse transcriptome (GENCODE M17). Differential
gene expression analysis was performed by importing Kallisto
results with tximport v1.6.0 [20], followed by DESeq2 v1.18.1
[21]. Genes were filtered based on adjusted p value below 0.05
and log-transformed expression fold change of 2 or more.
InnateDB and gene ontology (GO) were used for downstream
analysis to identify pathways and biological processes en-
riched in specific populations.

2.7 | Enzyme-Linked Immunosorbent Assays
and Nitric Oxide Production Assay

BMDMs were harvested and generated from PTPN2+/+ (sys-
temic wild-type, WT), PTPN2+/~ (systemic heterozygous,
HET), and PTPN2~/~ (systemic knockout, KO), or from
PTPN2//fl LysM-Cre~/= (WT) and PTPN2{V/fl LysM-Cre*/~
(myeloid-specific KO) mice. Cells were divided into three pop-
ulations and plated in 10cm? Petri dishes: an unstimulated
population of naive BMDMs (MO0), proinflammatory macro-
phages (M1) and anti-inflammatory macrophages (M2). After
cells were polarized for 24h, 2mL of supernatant from each
dish was collected, transferred to a microcentrifuge tube, cen-
trifuged at 10000rpm at 4°C to remove cell debris, and the
supernatant was transferred to a clean microcentrifuge tube
for analysis. Enzyme-linked immunosorbent assays (ELISAS)
were performed according to the manufacturer's protocol to
quantify the cytokines IFN-y, IL-6, and CXCL10 expression.
To assess the nitric oxide (NO) production of M0, M1, and M2
macrophages, the Griess Reagent System (Promega, G2930)
was used according to the manufacturer's protocol. Data were
normalized to cell number for all ELISAs and NO produc-
tion experiments by performing a CyQUANT assay (Thermo
Fisher Scientific, C7026), according to the manufacturer's
protocol.
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2.8 | Western Blotting

Total cell lysates (TCL) were prepared using modified radio-
immunoprecipitation assay (mRIPA) buffer (50mM Tris-HCI
(pH7.5), 150mM NaCl, 0.25% sodium deoxycholate and 1% NP-
40) supplemented with EDTA-free protease inhibitor (Roche)
and 2mM sodium orthovanadate (Sigma-Aldrich). Protein lev-
els were quantified by bicinchoninic acid (BCA) assay. 15ug of
each lysate was run on 10% SDS-PAGE gels using the antimouse
primary antibody PTPN2 (1/10, homemade clone 3E2), as well
as the antirabbit primary antibodies STAT3 (Cell Signaling
Technology), p-STAT3 (Tyr705, Cell Signaling Technology),
STAT1 (Cell Signaling Technology), and p-STAT1 (Tyr701, Cell
Signaling Technology). The antirabbit primary antibody f-actin
was from Cell Signaling Technology, and secondary antibod-
ies antimouse and antirabbit HRP were obtained from Jackson
ImmunoResearch. Each lane represents an individual mouse.
Blots were imaged using the Mini-Medical Series imager (AFP
Imaging).

2.9 | Seahorse XF Assays

Metabolic changes in oxygen consumption rate (OCR) were
measured using a Seahorse XFe96 extracellular flux (XF) an-
alyzer (Agilent). Cells were harvested from the bone marrow of
PTPN2 WT, HET, or KO mice or PTPN2/fl LysM-Cre~/= (WT)
and PTPN2fl LysM-Cre*/~ (KO) mice and seeded in 10cm?
Petri dishes. Cells were allowed to differentiate for 7days with
30ng/mLM-CSF and cultured in a 5% CO, incubator at 37°C.
Fresh M-CSF was supplemented every 3days. Prior to perform-
ing the Seahorse XF assay, cells were detached by scraping and
seeded at 45000 cells/well in an XFe96 microplate in 80uL
media supplemented with 30ng/mLM-CSF. Cells were allowed
to attach for 1h at room temperature and then for 2h in the incu-
bator prior to the addition of polarization media. BMDMs were
polarized to pro- or anti-inflammatory macrophages by adding
20uL of media supplemented with LPS (M1) or IL-4 (M2) for
24h. 20 uL fresh media was added to a subset of cells to maintain
naive (M0) BMDMs.

On the day of the assay, 50uL of the media was gently removed
from the wells using a multichannel pipette, cells were washed
twice with XF assay medium (Agilent, 102353-100), and fresh
XF assay medium was added. The plate was incubated for 1h in
a CO,-free incubator at 37°C to equilibrate. The cell plate was
then transferred to the XFe96 extracellular flux analyzer. The
assay was performed with four cycles for the basal state and four
after each injection, where each cycle consisted of a 3-min mix
and a 3-min measure period. To measure mitochondrial respi-
ration, oligomycin (Sigma-Aldrich, #04876), FCCP (carbonyl
cyanide-4-[trifluoromethoxy]phenylhydrazone, Sigma-Aldrich,
#C2920), rotenone (Sigma-Aldrich, #R8875), and antimycin A
(Sigma-Aldrich, #A8674) were added at a final concentration
of 1.5uM, 2uM, 1.5uM, and 2uM, respectively, at specific time
points to inhibit different complexes of the electron transport
chain. To measure the extracellular acidification rate, 25mM
glucose, 1.5uM oligomycin, and 50mM 2-deoxy-D-glucose (2-
DG) were used. Each assay was performed with at least five
replicates and normalized to cell number by performing a
CyQUANT assay per the manufacturer's protocol.

2.10 | Statistical Analyses

Many of the experiments were analyzed using one-way analysis
of variance (ANOVA) with Tukey's multiple comparisons test.
Other experiments were analyzed with a t-test, and those with
two independent variables were analyzed using a two-way anal-
ysis of variance (2way ANOVA) with a Sidak post hoc multiple
correction, as specified in the figure legends.

3 | Results

3.1 | PTPN2 Deficiency Favors the Reprogramming
of Macrophages to Proinflammatory M1
Macrophages

To study the effect of PTPN2 on macrophage polarization and
function, we first established a panel of genes characteristic of
pro- (M1) or anti- (M2) inflammatory macrophages, with lit-
tle to no expression in other macrophage subsets. To do this,
we curated the literature and identified a group of 11 genes
that were most often used to characterize M1 or M2 BMDMs:
Ccr7, Cxclll1, Il112b, Nos2, Ptgs2, and Tnf for M1 macrophages,
and Argl, Ccl24, Chil3, Retnla, and Ptgs] for M2 macrophages
[22-28]. We assessed these by qRT-PCR using naive BMDMs
(MO) derived from wild-type mice and polarized toward M1
or M2 macrophages (list of all genes used in Figure S1). This
allowed us to identify Ccr7, Cxclil, I112b, Nos2, Ptgs2, and Tnf
as being robust M1 macrophage-specific genes, while Argl and
Retnla are robust M2 macrophage-specific genes (Figure S2). As
such, we used Cxcl1I and Tnf genes as representative M1 genes
and Argl and Retnla as representative M2 genes when assessing
macrophage polarization in subsequent experiments.

With these polarization genes clearly defined, we next sought
to identify the inflammatory phenotype of BMDMs harvested
from PTPN2 wild-type (WT), heterozygous (HET) or knockout
(KO) mice. Compared with their WT and HET counterparts, we
observed a considerable upregulation of M1 genes CxclI1 and
Tnf in PTPN2 KO macrophages (Figure 1A), indicating an en-
hanced transcriptional modulation of proinflammatory genes in
macrophages lacking PTPN2. While the M2 gene Retnla was un-
changed across genotypes in M2 macrophages, Argl was upreg-
ulated in a dose-dependent manner, with the highest expression
observed in M2 KO macrophages (Figure 1B). This could be due
to upstream signaling via STAT6, which is a known regulator
of M2 macrophage polarization and has been demonstrated to
bind directly to the promoter region of Argl, leading to induc-
tion of its gene expression [29, 30]. STAT6 is a known substrate
of PTPN2 [31]. Hence, the absence of this tyrosine phosphatase
would result in increased STAT6 phosphorylation and activa-
tion, leading to subsequent upregulation of Argl.

Next, we performed flow cytometry with these BMDMs using
the M1 marker NOS2 and the M2 markers CD206 (aka MRC1)
and CD301 to determine whether these transcriptional changes
are reflected at the protein level. We established that there is an
upregulation of the M1 marker NOS2 in PTPN2-deficient M1
BMDMs compared to WT and HET counterparts (Figure 1C),
both in the number of cells that express this marker (Figure 1D)
and in the amount of NOS2 expressed (geometric mean
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fluorescent intensity, gMFI, Figure 1E). On the other hand, the
expression of the M2 markers CD206 (Figure 1F,G) and CD301
(Figure 1H,I) was independent of PTPN2 levels. Except for

polarization of alternatively activated (M2) macrophages. These
data suggest that the ablation of PTPN2 in mice gives rise to
macrophages that are more apt at polarizing toward a proin-

Argl, a STATG6 target gene, we found no evidence for increased flammatory phenotype.
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FIGURE1 | Macrophage polarization toward the M1 proinflammatory state is favored upon deletion of PTPN2. (A and B) Measurement of gene
expression by qRT-PCR for genes characteristic of proinflammatory (A) and anti-inflammatory (B) BMDMs in naive (M0), M1-, and M2-polarized
macrophages harvested from PTPN2 wild-type (WT), heterozygous (HET) and knockout (KO) mice. Data represent the mean +SD of two to five

biological replicates performed in three independent experiments. (C-I) Flow cytometry analysis of MO, M1, and M2 BMDMs derived from PTPN2

WT (n=3), HET (n=3) and KO (n=5) mice. Data represent the mean + SD of one experiment from three independent experiments. (C) Histogram

representation of expression of M1-marker NOS2 with corresponding frequency of parent (D) and geometric mean fluorescence intensity (gMFI, E)

analyses. (F) Histogram representation of expression of M2-marker CD206 in M2 BMDMs with corresponding gMFI analysis (G). (H) Histogram rep-
resentation of expression of M2-marker CD301 in M2 BMDMs with corresponding gMFI analysis (I). *p <0.05, **p <0.01, ***p < 0.005, ****p <0.001

based on two-way ANOVA with Tukey's multiple comparisons test.

3.2 | PTPN2 Governs the Proinflammatory
Phenotype of Macrophages

To further investigate the role of PTPN2 in regulating the im-
munophenotype of macrophages, we performed bulk RNA-
sequencing with macrophages harvested from PTPN2 WT,
HET, and KO mice maintained in a naive state (MO0) or stim-
ulated to proinflammatory (M1) or anti-inflammatory (M2)
macrophages. InnateDB pathways analysis and gene ontology
(GO) enrichment analysis were performed to identify pathways
and biological processes modulated in PTPN2-deficient macro-
phages in different polarization states. We discovered that the
pathways of “innate immune response” and “positive regulation
of cell migration,” were underrepresented in PTPN2 knockout
proinflammatory BMDMs compared to wild-type and heterozy-
gous cells (Figure 2A,B). On the other hand, several pathways,
such as “antigen processing” and “presentation of exogenous
peptide antigen via MHC class I1,” were instead overrepresented
in these macrophages (Figure 2C). This was characterized
by a much higher number of modulated genes in proinflam-
matory macrophages than in unstimulated cells (M0) or anti-
inflammatory macrophages (Figure 2D).

We generated Venn diagrams to tease apart transcriptional re-
programming in these macrophages based on differentially
expressed genes (DEGs) to identify genes exclusively or com-
monly modulated between MO, M1, and M2 macrophages
(Figure 2E,F). We found that the vast majority of DEGs upreg-
ulated in KO BMDMs were in the proinflammatory M1 subset
(Figure 2E), such as the macrophage chemoattractants Cxcl9
and Cxclll [32, 33] and Clec9a, which is involved in cross-
presentation and activation of cytotoxic CD8* T cells [34, 35].
Clec9 also enables macrophages to clear dead cells to prevent
chronic inflammation [36]. Idol is another gene exclusively up-
regulated in KO M1 macrophages (Figure 2E). Notably, Idol is
a crucial factor in maintaining a balance between immune acti-
vation and suppression, ensuring a control of excessive inflam-
mation that is often observed during responses to intracellular
pathogens, cancer, or autoimmune diseases [37, 38].

Interestingly, a small subset of genes was upregulated in KO
BMDMs compared to WT in all MO, M1, or M2 macrophages.
This includes Icam2, which is involved in cell adhesion and is
crucial for the migration of macrophages to sites of inflamma-
tion, which is essential upon induction of systemic inflammation
in mice resulting from the deletion of PTPN2. On the other hand,
hundreds of DEGs were downregulated in KO macrophages of
different polarization states, with M1 KO macrophages experi-
encing the most drastic transcriptional reprogramming, with

almost 400 genes being exclusively downregulated in this group
(Figure 2F). This subset of genes includes TIr7 and TIr8, two
toll-like receptors (TLRs) that are necessary for the recognition
of pathogen-associated molecular patterns (PAMPs) and initiat-
ing immune responses [39, 40]. These TLRs are also involved in
the production of TNF-a and IL-6 through the recruitment of
MyD88 and activation of downstream signaling cascades that
ultimately lead to the activation of transcription factor NF-xB
[41-43]. Ccl2 (also known as MCP-1) and Ccl5 (also known as
RANTES) are also downregulated exclusively in KO M1 mac-
rophages (Figure 2F). These chemokines are involved in the re-
cruitment of macrophages at the site of inflammation or injury
[44, 45]. Since the induction of either chemokine can lead to ex-
cessive recruitment of macrophages and contribute to chronic
inflammation, the downregulation of these chemokines would
be essential in dampening chronic inflammation that results
from systemic PTPN2 depletion to avoid tissue damage.

We used InnateDB and GO to identify pathways modulated in
PTPN2-deficient macrophages. “Cell signaling”, “cell prolifera-
tion” and “cell adhesion” seem more affected in naive macro-
phages, while cytokine signaling was more prominent in M2
macrophages. On the other hand, many more pathways were
significantly underrepresented in proinflammatory knockout
macrophages, several involving chemotaxis of various immune
cells, cytokine signaling, and response to stimuli such as inter-
ferons or viruses (Figure 2G). Several immune pathways were
enriched in PTPN2-deficient proinflammatory macrophages,
such as “PD-1 signaling,” “response to IFN-y,” “antigen process-
ing and presentation,” and “TCR signaling.” Interestingly, many
metabolic pathways were also overrepresented in these M1 mac-
rophages, including “respiratory electron transport” and “oxida-
tive phosphorylation” (Figure 2H). Other pathways relating to
“cell cycle,” “DNA repair,” and “DNA replication” were enriched
in M0 and M2 macrophages but not in M1 in absence of PTPN2
(Figure 2H). These results indicate that PTPN2 deficiency leads
to a stark transcriptional reprogramming in macrophages, char-
acterized by upregulation of several immune and metabolic
pathways. This hyperactivation is even more pronounced in
proinflammatory macrophages.

”

Following our discovery that many immune pathways were
dysregulated in PTPN2-deficient proinflammatory macro-
phages, we performed qRT-PCR analysis with M1-polarized
BMDMs to validate some hits. We confirmed that a subset of
immune genes, notably Ccl2, Ccl3, and Marco, were down-
regulated in knockout cells (Figure S3A). Ccl2 and Ccl3 are
potent proinflammatory chemokines for macrophages and
other immune cells [46-48]. Marco is a scavenger receptor
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has also been demonstrated to be highly expressed on tumor-
associated macrophages (TAMs) [51]. On the other hand, the
expression of Ccr2, a receptor for Ccl2 that is highly expressed

molecule that mediates nonopsonin-dependent phagocytosis,
which is essential in macrophages for activating an immune
response necessary to clear foreign pathogens [49, 50] and
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FIGURE 2 | PTPN2 deletion enhances the proinflammatory phenotype of macrophages. RNA-Seq was performed with M0-, M1-, and M2-
polarized BMDMs harvested from PTPN2 wild-type (WT), heterozygous (HET), and knockout (KO) mice. (A-C) Heatmaps generated based on
differentially expressed genes in WT, HET, and KO M1 BMDMs. Genes involved in innate immune response (A), cell migration (B), and antigen
processing and presentation of exogenous peptide antigen via MHC Class II (C). (D-F) Venn diagrams representing shared genes or those exclusively
present in MO, M1, and M2 BMDMs. (D) Number of genes downregulated and upregulated in KO BMDMs depending on the macrophage polariza-
tion status. Number of genes that are upregulated (E) or downregulated (F) in KO vs. WT BMDMs. (G, H) Gene ontology (GO) enrichment analysis
was performed to identify pathways and biological processes enriched in WT and KO M0, M1 and M2 macrophages. Data represent three mice per
genotype and -log (corrected p value) of 1.3 was set as a threshold to assess underrepresented (F) or overrepresented (G) pathways in KO BMDMs.
(I) IFN-y and IL-6 cytokine production by M0, M1, and M2 BMDMs was assessed by ELISA. Data represent 3 to four mice per condition. (J) NO pro-
duction from WT, HET, and KO BMDMs was determined. Data represent 3 to four mice per condition. **p <0.01, ***p <0.005, ****p <0.001 based on

two-way ANOVA with Tukey's multiple comparisons test.

on proinflammatory macrophages [52], was upregulated. We
also observed a substantial upregulation of proinflammatory
genes Cxcl10, H2-Aa, H2-Abl, and Il112rb2 in PTPN2-deficient
macrophages (Figure S3B).

We further assessed the consequence of PTPN2 deficiency by
measuring cytokine production. We established that M1 KO
macrophages secrete more than double the IFN-y as WT or HET
macrophages. IL-6 production was conversely decreased consid-
erably in a PTPN2 dose-dependent manner (Figure 2I), which
could be explained by the downregulation of Tlr7 and TIr8 in
KO M1 macrophages. Finally, as expected, we demonstrated
that PTPN2 ablation enhances nitric oxide production solely by
M1 macrophages since levels were barely detectable in MO or
M2 macrophages (Figure 2J). These data together support the
premise that PTPN2 deficiency enhances the proinflammatory
immune responses of macrophages.

3.3 | Generation and Validation of
PTPN2/LysM-Cre Mouse Model

In our systemic mouse model with a germline deletion of
PTPN2, we have shown that macrophages generated are more
apt at polarizing toward M1 macrophages with an enhanced
proinflammatory signature. While the transcriptome of naive
and anti-inflammatory BMDMs was somewhat affected by the
inhibition of PTPN2, that of proinflammatory macrophages
was considerably dysregulated. PTPN2-deficient M1 mac-
rophages displayed an upregulation of pathways involved in
regulating the immune response and its activation, as well
as in several metabolic pathways. These data left us wonder-
ing whether a constitutive deletion of this phosphatase is re-
quired for the observed phenotype in macrophages or whether
PTPN2 could also have a cell-intrinsic effect. To answer this
question, we generated a LysM-Cre mouse model where dele-
tion of PTPN2 would be restricted to myeloid cells and, more
specifically, macrophages. Although other cells from the my-
eloid compartment may be affected, such as neutrophils and
dendritic cells, macrophages are typically the primary my-
eloid cell type affected by the Cre recombinase inserted into
the lysozyme 2 gene [18, 53-55]. Upon generation of PTPN2/
LysM-Cre mice, we validated the efficient knockdown of
PTPN2 exclusively in myeloid cells.

We performed western blotting to determine the expression of
PTPN2 in these various immune cell types. Since the LysM-Cre

mouse model only targets cells from the myeloid compartment,
PTPN?2 should only be deleted in macrophages. Indeed, inhibi-
tion of PTPN2 was observed only in macrophages and dendritic
cells (Figure S4A). Additionally, deletion of PTPN2 seemed to
be more efficient in macrophages compared to dendritic cells,
which has been previously reported in different LysM-Cre
mouse models [18, 53, 55]. We observed normal, unchanged ex-
pression of PTPN2 in B and T cells (Figure S4B), regardless of
the genotype of the mice. These data confirm that PTPN2 dele-
tion in our PTPN2/LysM-Cre mice is only observed in myeloid
cells and more so in macrophages.

3.4 | Macrophage-Specific Deletion of PTPN2
Leads to an Enhanced Proinflammatory Phenotype

To validate the macrophage phenotype observed in the sys-
temic mouse model of PTPN2 deletion, we assessed the expres-
sion of polarization genes in M0, M1, and M2 macrophages
derived from PTPN2 LysM-Cre by qRT-PCR. Compared to
their WT counterparts, proinflammatory genes Cxclll and
Ccr7 were upregulated in PTPN2M/fl LysM-Cre*/~ knockout
BMDMs (Figure 3A). On the other hand, anti-inflammatory
genes Argl and Retnla were not modulated in M2 macrophages
(Figure 3B), indicating a preferential upregulation of the
proinflammatory signature. We next performed western blot-
ting for proteins that we previously established to be regulated
by PTPN2, notably STAT1 and STAT3, and we observed very
little phosphorylated STAT1 or STAT3 in naive macrophages,
independent of the presence of PTPN2. However, we observed
a distinct increase in the phosphorylation of both STAT1 and
STAT3 in KO M1 macrophages compared to WT (Figure 3C),
suggesting enhanced activation of these transcription factors
in the absence of PTPN2. Flow cytometry analysis allowed
us to identify an increased expression of the M1 markers
CD80 and CD86 in PTPN2 KO M1 BMDMs (Figure 3D). At
the same time, we did not observe any difference in the ex-
pression of the M2 marker CD206 (Figure 3E), validating the
results obtained with our systemic PTPN2-deficient mouse
model. Interestingly, in this LysM-Cre model, we observed a
slight decrease in NOS2 expression in PTPN2-deficient proin-
flammatory BMDMs, which we did not observe with our first
model (Figure 1C-E), perhaps pointing to a PTPN2-dependent
cell-intrinsic role in the regulation of NOS2.

Considering the observed upregulation of STAT1 and STAT3
phosphorylation in proinflammatory macrophages, we sought
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FIGURE3 | Enhanced proinflammatory immune response in PTPN2f/fl LysM-Cre BMDMs. BMDM s harvested from WT and PTPN2f/fl LysM-
Cre (KO) mice were maintained in a naive state (MO0) or stimulated with IFN-y and LPS (M1) or IL-4 (M2) for 24 h. qRT-PCR measurements of genes
characteristic of M1 (A) and M2 (B) macrophages to assess gene expression. Data represent the mean + SEM of five biological replicates. (C) Western
blot analysis of PTPN2, pSTAT1, STAT1, pSTAT3, STAT3, and Actin. (D) Flow cytometry analysis of markers characteristic of M1 macrophages
(NOS2, CD80, and CD86). (E) Flow cytometry analysis of marker characteristic of M2 macrophages (CD206). (F) IFN-y, IL-6, and CXCL10 cytokine
production was assessed from M0, M1, and M2 WT and PTPN2//fl LysM-Cre KO BMDMs. Data represent the mean +SEM of three to five biological
replicates. *p < 0.05, ***p < 0.005 and ****p < 0.001 based on two-way ANOVA with Sidédk's multiple comparison test.

to determine whether downstream cytokine signaling would be
altered in these macrophages. While the production of IFN-y
and IL-6 was independent of PTPN2 expression in this model,
we observed an upregulation of CXCL10 upon inhibition of
PTPN2 in M1 macrophages (Figure 3F), indicating that immune
cell recruitment might be more critical in this model, possibly
via a CXCL10-STAT1 signaling axis. These data suggest that
PTPN?2 ablation leads to an enhanced proinflammatory pheno-
type in macrophages derived from LysM-Cre mice.

3.5 | Inhibition of PTPN2 in Human Macrophages
Enhances the Proinflammatory Immune Response

Having observed the effect of genetic PTPN2 ablation on the
immune phenotype of macrophages and knowing the great
potential of PTPN1/PTPN2 inhibitors in immunotherapy,
we used a chemical inhibitor of PTPN2 and PTPN1 (PTPN2/
PTPNI1, aka N2/N1) L-598 to assess the effect in a human
macrophage-like cell line U-937. At the transcriptomic level,
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we observed a sturdy upregulation in the macrophage and
immune cell chemoattractants CXCL9, CXCL10, and CXCL11
in M1-polarized U-937 cells upon chemical inhibition of N2/
N1 (Figure 4A). Next, we investigated the expression of down-
stream targets of N2/N1 by western blotting and observed an
upregulation of phosphorylated STAT1 and STAT3 in M1 U-
937 cells treated with the L-598 inhibitor (Figure 4B). Flow
cytometry analysis showed us that a higher percentage of
M1-polarized U-937 cells expressed CD14 upon inhibition of
N2/N1 (Figure 4C). Similarly, significantly more human M1
macrophage-like cells expressed CD38 (Figure 4D), CXCL9
(Figure 4E), and CXCL10 (Figure 4F) upon inhibition of N2/
N1, as well as expressing a higher amount of these proinflam-
matory markers and chemoattractants in the absence of these
PTPs. These data indicate that this N2/N1L-598 inhibitor
is effective at dampening the activity of PTPN2/N1 in mac-
rophages, as observed by upregulation of their downstream
targets and proinflammatory markers CD14, CD38, CXCLY9,
CXCL10, and CXCL11.

3.6 | Mitochondrial Respiration Is Dysregulated
in the Absence of PTPN2 in Proinflammatory
Macrophages

In addition to the modulation of several pathways related to
immune responses, we found particularly intriguing that inhi-
bition of PTPN2 in proinflammatory macrophages also led to
the overrepresentation of several metabolic pathways, includ-
ing respiratory electron transport (Figure 5A). Most of the genes
represented in this pathway are part of different complexes of
the ETC, as portrayed in the schematic diagram (Figure 5B).
We performed qRT-PCR to validate the expression of various
metabolic genes. We observed a considerable upregulation in
KO M1 macrophages compared to WT and HET cells, including
Atp5mcl, Cox7b, Idol, Ido2, and Tomm40 (Figure S3C). Atp5mcl
and Cox7b are part of complex V (ATP synthase) and IV (cyto-
chrome c oxidase) of the electron transport chain (ETC), respec-
tively. At the same time, Tomm40 is required to move proteins
into the mitochondria. Idol and Ido2, on the other hand, are
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FIGURE4 | Inhibiting PTPN2 in human macrophages promotes a proinflammatory immune response. Human macrophage-like U-937 cell line

was used and treated with 30uM PTPN2/PTPNI1 inhibitor L-598 for 30 min. Cells were kept unstimulated (MO0) or polarized toward the M1 phe-
notype with 100ng/mL LPS and 25ng/mL IFN-Y, or toward the M2 phenotype with 25ng/mL IL-4. Cells were harvested for downstream experi-
ments. (A) Measurement of gene expression by qRT-PCR for proinflammatory chemoattractant genes CXCL9, CXCL10 and CXCL11 in MO, M1, and
M2 U-937 macrophages with or without inhibition of N2/N1. Data represent one of three independent experiments performed with four technical
replicates. **p <0.01, ****p <0.001 based on two-way ANOVA with Siddk multiple comparisons test. (B) Western blot performed with MO and M1
U-937 cells treated with L-598 to assess expression of phosphorylated STAT1, STAT1, phosphorylated STAT6, STAT6, TC-PTP, and Actin. (C-F)
Flow cytometry analysis of M0, M1, and M2 U-937 cells treated or not with N2/N1 inhibitor L-598. Data represent one of three independent experi-
ments performed with four technical replicates. *p <0.05, ****p <0.001 based on two-way ANOVA with Siddk multiple comparisons test. Histogram
representation, frequency of cells, and geometric mean fluorescence intensity (gMFI) of markers CD14 (C), CD38 (D), CXCL9 (E), and CXCL10 (F).
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critical for tryptophan metabolism but also have immunosup-
pressive functions [56, 57]. We identified a similar upregulation
of mitochondrially-encoded genes, which encode different sub-
units of Complex III (cytochrome B: mt-Cytb) and of Complex I
(NADH dehydrogenase: mt-Nd1, mt-Nd4, mt-Nd5, and mt-Nd6)
of the ETC (Figure S3D).

Knowing that several genes of the ETC were upregulated, we
performed Seahorse XF analyses to assess the metabolic pheno-
type of these macrophages. We established that M1 macrophages
perform mitochondrial respiration at a reduced rate compared to
MO and M2 macrophages and that this phenotype was even more
pronounced in the absence of PTPN2 (Figure 5C). This also cor-
related with decreased basal respiration (Figure 5D), spare re-
spiratory capacity (Figure 5E), ATP production (Figure 5F), and
proton leak (Figure 5G) in proinflammatory PTPN2-deficient
BMDMs, indicating that the absence of this phosphatase in M1
BMDMs specifically disrupts their capacity for respiratory me-
tabolism and oxidative phosphorylation both in basal conditions
and following a stress. We also identified the role of macrophage-
specific PTPN2 deletion on mitochondrial respiration using
BMDMs from PTPN2f/fl LysM-Cre mice and performed similar
Seahorse XF assays. Quantifying the oxygen consumption rate
of these different macrophage populations (Figure 5H) allowed
us to establish that depletion of PTPN2 in M1 BMDMs leads to
a decrease in basal respiration (Figure 5I), spare respiratory ca-
pacity (Figure 5J), ATP production (Figure 5K), and proton leak
(Figure 5L). Interestingly, PTPN2 deficiency in naive macro-
phages also results in reduced SRC, which is the maximal OCR
that cells can undergo upon stress, in this case, characterized by
the absence of PTPN2.

Considering the observed discrepancy between the transcrip-
tional modulation of OXPHOS genes and the mitochondrial
respiration in PTPN2-deficient M1 macrophages, we performed
a different Seahorse XF assay, the glycolysis stress test, using
PTPN2 LysM-Cre macrophages to study glycolysis specifically
(Figure 5M). We found that while naive macrophages were not
unaffected by depletion of PTPN2, proinflammatory macro-
phages exhibited an increase in glycolytic capacity (Figure 5N)
and glycolysis (Figure 5P). This increase in ECAR in the ab-
sence of PTPN2 is indicative of the Warburg effect.

4 | Discussion

Ablation of PTPN2 in mice leads to aberrant proinflammatory
cytokine signaling that leads to systemic, overwhelming, and
fatal inflammation [8]. We have also shown previously that this
phosphatase negatively regulates macrophage development and
differentiation [10, 11]. However, the role of PTPN2 in regulating
the inflammatory phenotype and bioenergetics of macrophages
has yet to be elucidated. In this study, we have demonstrated
that PTPN2 dampens the proinflammatory immune response
of macrophages. Systemic deletion of PTPN2 leads to upregula-
tion of proinflammatory M1 markers at both the transcriptional
and translational level, suggesting that PTPN2 deficiency skews
macrophage polarization toward a proinflammatory subset.
These have an altered transcriptome enriched in pathways in-
volved with typical Th1 responses such as IFN-y, PD-1, and TCR
signaling, and antigen processing and presentation. We further

demonstrated that these PTPN2-deficient proinflammatory
macrophages have increased IFN-y and nitric oxide produc-
tion, which are crucial in promoting a Thl immune response.
Another interesting result we observed is the considerable
downregulation of Marco in PTPN2-deficient M1 macrophages.
MARCO-expressing TAMs have been shown to block the ac-
tivation of cytotoxic T cells and NK cells, inhibiting their pro-
liferation, cytokine production, and tumor-cell killing capacity
[49]. In addition, antibodies against MARCO have been shown
to slow growth and metastasis in syngeneic mouse tumor mod-
els by reprogramming M2-like TAMs into inflammatory M1-
like macrophages. This switch involves reprogramming their
metabolism [51, 58]. Similarly, targeting MARCO on human
macrophages has been demonstrated to repolarize TAMs and
to restore the cytotoxic, antitumor capacities of NK cells, and T
cells [58, 59].

We demonstrated similar results in a myeloid-specific deletion
of PTPN2 using a PTPN2/LysM-Cre mouse model that we gen-
erated. Another group has previously shown using this model
that myeloid-specific deletion of PTPN2 in mice aggravated in-
testinal inflammation as induced by DSS, but protected them
from colitis-associated tumor formation. They proposed that
these inflammatory phenotypes resulted from upregulated IL-
16 production caused by enhanced inflammasome activity [18].
However, they did not delve into macrophages' phenotype and
associated functions. We demonstrated in PTPN2/LysM-Cre
mice that PTPN2 inhibition enhances STAT1 and STAT3 hyper-
phosphorylation, likely inducing transcription of various proin-
flammatory and metabolic genes as we observed in our systemic
mouse model.

Interestingly, STAT1 and STAT3 seem to be necessary for
downstream ROS production [60-63]. Given that we observed
an upregulation of metabolic pathways in our RNA-Seq M1
macrophage dataset, specifically those involved in mito-
chondrial respiration, the upregulation of STAT1 and STAT3
signaling pathways could favor NO and ROS production in
PTPN2-deficient cells, eventually leading to aberrant use of mi-
tochondria by these macrophages. We further showed that using
a PTPN2 inhibitor on a human macrophage cell line leads to an
increase in proinflammatory chemokines CXCL9, CXCL10, and
CXCL11 at the transcriptional level, and of CXCL9 and CXCL10
at the protein level. These data solidify our previous discovery
that PTPN2 depletion enhances the proinflammatory signature
of macrophages.

Inhibition of PTPN2 in these cells affects not only their immune
profile, but also their metabolic state. Pathway analysis and gene
ontology enabled us to identify that respiratory electron trans-
port and oxidative phosphorylation are enriched concomitantly
with their enhanced proinflammatory state. However, we ob-
served a decreased rate of mitochondrial respiration to almost
undetectable levels in PTPN2-deficient proinflammatory mac-
rophages, and this was accompanied by increased glycolysis
and glycolytic capacity of these cells, typical of the Warburg
effect [64].

Proinflammatory macrophages are known to undergo the
Warburg effect and favor glycolysis, in which case their mito-
chondrial respiration would likely be considerably reduced
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[7, 12]. Our data suggest that inhibiting PTPN2 could be suffi-
cient in depleting Marco and reprogramming TAMs into tumor-
suppressive M1 macrophages. Furthermore, a PTPN2 inhibitor
could synergize with an anti-MARCO antibody to favor an an-
titumor response and be used as an immunotherapy treatment.
More studies would be warranted to explore this question
further.
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