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Tyrosine-protein phosphatase non-receptor type 1 (Ptpnl) is known to be involved in macrophage polarization.
However, whether and how Ptpn1 regulates macrophage phenotype to affect intestinal epithelial barrier function
remains largely unexplored. Herein, we investigated the impact of Ptpnl and macrophage-derived small extra-
cellular vesicles (sEVs) on macrophage-intestinal epithelial cell (IEC) interactions in the context of intestinal
inflammation. We found that Ptpnl knockdown shifts macrophages toward the anti-inflammatory M2 phenotype,
thereby promoting intestinal barrier integrity and suppressing inflammatory response in the macrophage-IEC co-
culture model. We further revealed that conditioned medium or sEVs isolated from Ptp1b knockdown macro-
phages are the primary factor driving the beneficial outcomes. Consistently, administration of the sEVs from
Ptpnl-knockdown macrophages reduced disease severity and ameliorated intestinal inflammation in LPS-
challenged mice. Furthermore, depletion of macrophages in mice abrogated the protective effect of Ptpni-
knockdown macrophage sEVs against Salmonella Typhimurium infection. Importantly, we found lactadherin to
be highly enriched in the sEVs of Ptpnl-knockdown macrophages. Administration of recombinant lactadherin
alleviated intestinal inflammation and barrier dysfunction by inducing macrophage M2 polarization. Interest-
ingly, sEVs lactadherin was also internalized by macrophages and IECs, leading to macrophage M2 polarization
and enhanced intestinal barrier integrity. Mechanistically, the anti-inflammatory and barrier-enhancing effect of
lactadherin was achieved by reducing TNF-a and NF-kB activation. Thus, we demonstrated that sEVs from Ptpn1-
knockdown macrophages mediate the communication between IECs and macrophages through enrichment of
lactadherin. The outcome could potentially lead to the development of novel therapies for intestinal inflam-
matory disorders.

Lactadherin

1. Introduction

Intestinal epithelial cells (IECs) provide the first line of defence for
the mucosal barrier against various invading pathogens, toxic luminal
stimuli, and other immunogenic substances [1,2]. However, coordi-
nated release of immune effector molecules by IECs often works in
concert to recruit and activate various types of immune cells and amplify
mucosal inflammatory response, resulting in intestinal barrier disrup-
tion [3]. The intestinal barrier defect subsequently facilitates microbial
translocation to the submucosa that leads to exacerbated inflammation
and cytokine storm [3,4]. Dynamic interactions among intestinal

microorganisms, IECs, and local immune cells are not only essential for
maintaining intestinal homeostasis and mounting protective immunity
to pathogens, but also responsible for pathogenesis and development of
inflammatory bowel disease (IBD) [4-6].

Intestinal macrophages constitute a central hub to initiate and
orchestrate an effective immune response towards tolerance or inflam-
mation in the intestinal tract [7,8]. Under normal physiological condi-
tions, circulating monocytes gradually replenish and differentiate
toward an interleukin (IL)-10-producing phenotype known as alterna-
tively activated or M2 macrophages. When recruited to the intestine
during intestinal inflammation, macrophages undergo
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pro-inflammatory transcriptional reprogramming, switching to classi-
cally activated or M1 macrophages, which are characterized by pro-
ducing inflammatory cytokines such as IL-6, IL-1f, and tumor necrosis
factor (TNF)-a [9]. Recent studies have suggested that modulating
macrophage phenotypes and functions may provide a potential thera-
peutic strategy to those disorders where macrophages are involved [10,
11].

Tyrosine-protein phosphatase non-receptor type 1 (Ptpnl), also
known as protein tyrosine phosphatase 1B (Ptplb), is a negative regu-
lator of the insulin signalling pathway and has been proposed as a
promising drug target to treat over-nutrition and obesity-induced insulin
resistance [12,13]. More recently, the role of Ptpnl in developing
chronic inflammatory disorders has been studied [14]. However, the
results are paradoxical. Ptpnl deficiency were reported to result in
enhanced M1 macrophage polarization, exacerbated mucosal inflam-
mation, and impaired intestinal barrier integrity [14-16]. However,
inhibition of Ptpnl was also known to promote M2 macrophage polar-
ization and prevent excessive inflammation [17,18]. Therefore, the
paradoxical role of Ptpnl in regulating inflammatory response is likely
context-dependent and dictated by the types of cells and diseases
involved.

SEVss are membrane-bound vesicles secreted by most eukaryotic
cells and are increasingly appreciated to mediate the cell-to-cell cross-
talk [19,20]. They are shown to shuttle and coordinate cellular re-
sponses by transferring genetic information and other effector molecules
from donor to recipient cells [21-24]. However, the role of small
extracellular vesicles (sEVs) and their mode of action are still ill-defined
during immune activation and inflammation. Therefore, the objective of
this study was to investigate the role of Ptpnl in macrophage polariza-
tion in the context of inflammation and whether sEVs could be explored
to manipulate the outcome of intestinal inflammation.

2. Materials and methods
2.1. Cell culture and co-culture

RAW264.7 cells were cultured in DMEM supplemented with 10%
heat-inactivated FBS and treated with 100 ng/mL LPS and 20 ng/mL
IFN-y for 48 h to induce M1 polarization or with 50 ng/mL IL-4 for 48 h
to induce M2 polarization. Macrophages were then washed thoroughly
and replenished with fresh complete DMEM for another 24 h before the
conditioned medium were collected. Intestinal epithelial cell lines, IEC-
6, MODE-K and IPEC-1, were cultured in DMEM with 10% FBS or 20%
conditioned medium. For co-culture system, RAW264.7 cells were
seeded in 12-well plates and cultured with IECs grown on permeable
transwell inserts for 24 h before collecting the supernatants for subse-
quent assays as described below.

2.2. Cell viability and LDH release assay

Cell viability and LDH released in the supernatants of cell culture was
measured with Cell Counting Kit-8 (CCK-8) solutions (Dojingdo Labo-
ratories, Kumamoto, Japan) and LDH Assay Kit-WST® (Dojingdo Lab-
oratories, Kumamoto, Japan), respectively, according to the
manufacturer’s instructions.

2.3. Intracellular ROS and iron assay

Intracellular ROS accumulation and iron concentration were
measured with a ROS detection kit (Solarbio, Beijing, China) and an iron
assay kit (Abcam, Cambridge, MA, USA), respectively, as recommended
by each manufacturer.

2.4. ELISA

The cytokine levels in the mouse serum, intestinal tissue
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homogenates and cell culture supernatants were quantified using mouse
TNF-a ELISA Set II (BD Biosciences), mouse IL-6 ELISA Kit (BD Bio-
sciences), mouse IL-1f ELISA Flex Set (BD Biosciences), and mouse
lactadherin Quantikine Kit (R&D Systems) according to the manufac-
turers’ instructions.

2.5. RNA interference and RT-PCR

The siRNAs targeting mouse Ptpnl and scrambled siRNAs were
synthesized and transfected into RAW264.7 cells using Lipofectamine™
RNAiIMAX (Invitrogen, USA) according to the manufacturer’s instruc-
tion. Total RNA was extracted with TRIzol reagent (TransGen, Beijing,
China) and converted to cDNA using iScript first-strand cDNA synthesis
kit (TransGen, Beijing, China). Real-time PCR was performed using
SYBR Green on ABI ViiATM 7 Real-Time System (Thermo Fisher Sci-
entific). Threshold cycle numbers were normalized to housekeeping
genes (f-actin and Gapdh). Primer sequences are shown as Supplemen-
tary Table 2.

2.6. Small extracellular vesicles isolation and identification

Small extracellular vesicles were collected from the conditioned
medium, centrifuged, and concentrated using 100-kDa molecular
weight centrifugal filters (Millipore) at 4000xg for 20 min as described
[22]. Conditioned cell culture medium was centrifuged sequentially at
4000xg for 30 min and 8000xg for 1 h to remove large and small par-
ticles, followed by ultracentrifugation at 110 000xg for 2 h at 4 °C to
pellet the sEVs. The pellet was washed once, resuspended in sterile PBS
or culture medium, and stored at —80 °C until use. Nanosight (Malvern,
Malvern, UK) analysis and transmission electron microscopy (TEM)
(JEOL JMPEG- PTMC-1230, Japan) were used to identify sEVs. Markers
of sEVs including CD63, and annexin Al were analyzed by Western blot.

2.7. Cellular uptake of small extracellular vesicles

Small extracellular vesicles were stained with Dil (1,1’ -dioctadecyl-
3,3,3, 3’ -tetramethylindocarbocyanine perchlorate; Sigma), a lipo-
philic fluorescent dye, and incubated with IEC-6 or macrophages that
were cultured on 6-well slides for 6 or 12 h, respectively. Cell culture
medium was changed to Hank’s balanced salt solution (HBSS) 15 min
before being exposed to Dil-labelled sEVs. Dil-positive cells were
analyzed using confocal microscopy.

2.8. Mass spectrometry

WT-macrophage and Ptplb KD-derived macrophage sEVs (10 pg
protein/sample) in PBS were analyzed in duplicate by reversed phase
nano-LC-MS/MS (EASY-nLC coupled to Q Exactive Plus, Thermo Fisher
Scientific) as previously described [22]. Data obtained were analyzed
using Proteome Discoverer workflow (Thermo Fisher Scientific) against
the UniProt database using the following parameters: maximum number
of missed cleavages, 2; precursor tolerance, 20 ppm; dynamic modifi-
cation, oxidation (M) and N-terminal protein acetylation, deamidated
(NQ); static modification, carbamidomethyl (C); and false discovery
rate, <0.01.

2.9. Western blotting

Small extracellular vesicles were lysed and subjected to sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) prior
to transfer to PVDF membranes. After blocking with 5% (w/v) BSA,
membranes were probed with specific primary antibodies at 4 °C
overnight, followed by corresponding HRP-conjugated secondary anti-
bodies. The bands were detected using an enhanced chemiluminescence
kit (Solarbio, Beijing, China).



D. Han et al.

A IEC-6
500
Ctr
__ 400~ -~ MO
N
£ -~ M1
© 300+
(S -~ M2
14
& 200
w
=
100
1 1 1 1
0 6 12 24 36
Time (h)
C
400
No M®
==
<~ 3001 T - M2
£ it = -- No M® + LPS
O = ———
a E ~ - M20 + LPS
< 2004 I
- ‘\i\i\i %
w
w
= 100
1 1 1 1
0 10 20 30 40
Time (h)
E = No M® = M20
Bl No M®+LPS [ M20+LPS
% %k
%%k
EX3
'E 2.0 _— ke *k
3 l * %
ns
£ 1.5 o
» ns
<. |71 S
E 1.0 -
£
2 0.5
-
i)
[
X 0.0- —
Occludin Claudin4 ZOo1
G
60— %k %k
[ ]
3 404
£ 4 °
>
£ °
© ns
2 204 ®le
- [ ]
0 1 1 1 1
LPS - - +
M2 - + -

Redox Biology 58 (2022) 102558

IEC-6
ns
315- *%
E
(2]
E v
2 107 = <
3 .
(5]
g & o<
E 54
=
[}
o
<
2
o 1 1 1 1
Ctr MO M1 M2
—~ 151 * %
-
£ °
g [ ]
> 10- e 5
g = =
[}
E 54
[}]
[«
<
&
0 1 1 || 1
LPS - -+
M2 - o+ -
1500~ ==
[ ]
1000
S [ ]
g P
f. T
T oS00 ——
0 1 1 1 1
LPS - -4
M2 - o+ -
* %
150
[ ]
)
E 100 7 Sl
(o]
5 ns L4
g
£ 50 o|®
= 1.{.
0 1 1 1 1
LPS - -+
M2 - o+ -

Fig. 1. Polarized M2-like macrophages contribute to alleviate intestinal inflammation. RAW264.7 cells were incubated with 100 ng/mL LPS plus 20 ng/mL IFN-y or
50 ng/mL IL-4 for 48 h to induce polarization to the M1 or M2 phenotype. IEC-6 cells were then co-cultured with non-polarized (MO) or polarized macrophages (M1
or M2), respectively. (A) TEER of IEC-6 cells when co-cultured with differentially polarized macrophages for up to 36 h. (B) FD4 flux of IEC-6 cells when co-cultured
with differentially polarized macrophages for 24 h. TEER (C), FD4 flux (D), mRNA expression of tight junction proteins (E), and the secretion of IL-1p (F), IL-6 (G),
and TNF-a (H) in IEC-6 cells were also assayed with or without 12-h co-culture with M2 macrophages in the presence or absence of 10 pg/mL LPS. Data represent
means + SD of three separate experiments. Statistics was performed with one-way ANOVA, followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.
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Fig. 2. Ptpnl knock-down (KD) promotes M2 macrophage polarization and intestinal barrier function, while reducing intestinal inflammation. RAW264.7 cells that
were transfected with control shRNA or Ptpnl shRNA, followed by RT-qPCR analysis of Argl, I14, 1110, and CD206 mRNA expression levels (A) or flow cytometry of
the F4/801CD206" population (B). IEC-6 cells were co-cultured with wild-type (WT) or Ptpn1-KD macrophages or conditioned medium collected from wild-type or
Ptpn1-KD macrophages for 24 h, followed by measurement of TEER (C), FD4 flux (D), and proinflammatory cytokine levels (E). Data represent means + SD of 8
animals/treatment. Statistics was performed with Student’s t-test or one-way ANOVA, followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.
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2.10. Mouse experiments

Male C57BL/6 mice aged 8 weeks were purchased from SPF
Biotechnology Co., Ltd (Beijing, China). The Ptpnl-knockout (KO) mice
were generated in the Nanjing Biomedical Research Institute of Nanjing
University (Nanjing, China). The transcript of Ptpn1-201 was selected
for the generation of KO animals, which had a C57BL/6J background.
All the offspring of ICR females (FO mice) were identified by PCR and
sequencing of tail DNA. Finally, crossing positive FO mice with C57BL/
6J mice were performed to produce heterozygous mice [17]. Male and
female Ptpnl heterozygous mice, maintained on mixed genetic
C57BL/6J background, were intercrossed to yield three genotypes of
mice. The global Ptpnl-deficient male mice aged 10 weeks were used in
the experiments. Macrophages-derived sEVs (20 pg/mouse) or lactad-
herin were administered to mice every two days by intraperitoneal in-
jection. After indicated time, mice were intraperitoneally injected with
10 mg/kg LPS in saline and then sampled 4 h later. To deplete macro-
phages, mice were administrated intraperitoneally = with
clodronate-loaded liposomes (200 pL/mouse) once every three days for
three times. After macrophage depletion, 20 pg sEVs in 0.2 mL PBS were
intraperitoneally injected into each mouse every two days for 10 days.
For Salmonella Typhimurium infection, mice were inoculated with 1 x
107 CFU of Salmonella Typhimurium in 200 pL PBS by oral gavage and
sampled three days later. All mouse procedures were approved by the
China Agricultural University Animal Care and Use Committee
(Approval No. AW52101202-2-1, Beijing, China).

2.11. Histology

For histological analysis, the colon of mice was harvested. Hema-
toxylin/eosin (H&E) and immunohistochemical staining were per-
formed according to standard protocols. The histology score was
determined as previously described [25].

2.12. Flow cytometry

A segment of the jejunum and colon tissues were minced and
digested, and the resulting cell suspension was centrifuged at 12 000Xg
for 5 min. The cells were harvested and then incubated with antibodies
specific to F4/80, CD11b, CD11c, or CD206 for 30 min. Cells were then
washed three times and subjected to flow cytometry on BD FACSAria II
Cell Sorter (BD Biosciences, New Jersey, USA). For efferocytic capacity
analysis, macrophages were incubated with apoptotic cells labelled with
the fluorescent dye PKH67 dye for 45 min followed by apoptotic cell
removal. After 2 h of further incubation, the macrophages were de-
tached and sorted by flow cytometry to isolate apoptotic cell-positive
and apoptotic cell-negative macrophages.

2.13. Lactadherin neutralization

For the neutralization experiments, indicated mice were intraperi-
toneally injected with anti-lactadherin-specific mAb (R&D Systems,
AF2805) once every two days for twice at a dose of 100 pg per mouse.
The control groups received isotype control IgG20 mAbD.

2.14. Ussing chamber

Ussing chamber experiments were performed as previously
described [10]. In brief, the mucosa tissue was mounted on Ussing
chamber inserts and 5 mL of oxygenated Ringers’ solution (Solarbio,
Beijing, China) added bilaterally. The tissue was allowed to equilibrate
for 20 min, followed by an addition of FD4 (80 mg mL 1) and 70 kDa
Rhodamine-Dextran (RD70; 20 mg mL 1) to the apical side. After 2 h,
100 pL Ringers’ solution was removed from the serosal side for mea-
surement of FD4 and RD70.
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2.15. Luciferase assay

IEC-6 cells were stably transfected with an NF-kB luciferase reporter
vector (SL-0012, Signosis, Santa Clara, CA, USA) and grown according to
the manufacturers’ instructions, and luciferase activity was measured
(Promega, Madison, WI, USA).

2.16. Statistical analyses

Statistics was performed using Student’s t-test for two group and one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc test
using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). For all analyses, P < 0.05
was considered significant.

3. Results

3.1. Polarity of macrophages differentially regulates intestinal epithelial
barrier function and inflammation

To understand how differentially polarized macrophages affect in-
testinal epithelial barrier integrity, IEC-6 cells were co-cultured with
non-polarized (M0), M1-or M2-polarized RAW264.7 macrophages for
24 h. As expected, co-culture with M1 macrophages significantly
decreased the TEER of IEC-6 cells (Fig. 1A) and increased 4-kDa FITC-
dextran (FD4) permeability (Fig. 1B), consistent with reduced intesti-
nal barrier integrity. On the other hand, MO or M2 macrophages
significantly enhanced TEER of IEC-6 cells (Fig. 1A) with a tendency to
reduce FD4 permeability (Fig. 1B) and increased Claudin-4 mRNA
expression (Supplementary Fig. 1A), suggestive of enhanced barrier
function. Co-culture with M2 macrophages also reduced LDH release,
redox-active iron overload, and intracellular ROS generation in MODE-K
or IEC-6 cells, while M1 macrophages had an opposite effect (Supple-
mentary Figs. 1B-D). A similar effect was observed in IECs cultured in
RAW264.7 conditioned medium (Supplementary Figs. 1E and F). To
further investigate whether polarized macrophages differentially regu-
late intestinal inflammation, M2 macrophages were co-cultured with
LPS-stimulated IEC-6 cells. As expected, LPS significantly reduced TEER
(Fig. 1C) and tight junction protein gene expression (Fig. 1E), while
increasing FD4 flux (Fig. 1d) and inflammatory cytokine levels including
IL-1B, IL-6 and TNF-a (Fig. 1F-H) in IEC-6 cells. However, co-culture
with M2 macrophages significantly reversed the detrimental effect in
LPS-treated IEC-6 cells (Fig. 1C-H). Collectively, these results indicated
that alternatively activated, M2-like macrophages are capable of alle-
viating epithelial inflammation and promoting intestinal barrier
function.

3.2. Ptpnl knockdown promotes M2 macrophage polarization and
restores intestinal homeostasis

Ptpnl is known to regulate macrophage polarization [16,17]. To
assess the role of Ptpnl in epithelial function, Ptpnl was knocked down
in RAW264.7 cells using shRNA-mediated RNA interference. The
knockdown (KD) efficiency was confirmed to be approximately 70%
(Supplementary Fig. 2A). The expression levels of M2 marker genes
including Argl, Il4, 1110, and CD206 were significantly increased in
Ptpn1-KD macrophages (Fig. 2a). Consistently, we observed an increase
in the frequency of F4/807CD206" M2-like phenotype in RAW264.7
cells following Ptpnl-KD (Fig. 2B). To investigate whether PTPN1
knockdown could affect IEC-macrophage interactions and epithelial
function, IEC-6 cells were co-cultured with Ptpnl knockdown macro-
phages and found to show an increased TEER (Fig. 2C) and reduced FD4
permeability (Fig. 2D) and inflammatory cytokine expressions (Fig. 2E).
The mRNA expression levels of claudin 4 and ZO1, but not occludin, were
significantly increased in IEC-6 cells when co-cultured with Ptpn1-KD
macrophages (Supplementary Fig. 2B), while the viability of RAW264.7
or IEC-6 was unaffected by the treatment (Supplemental Figs. 2C and D).
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Fig. 4. Small extracellular vesicles derived from Ptpn1-KD macrophages induce M2 polarization of intestinal macrophages and suppress inflammatory response in
mice. (A) Schematic diagram of the experimental design. Mice (n = 8) were intraperitoneally injected with sEVs (20 pg/mouse) isolated from either WT or Ptpn1-KD
RAW 264.7 macrophages once every 2 days for five times, followed by intraperitoneal administration of 10 mg/kg LPS on day 9. Animals were sacrificed for sample
collection and analysis 4 h later. (B) H&E staining (scale bar = 200 pm) and histology score of the colon. (C) Expressions of inflammatory cytokines including TNF-a,
IL-1B, and IL-6 in the serum (top panels) and the colon (bottom panels). (D) mRNA expression levels of M2 macrophage marker genes in the colon. (E) mRNA
expression of iNOS 2, a M1 marker gene in the colon. (F) Prevalence of CD206" macrophages and CD11b" macrophages in the colon as revealed by IHC staining. Data
represent means + SD of 8 animals/treatment. Statistics was performed with one-way ANOVA, followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.

Importantly, we observed that the conditioned medium from Ptpnl
knockdown macrophages achieved much of the same barrier-enhancing
and anti-inflammatory effects as Ptpnl knockdown macrophages per se
(Fig. 2C-E). Together, these results suggested that Ptpnl is responsible
for promoting M1 macrophage polarization and intestinal inflammation.

3.3. Small extracellular vesicles confer the barrier-enhancing and anti-
inflammatory effect of Ptpn1 knockdown macrophages in the macrophage-
IEC co-culture system

Macrophages and IECs interact with each other by exchanging sol-
uble effectors such as exomes, which are known to be critical in inter-
cellular communication [21,23,25,26]. To directly examine the role of
sEVs in mediating the anti-inflammatory effect of Ptpnl-KD macro-
phages on IECs, we purified exomes from conditioned media of both
Ptpnl-WT and Ptpni1-KD macrophages, labelled them with a red fluo-
rescent dye, Dil, and applied them in a co-culture system with IEC-6
cells. Small extracellular vesicles derived from macrophages exhibited
typical intact cup-shaped membrane vesicles with an average size of
110 nm by transmission electron microscopy (TEM; Supplementary
Fig. 3B). In addition, nanoparticle tracking analysis (NTA) revealed that
these sEVs had diameters ranging from 10 to 500 nm, with a mean
diameter of 120 nm (Supplementary Fig. 3C). To further characterize the
sEVs in our preparations, sEVs -specific markers, CD63 and Alix, were
confirmed to be expressed on the sEVs of both Ptpn1-WT and Ptpn1-KD
macrophages by Western blotting. The calnexin expression in isolated
fractions was also detected by Western blotting to demonstrate absence
of endoplasmic reticulum (Supplementary Fig. 3D) To our surprise,
IEC-6 and macrophages were much more efficient in taking up Ptpn1-KD
sEVs than Ptpn1-WT sEVs (Supplementary Fig. 3E), implying that Ptpni
knockdown is beneficial for cellular uptake of sEVs.

To further explore whether sEVs directly mediate the macrophage-
IEC crosstalk, IEC-6 cells were first stimulated with LPS for 24 h and
then cultured with conditioned medium, sEVs, or sEVs-depleted condi-
tioned medium from either Ptpnl-WT or Ptpn1-KD RAW264.7 macro-
phages (Fig. 3A). As expected, Ptpnl-KD macrophage-conditioned
medium significantly increased TEER (Fig. 3B), but decreased FD4
permeability (Fig. 3c) and pro-inflammatory cytokines IL-1f, IL-6 and
TNF-a (Fig. 3D-F) in LPS-stimulated IEC-6 cells. While the levels of anti-
inflammatory cytokine IL-10 was unaffected in the conditioned medium,
sEVs, or sEVs-depleted conditioned medium from either Ptpnl-WT or
Ptpnl1-KD RAW264.7 macrophages (Supplemental Fig. 4A). A similar
result was observed with IEC-6 cells exposed to sEVs derived from Ptpnl-
KD macrophages (Fig. 3), while neither macrophage-conditioned me-
dium nor macrophage-sEVs have any effect on cell viability (Supple-
mentary Fig. 2D, and Supplementary Fig. 4B). Notably, sEVs-depleted
medium lost much of the beneficial effect of Ptpnl1-KD macrophages
on barrier function and inflammation (Fig. 3). Collectively, these results
strongly suggested that sEVs secreted from macrophages play a major
role in mediating the macrophage-IEC crosstalk.

3.4. Ptpnl knockdown macrophage sEVs enhance M2 polarization and
mitigate intestinal inflammation in vivo

To further examine whether sEVs derived from Ptpnl-KD macro-
phages could induce M2 macrophage polarization and suppress
inflammation in vivo, mice were administered with or without sEVs
isolated from Ptpnl-WT or Ptpnl-KD macrophages, followed by a 4-h

LPS challenge (Fig. 4A). In line with our in vitro co-culture results,
sEVs from Ptpnl-KD, but not Ptpnl-WT, macrophages significantly
alleviated LPS-induced intestinal pathology and histology score, as
evidenced by exfoliation of epithelial cells, hyperaemia, inflammatory
exudation, epithelial cell shedding, mucosal disintegration, and shed-
ding of microvilli in the colon (Fig. 4B). Similarly, markers of systemic
and colonic inflammation, including Tnfe, 1114, and Il6 inflammatory
cytokines, were also strikingly reduced in response to LPS when
administered with Ptpnl-KD, but not Ptpnl-WT, macrophage sEVs
(Fig. 4C).

To confirm whether sEVs-mediated reduction of intestinal inflam-
mation was achieved through modulating macrophage polarization, we
examined the expressions of M1 and M2 macrophage marker genes in
the colon of mice. Relative to the Ptpn1-WT macrophage sEVs, admin-
istration of Ptpn1-KD macrophage sEVs induced the expressions of all
four M2 marker genes examined (Argl, CD206, 114, and I110) (Fig. 4D),
but suppressed iNOS 1, an M1 maker gene, in the colon (Fig. 4E).
Immunohistochemistry further revealed that administration of Ptpn1-KD
macrophage sEVs obviously increased the prevalence of CD206™, M2-
like macrophages, but reduced the populations of CD11c’, M1-like
macrophages in the colon (Fig. 4F, and Supplementary Fig. 5A). More-
over, flow cytometry confirmed a significant increase in the frequency of
F4/807CD206", M2 macrophages (Supplementary Fig. 5B) with a
concomitant decrease of CD11b"CD11c¢", M1 macrophages in the colon
(Supplementary Fig. 5C) in response to administration of Ptpnl-KD
macrophage sEVs. These results collectively suggested that Ptpnl KD
favors M2 polarization and reduces intestinal inflammation and that
sEVs are mainly responsible for conferring the beneficial effect.

3.5. Ptpnl knockdown macrophage sEVs protect mice from intestinal
infection in a macrophage-dependent manner

To further confirm whether macrophages are required for sEVs-
mediated resolution of intestinal inflammation, a model of Salmonella
Typhimurium infection was employed using macrophage-depleted
mice. Mice were injected with clodronate-loaded liposomes to deplete
macrophages, followed by intraperitoneal administration of Ptpnl-KD
macrophage sEVs for 10 days and a challenge with Salmonella Typhi-
murium for another three days (Fig. 5A). As expected, mice exhibited
obvious intestinal inflammation and colon shortening if left untreated;
however, the symptoms were notably alleviated by sEVs administration,
as evidenced by reduced weight loss (Fig. 5B) and infiltration of in-
flammatory cells in the colonic mucosa (Fig. 5C), and a relief of colon
shortening (Fig. 5D). Moreover, sEVs administration obviously inhibited
the release of inflammatory cytokines IL-1p, IL-6 and TNF-a (Fig. 5E),
consistent with reduced intestinal mucosal inflammation. Importantly,
sEVs failed to ameliorate intestinal inflammation in macrophage-
depleted mice (Fig. 5B-E), suggesting a requirement of macrophages
in sEVs-mediated protection.

3.6. Ptpnl deficiency alters macrophage sEVs protein contents with the
enrichment of lactadherin

To examine whether proteins are differentially present in the sEVs of
WT and Ptpn1-KD RAW264.7 cells, triple-quadrupole mass spectrometry
was conducted. A number of proteins were differentially enriched in
Ptpn1-KD RAW264.7 cells (Supplementary Table S1). Among them is
lactadherin, also known as milk fat globule-EGF factor 8 protein (MFG-
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Fig. 5. Macrophage depletion diminishes the protective effect of Ptpn1-KD macrophage small extracellular vesicles against Salmonella Typhimurium infection. (A)
Schematic diagram of the experimental design. Macrophages were depleted in mice by intraperitoneal administration of clodronate-loaded liposomes every three
days for three times, followed by intraperitoneal injection of PBS or Ptpnl-KD sEVs for another five times. Mice (n = 8) were then infected with Salmonella
Typhimurium and sampled three days later. Disease severity was measured as indicated by body weight loss (B), histology (C), and colon length (D). (E) Serum levels
of inflammatory cytokines including TNF-q, IL-1f, and IL-6. Data represent means + SD of 8 animals/treatment. Statistics was performed with Student’s t-test or one-
way ANOVA, followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.
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Fig. 6. Lactadherin enriched in Ptpn1-KD macrophage small extracellular vesicles ameliorates intestinal inflammation. (A) Lactadherin levels in the exomes of WT
and Ptpn1-KD macrophages. (B) Schematic diagram of the experimental design. Mice were intraperitoneally injected with lactadherin (20 pg/mouse) or an equal
volume of PBS once every 2 days for three times, followed by intraperitoneal administration of 10 mg/kg LPS on day 5. Animals were sacrificed for sample collection
and analysis 4 h later. (C) Serum levels of inflammatory cytokines including TNF-a, IL-1p, and IL-6. (D) mRNA expression levels of M1-characteristic Tnfa, iNOS and
Cxcl9, and (E) M2-characteristic Argl, CD206 and I110 in the colon. Ptpnl KO mice were intraperitoneally injected with anti-lactadherin-specific mAb (100 ug per
mouse) an indicated time and then administrated with lactadherin (20 pg/mouse) or an equal volume of PBS once every 2 days for three times, followed by
intraperitoneal injection of 10 mg/kg LPS on day 5. Animals were sacrificed for sample collection and analysis 4 h later. (F) Serum levels of inflammatory cytokines
including TNF-o, IL-1p, and IL-6. Data represent means + SD of 8 animals/treatment. Statistics was performed with Student’s t-test or one-way ANOVA, followed by

Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.

E8), with a well-documented role in modulating macrophage polariza-
tion and intestinal inflammation [27,28]. Lactadherin was measured to
be 340.48 and 654.14 ng/pg sEVs proteins of WT and Ptpnl-KD
RAW264.7 cells, respectively (Fig. 6A).

3.7. Recombinant lactadherin alleviates intestinal inflammation by
inducing M2 macrophage polarization

To examine whether lactadherin is capable of suppressing intestinal
inflammation, mice were intraperitoneally administered with recombi-
nant lactadherin, followed by a 4-h LPS challenge (Fig. 6B). Lactadherin
was effective in suppressing intestinal inflammatory cytokine expression
(Fig. 6C), but there was no effect on gut barrier function besides the
increased TEER ex vivo (Supplementary Fig. 6). Given that the beneficial
effect of Ptpn1-KD macrophage sEVs was achieved through enhancing
M2 macrophage polarization, we next examined the expressions of M1
and M2 macrophage marker genes in the colon of lactadherin-treated
mice. As expected, LPS significantly elevated the expressions of M1
marker genes such as Tnfa and Cxcl9 (Fig. 6D), but they were suppressed
in response to administration with lactadherin. On the other hand, lac-
tadherin obviously increased the mRNA expression of M2 marker genes
such as CD206 and 1110 (Fig. 6E). In vitro studies with RAW264.7 cells
further confirmed the ability of lactadherin to induce M2 polarization
(Supplementary Fig. 7A). These results suggested that lactadherin mit-
igates intestinal inflammation by shifting macrophages from the M1 to
M2 phenotype. To further confirmed the functional role of sEVs lac-
tadherin on Ptpnl-mediated intestinal inflammation, we also used
neutralizing anti-lactadherin in Ptpnl KO mice. As expected, the
increased inflammatory cytokines induced by LPS treatment were not
affected after lactadherin neutralization in Ptpnl KO mice (Fig. 6F).
These data provided definitive evidences on the contribution of the
functional role of sEVs lactadherin in inhibiting Ptpnl-mediated intes-
tinal inflammation. Given the key role of lactadherin in the acceleration
of efferocytosis and improving the clearance of dying cells, we reasoned
that lactadherin might be involved in Ptpnl-mediated enhancement of
efferocytosis by macrophages during inflammation resolution. Accord-
ingly, we asked another question that whether lactadherin would
enhance efferocytic capacity of the macrophage. We found that lactad-
herin significantly increased the number of apoptotic cell-positive
macrophages (Supplementary Fig. 7B). This suggested that the anti-
inflammatory effect of lactadherin was achieved through promoting
the efferocytic capacity of macrophage and the clearance of apoptotic
cells.

3.8. Lactadherin exerts anti-inflammatory effect by suppressing TNF-a
and NF-kB signalling

To further explore whether lactadherin could directly influence in-
testinal barrier function, IECs were first treated with lactadherin for 24 h
and then stimulated with LPS. Similarly, lactadherin significantly
increased TEER (Fig. 7A) and occudin mRNA expression (Supplementary
Fig. 8A) in both IEC-6 and IPEC-1 cells. However, ZO1, claudin-1, Muc 1
and Muc 2 mRNA levels appeared to be unaffected by lactadherin
(Supplementary Fig. 8A). Lactadherin also significantly suppressed LPS-
induced inflammatory cytokine expressions in IEC-6 and IPEC-1 cells
(Fig. 7B). Additionally, lactadherin markedly enhanced survival and
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reduced apoptosis of IECs challenged with LPS (Supplementary Fig. 8C).
These results implied that lactadherin improves intestinal barrier func-
tion by suppressing inflammation. Activation of NF-kB is well-known to
exacerbate intestinal inflammation and M1 macrophage polarization. To
better understand the mechanism of lactadherin-mediated antiin-
flammatory and barrier-protective activities, we next sought to inves-
tigate that the direct impact of lactadherin on the NF-xB signalling
pathway. We found that lactadherin significantly decreased LPS-
induced Tir4 mRNA level (Fig. 7C) and NF-kB reporter activity in IEC-
6 cells (Fig. 7D).

4. Discussion

The central goal of this study was to investigate the impact of Ptpnl
and macrophage-derived sEVs on macrophage-IEC interactions in the
context of intestinal inflammation. Toward this, we co-cultured Ptpnl-
KD macrophages with LPS-stimulated [ECs to identify how Ptpnl in-
fluence the crosstalk between macrophage and IECs. Macrophage-
deleted mice were administered with the sEVs from Ptpnl-deficient
macrophages in LPS or Salmonella Typhimurium model of intestinal
inflammation. We have shown that Ptpnl is critically important in
regulating the macrophage-IEC crosstalk and that Ptpnl deficiency
drives M2 macrophage polarization, which in turn promotes intestinal
barrier integrity and inflammation resolution. Impressively, SEVs
released from Ptpn1-KD macrophages is capable of alleviating intestinal
inflammation via delivery of the cargo containing lactadherin, leading
to macrophage reprogramming and NF-xB inhibition (Fig. 8). Our
findings suggest that lactadherin-enriched sEVs from Ptpn1-KD macro-
phage constitute an effective therapeutic approach to reducing intestinal
inflammation.

It is well accepted that the heterogeneity of macrophages is influ-
enced by intestinal microenvironment, which provides a variety of sig-
nals that direct the polarization of macrophages towards to distinct
phenotypes [10,29-31]. A causal link between macrophage polarization
and intestinal homeostasis has been established [10,32]. Classically
activated M1 macrophages disrupt epithelial homeostasis by enhancing
cytokine synthesis and barrier dysfunction in epithelial cells, ultimately
causing bacterial translocation [31,32]. On the other hand, alternatively
activated M2 macrophages promote the expression of barrier-sealing
tight junction proteins and secret anti-inflammatory cytokines such as
IL-10 to promote intestinal barrier integrity [9-11]. Notably, Ptpni-de-
ficient macrophages are M2-like with an intrinsic capability to produce
higher levels of anti-inflammatory I110 and tight junction proteins,
contributing to inflammation resolution of IECs.

Ptpnl is involved in inflammation by reprogramming macrophage
polarization [14,16,33]. Mice that are globally deficient for Ptpnl show
enhanced barrier integrity in non-alcoholic steatohepatitis (NASH) [14].
However, recent studies have demonstrated a dual role of Ptpn1 in the
progression and reversion of NASH [15]. Ptpnl deficiency restricts the
activation process of macrophages that is accompanied by the devel-
opment of systemic inflammation [12,16]. Despite a dual role of Ptpnl
in non-immune and immune cells [34-37], much less is known on the
involvement of Ptpnl during intestinal inflammation progression.
Polarized macrophages exhibit higher levels of Ptpnl mRNA than
non-polarized macrophages, indicating that Ptpnl activates macro-
phage polarization and function in response to different stressors such as
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Fig. 7. The anti-inflammatory effect of lactadherin is achieved through inhibition of Nfkb. Intestinal epithelial cells (IEC-6 and IPEC-1) were incubated with or
without lactadherin (25, 50, and 100 ng/mL) for 24 h, followed by stimulation with 10 pg/mL LPS for another 24 h. TEER (A) and the secretion of TNF-q, IL-1p, and
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NF-xB activation in NF-kB -luciferase reporter cells. Data represent means + SD of three separate experiments. Statistics was performed with one-way ANOVA,
followed by Tukey’s multiple comparison test. *P < 0.05, **P < 0.01.

12



D. Han et al.

p«"\,
(] ( \
@ N

Exosome

——

B

3
1 N\

Redox Biology 58 (2022) 102558

—

=

A 2

= 5
-

—~
SO
=
D

17 \ ! !

‘ [ Lactadherin T\ P e ‘ IEC “ . |

5 i %e Lactadherin e Relief of :

\\\ X /'/ > | TNF-a ! Intestinal bgrrler intestinal ;

! Ny Wy ! homeostasis inflammation '

Ptpn1-KD M¢ e @ ‘ !
% s ) ;
2> : o M2 ¢ @ !

WT Mo

Macrophage polarlzatlon

M2

Fig. 8. Schematic illustration of small extracellular vesicle -mediated macrophage reprogramming. Small extracellular vesicles isolated from Ptpn1-KD macrophages
induces M2 macrophage polarization and alleviates intestinal inflammation through enrichment of lactadherin, which subsequently inhibits NF-kB activation and

causes M2 polarization of macrophages.

LPS challenge or IL-4 exposure. In this study, we investigated whether
Ptpnl deficiency in macrophages affects the response of IECs mediated
by macrophage polarization. Ptpnl knockdown enhances the commu-
nication between IECs and macrophages, as evidenced by promoting
barrier integrity and decreasing inflammatory factors. Additionally,

Ptpnl deficiency also shifts macrophages towards to the
anti-inflammatory M2 phenotype, suggesting a pro-inflammatory role
for Ptpnl.

Although Ptpnl plays a pivotal role in both pro-inflammatory and
anti-inflammatory macrophage responses [16], it is worth mentioning
that the effect of Ptpn1 on the macrophage-IEC crosstalk is independent
of direct cell-cell contact. Emerging evidence suggests that sEVs are
involved in intercellular communication to regulate inflammation
through reprogramming of macrophages [38-45], through transferring
proteins, mRNAs, microRNAs and lipids [46-48]. In this study, we
demonstrated that the conditioned medium from Ptpni-KD macro-
phages suppresses the secretion of inflammatory cytokines and pro-
motes barrier function of IECs. It is apparent that sEVs are primarily
responsible for the beneficial effect of Ptpn1-KD macrophages on intes-
tinal inflammation, because depletion of the sEVs from
macrophage-conditioned medium failed to recapitulate much of the
benefit conferred by Ptpn1-KD macrophages.

In this study, we further demonstrated differential enrichment of
sEVs proteins between Ptpn1-KD and wild-type macrophages. Lactad-
herin is highly enriched in Ptpnl-KD macrophage sEVs and capable of
promoting gut barrier function and attenuating intestinal inflammation
by inhibiting NF-xB and inducing M2 polarization of macrophages.
Consistently, lactadherin is known to be a component of macrophage-
derived sEVs [49,50] and capable of alleviating inflammation by sup-
pressing NF-kB activation and reprogramming macrophages [27,28,51].
Furthermore, lactadherin plays a critical role in efferocytosis [52], and
the relationship between its anti-inflammatory and efferocytosis effects
are largely unknown. Lactadherin neutralization in Ptpnl-KO mice
confirmed that the anti-inflammatory effect of lactadherin was achieved
through promoting efferocytic capacity of the macrophage and the
clearance of apoptotic cells. It is important to dissect and evaluate
relative contributions of the alleviated effects of lactadherin to the res-
olution of Ptpnl-mediated intestinal inflammation. Specifically, Ptpnl
deficiency in the global KO mice, but not in macrophage-specific Ptpnil
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KO mice, contributes to the protection against gut barrier dysfunction
and inflammation. Therefore, the isolation and characterization of in-
testinal macrophage and its derived sEVs in macrophage-specific Ptpnl
KO mice will be conducted. Importantly, The effects and underlying
mechanisms of sEVs from intestinal macrophage in macrophage-specific
Ptpnl KO mice will be clarified in the future. Additionally, the mecha-
nism by which Ptpn1-KD macrophages express a heightened level of
lactadherin in sEVs is currently unknown. It is possible that Ptpnl
suppresses the expression of lactadherin in wild-type cells, and knock-
down of Ptpnl releases the suppression. Although we have experimen-
tally verified that lactadherin is a major component of the Ptpnl-KD
macrophage sEVs responsible for the beneficial anti-inflammatory effect
of sEVs, we have not ruled out the contributions of other sEVs compo-
nents such as proteins, RNAs, and metabolites.

Here, we demonstrated that both macrophages and IECs preferen-
tially take up the sEVs from Ptpnl-KD macrophages over those from
wild-type macrophages in vitro. Although the differential uptake mech-
anism is currently unknown, engulfment of lactadherin-rich exomes
from Ptpn1-KD macrophages by macrophages and IECs could potentially
induce macrophages to the M2 phenotype and suppress NF-kB activation
in IECs, respectively, leading to a collective anti-inflammatory state of
the mucosal surface, which helps explain alleviation of intestinal
inflammation. The reason that macrophages are indispensable in Ptpnl-
KD sEVs-mediated protection of mice from Salmonella Typhimurium
infection remains unknown, but M2 polarization of macrophages that
are quickly recruited to the site of infection is likely to play a pivotal role
in dampening infection-triggered inflammatory response.

5. Conclusion

In conclusion, the present study demonstrated that Ptpnl knock-
down could promote alternative M2 macrophage polarization and
affect macrophage-IEC interactions to maintain intestinal homeostasis.
Specifically, sEVs derived from Ptpn1-KD macrophages is essential for
the macrophage-IEC crosstalk that polarize macrophages toward M2
phenotype, thus ameliorating intestinal inflammation in a macrophage-
dependent manner. Furthermore, we identified lactadherin highly
expressed in sEVs produced by Ptpn1-KD macrophages that can serve to
enhance M2 polarization and subsequently alleviate intestinal
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inflammation through suppressing NF-kB activation. These findings
suggest the potential of lactadherin-enriched sEVs in the treatment and
prophylactics of various inflammation diseases.
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