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Ets-2 deletion in myeloid cells attenuates IL-1a-mediated
inflammatory disease caused by a Ptpn6 point mutation

Sarang Tartey (', Prajwal Gurung'?, Rajendra Karki', Amanda Burton’, Paul Hertzog® and Thirumala-Devi Kanneganti'

The SHP-1 protein encoded by the Ptpn6 gene has been extensively studied in hematopoietic cells in the context of inflammation.
A point mutation in this gene (Ptpn6*™) causes spontaneous inflammation in mice, which has a striking similarity to neutrophilic
dermatoses in humans. Recent findings highlighted the role of signaling adapters and kinases in promoting inflammation in
Ptpn6°P™ mice; however, the underlying transcriptional regulation is poorly understood. Here, we report that SYK is important for
driving neutrophil infiltration and initiating wound healing responses in Ptpn6*"™ mice. Moreover, we found that deletion of the
transcription factor Ets2 in myeloid cells ameliorates cutaneous inflammatory disease in Ptpn6°"™ mice through transcriptional
regulation of its target inflammatory genes. Furthermore, Ets-2 drives IL-1a-mediated inflammatory signaling in neutrophils of
Ptpn6°P™ mice. Overall, in addition to its well-known role in driving inflammation in cancer, Ets-2 plays a major role in regulating

IL-1a-driven Ptpn6*""-mediated neutrophilic dermatoses.
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INTRODUCTION
Neutrophilic dermatoses are autoinflammatory skin conditions
characterized by infiltration of neutrophils and granulocytes in the
affected tissue with no evidence of infection or vasculitis." The
classification of neutrophilic dermatoses is complex and is based
upon the recognition of clinical and pathologic features, as well as
the identification of associated diseases.® Protein tyrosine
phosphatase non-receptor type 6 (Ptpné6) splice variants in human
patients have been linked to neutrophilic dermatoses.® The lack of
Src homology region 2 (SH2) domain-containing phosphatase-1
(SHP-1) encoded by the Ptpn6 gene in T cells and macrophages is
associated with psoriasis* and multiple sclerosis,® respectively.
SHP-1 deficiency in macrophages of patients with multiple
sclerosis leads to gene expression changes driving disease
pathogenesis. Altered expression of SHP-1 has also been linked
to human allergies and asthmatic diseases, suggesting a role for
SHP-1 in mast cells in the development of allergic inflammatory
responses.’®

A number of Ptpn6 mutant mice with variable degrees of
disease penetrance have been produced to date. Ptpn6™®™¢
(motheaten) mice, which carry null or hypomorphic alleles of
Ptpn6, present with severe systemic inflammation and survive up
to 4 weeks.” Ptpn6™/™V (motheaten-viable, with a T-to-A
transversion at a splice consensus site) mice develop myelopro-
liferative disease and survive up to 10 weeks® Ptpne™eb2/meb2
(insertion of a B2 element into exon 6 of the Ptpn6 gene) mice
develop autoinflammatory diseases and are able to survive up to
8 months.® Strikingly, hypomorphic Ptpn6*™ (spontaneous
inflammation, with a Tyr208Asn missense mutation in the carboxy

terminus of SHP-1) mice can survive for a year and display milder
symptoms than Ptpn6™®'™® (motheaten) mice.'®

Ptpn6 is also known to negatively regulate interleukin-1
receptor (IL-1R)/Toll-like receptor (TLR)-mediated production of
proinflammatory cytokines by suppressing the activation of
mitogen-activated protein kinases (MAPKs) and the transcription
factor nuclear factor kB (NF-kB)."" Previous studies by our group
have highlighted the importance of IL-1a, downstream kinases
(receptor-interacting serine/threonine-protein kinase 1 [RIPK1],
transforming growth factor B-activating kinase 1 [TAK1], spleen
tyrosine kinase [SYK], apoptosis signal-regulating kinase 1 [ASK1])
and adapter molecules (MyD88 and caspase recruitment domain-
containing protein 9 [CARD9]) in driving neutrophilic footpad
inflammation independent of inflammasome activation.'>"> We
and others have also demonstrated the role of SYK in promoting
inflammatory disease in Ptpn6*™"™ mice.'*'® Although myeloid cell-
specific deficiency of SYK in Ptpn6°*®" mice provides substantial
protection from inflammation, the underlying mechanism remains
unexplored.

SYK, a non-receptor tyrosine kinase, is mainly expressed in the
hematopoietic cell lineage'” and plays a role in signal transduction
for several tyrosine kinase-coupled receptors, including {,-
integrins and various Fc-receptors,'®'® thereby regulating NF-kB
signaling.®*" It has been shown that the SYK promoter contains
binding sites for the transcription factors c-Jun (AP-1) and E26
avian leukemia oncogene 2, 3’ domain (Ets-2).2% In patients with
systemic lupus erythematosus, this interaction leads to increased
expression of SYK, contributing to higher calcium influx in
T cells.®® Ets-2 is a well-known ubiquitous transcription factor
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activated after phosphorylation at threonine-72.>* Although the
role of Ets-2 in promoting oncogenesis has been widely studied,
its role in inflammatory diseases is poorly understood. Given that
Ets-2 can bind to the SYK promoter to modulate its expression in
T cells and that activated Ets-2 is required for persistent
inflammatory responses in mice carrying the motheaten viable
(me-v) allele of the Ptpn6 gene®* we hypothesized that the
inflammatory disease observed in Ptpn6°®" mice could also be
driven by Ets-2-mediated transcriptional programming of its
target genes in myeloid cells.

In the current study, we report that SYK or Ets-2 deletion in
macrophages or neutrophils of Ptpn6°®'" mice significantly rescues
cutaneous inflammatory disease by ameliorating neutrophil
infiltration in the footpads and draining lymph nodes. Collectively,
the results demonstrate that Ets-2- and SYK-mediated signaling
pathways play critical roles in eliciting Ptpn6°P"-mediated
inflammation by regulating the transcription of inflammatory
signaling molecules.

RESULTS '

SYK promotes disease in Ptpn6°P" mice by inducing neutrophil-
mediated proinflammatory cytokine and chemokine production
Our recent study demonstrated that SYK is a critical kinase that is
centrally required for the induction of inflammatory disease in
Ptpn6°®" mice.'” To explore the underlying mechanism, we
performed a detailed investigation using Ptpn6°®" mice with a
myeloid-specific deletion of SYK (Ptpn6™"Syk™Lysm<e* mice)
and mice with a neutrophil-specific deletion of Ptpn6 and Syk
(Ptpn6™Msyk"1S100a8"* mice). Previous studies have reported
that Ptpn6*PSykVLysM<e* and Ptpn6™1Syk"15100a8°+ mice
have a significant delay in disease progression compared with
Ptpn6™™ and Ptpn6""S100a8“"** mice, respectively.'>'® Given
that inflammation in Ptpn6**" mice is characterized by the
infiltration of neutrophils,' we performed neutrophil-specific
immunostaining on footpad sections. This staining showed severe
neutrophilia in Ptpn6™™" and Ptpn6""$100a8“°* mice, and this
neutrophilia was completely rescued in the Ptpn6P"Syk™Lyspcre+
and Ptpn6™syk"15100a8“"* mice (Fig. 1a, b). These data suggest
that SYK deletion in the myeloid cell compartment, specifically in
neutrophils, is sufficient to provide significant protection in
Ptpn6°P™ mice.

Neutrophils are known to respond to a variety of signals by
producing cytokines and other inflammatory factors to regulate
inflammation.?® The increase in cytokine levels at the site of
inflammation is associated with an increase in the number of
circulating neutrophils in the peripheral blood. While Ptpn6®"
and Ptpn6™M5100a8°** mice presented with increased cytokine
and chemokine levels, including granulocyte colony-stimulating
factor (G-CSF), IL-6 and CXCL1 chemokine KC (KC/CXCL-1), in the
serum and footpads, the levels of these cytokines and chemo-
kines were signiﬁcantly reduced in the serum and footpads of
Ptpn6PnsykMTLysm<et  and  Ptpn6™syk"$100a8t  mice,
respectively (Fig. 1c, d; Supplementary Fig. 1a, b). These results
indicate that SYK plays an important role in Ptpn6°*""-mediated
inflammation by regulating inflammatory cytokine and chemo-
kine production.

SYK in neutrophils regulates IL-1a-mediated inflammatory
signaling in Ptpn6*P™ and Ptpn6™5100a8*+ mice

IL-1a is constitutively expressed in many cell types, and its
expression increases in response to inflammatory stimuli.?® This
“sterile inflammation” may lead to immune dysfunction and
overall disease pathogenesis. We have previously shown that IL-1a
drives inflammation in Ptpn6°®"™ mice by exacerbating inflamma-
tory signaling in neutrophils.’® To understand the role of SYK in IL-
1a-mediated inflammation in Ptpn6**" mice, we stimulated
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neutrophils from pre-diseased Ptpn6*®™ mice with recombinant
IL-1a and analyzed the activation status of NF-kB and MAPK
signaling. Consistent with previous results,'*'* IL-1a stimulation
led to increased phosphorylation of IkBa, Erk1/2 and p38 in
neutrophils from pre-diseased Ptpn6*®" mice compared with
neutrophils from wild-type mice (Fig. 2a). Neutrophils from ptpn6™™
5100a8“"** mice also showed hyperactivation of NF-kB and MAPK
signaling upon IL-1a stimulation compared with neutrophils from
Ptpn671$100a8°"*~ mice (Fig. 2b). Notably, the enhanced inflam-
matory signaling was rescued in neutrophils from Ptpn6°P"syk™f
LysM<®* and Ptpn6™Syk"5100a8“+ mice (Fig. 2a, b; Supple-
mentary Fig. 2a, b), suggesting that neutrophilic SYK plays a role in
regulating IL-1a-driven inflammation in mice with mutant Ptpné.
IL-1a is also well-known as an alarm signal to initiate
inflammation in response to tissue injury, leading to massive cell
necrosis.”’ Therefore, we next tested whether the defective wound
healing responses observed in Ptpn6®" mice can be rescued in the
absence of SYK. We performed microabrasion on the plantar
surface of the hind feet and monitored for the induction of
inflammatory cytokines and chemokines (6 h post-wound induc-
tion). In accordance with our previous studies,'*'® wild-type mice
showed secretion of proinflammatory cytokines (G-CSF, IL-6) and
chemokines (CXCL1/KC, MCP-1), and this secretion was exacer-
bated in Ptpn6*®™ and Ptpn6™15100a8“"* mice (Fig. 2¢, d). This
enhanced secretion of inflammatory factors was fully rescued in
Ptpn6™"Syk™LysMet and Ptpn6™SykS100a8" mice (Fig. 2c,
d). Taken together, these results highlight a critical role for SYK in
driving both IL-1a-induced sterile inflammation and wound
healing responses in Ptpn6*™" and Ptpn6™"S100a8“"* mice.

Deletion of Ets-2 in myeloid cells ameliorates cutaneous
inflammatory disease in Ptpn6°®" mice

Previous work has shown that the Syk promoter contains binding
sites for the transcription factors c-Jun (AP-1) and Ets-2.°2 Given
that Ets-2 contributes to the upregulation of SYK in activated
T cells,® we hypothesized that Syk expression in neutrophils can
also be regulated by Ets2. The basal Syk mRNA expression was
reduced in neutrophils from wild-type mice compared with those
from Ets2"LysM“®" mice (Fig. 3a). Based on this lower expression
of Syk in Ets2"LysM“®* neutrophils and because SYK phosphor-
ylation drives inflammatory disease in Ptpn6*™ mutant mice,'? we
next investigated the levels of Ets2 mRNA in neutrophils harvested
from Ptpn6*®" mutant mice. Ets2 mRNA expression was substan-
tially increased in these neutrophils compared with that in wild-
type mice (Fig. 3b). These data suggest a link between Ets-2 and
the transcriptional regulation of Syk and its target genes to
modulate the inflammatory responses in Ptpn6°P"™ mice.

To further investigate the role of Ets-2 in Ptpn6*"""-mediated
patholog)/, we generated Ptpn6*""Ets2"LysM"" mice by cross-
ing Ets2™LysMe+ mice?® with Ptpn6™™ mice. Consistent with our
previous findings,'>™'> Ptpn6™"™ mice spontaneously developed
footﬁ)ad inflammation at 6-10 weeks of age. However, Ptpn6°®"
nES2VAysMEe T mice were significantly protected from inflamma-
tory disease progression compared with Ptpn6°"" mice. All the
protected mice remained disease free until study termination
(20 weeks) with no evident signs of footpad swelling or
inflammation (Fig. 3¢, d). Next, we performed histological analysis
of the footpads of wild-type, Ptpn6*®™ and Ptpn6°P"Ets2M L yspre+
mice. Histological analysis confirmed that the extent of inflamma-
tion and lesions were attenuated in Ptpn6®"Ets2™Lysp et
mice compared with Ptpn6°*®" mice (Fig. 3e). Immunohistochem-
ical analysis with neutrophil-specific immunostaining revealed
severe neutrophilia in Ptpn6°®" mice, and this neutrophilia
was completely rescued in the footpads of Ptpn6*P"Ets2™™
LysM“"*" mice (Fig. 3f). These findings suggest that myeloid cell-
specific Ets-2 drives neutrophilic footpad inflammation in
Ptpn6°P™ mice.
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Fig. 1 SYK promotes disease in Ptpn6°*®" mice by inducing neutrophil-mediated proinflammatory cytokine and chemokine production.
a Footpads from wild-type (WT), Ptpn6*P™ and Ptpn6°P™SykVTLysmM "+ mice were harvested and subjected to immunohistochemical staining
for neutrophils (anti-neutrophil antibody 7/4). b Footpads from Ptpn6™15100a8°"~, Ptpn6™15100a8“" and Ptpn6™syk™s100a8"* mice were
harvested and subjected to immunohistochemical staining for neutrophils (anti-neutrophil antibody 7/4). ¢ Footpads from WT (n=12),
Ptpn6*P™ (n=8) and Ptpn6°P"Syk™LysM e (n = 12) mice were homogenized, and the concentrations of cytokines (G-CSF, IL-6) and the
chemokine KC/CXCL-1 were measured by ELISA in the quantified lysates. d Footpads from Ptpn6"15100a8°~ (n = 7), Ptpn6""S100a8“* (n =
8) and Ptpn6™sykV15100a8"** (n = 15) mice were homogenized, and the concentrations of cytokines (G-CSF, IL-6) and the chemokine KC/
CXCL-1 were measured by ELISA in the quantified lysates. Each point represents an individual mouse, and the lines represent the mean + SD.
The unpaired t test with Welch's correction was used to determine the significance between the two groups analyzed. ns, not significant; *P <
0.05; **P < 0.01; ***P < 0.001
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Fig. 2 SYK in neutrophils regulates IL-1o-mediated inflammatory signaling in Ptpn6°P™ and Ptpn6"15100a8“"** mutant mice. a Neutrophils
from the bone marrow of wild-type (WT), pre-diseased Ptpn6*®™ and Ptpn6*P"Syk™LysM<* mice were harvested and stimulated with
recombinant mouse IL-1a (rmIL-To; 10 ng/mL) for the indicated time period. Whole-cell lysates were prepared, and the protein levels of
phosphorylated (p)-IkBa, total (t)-IkBa, p-Erk1/2, t-Erk1/2, p-p38 and t-p38 were determined by western blotting. p-Actin was used as an
internal control. b Neutrophils from the bone marrow of Ptpn6™75100a8"~, pre-diseased Ptpn6™"15100a8°* and Ptpn6™Syk1$100a8<+
mice were harvested and stimulated with rmIL-1a (10 ng/mL) for the indicated time period. Whole-cell lysates were prepared, and the protein
levels of p-lkBa, t-IkBa, p-Erk1/2, t-Erk1/2, p-p38 and t-p38 were determined by western blotting. f-Actin was used as an internal control.
¢ Footpads from WT (n = 8), Ptpn6™™ (n = 8) and Ptpn6°P"Syk™LysM e+ (n = 8) mice were microabrated, and the concentrations of G-CSF, IL-6,
KC/CXCL-1 and MCP-1 were measured in the footpads 6 h post-microabrasion. d Footpads from Ptpn6™"$100a8~ (n = 8), Ptpn6™"s100a8"*
(n=8) and Ptpn6"Syk"1S100a8“"* (n = 8) mice were microabrated, and the concentrations of G-CSF, IL-6, KC/CXCL-1 and MCP-1 were
measured in the footpads 6 h post-microabrasion. Each point represents an individual mouse, and the lines represent the mean + SD. Two-way
ANOVA with Tukey's multiple comparisons test was used to determine the significance between the two groups analyzed. ns not significant;
**P < 0.01; ***P < 0.001; ****P < 0.0001
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Fig.3 Deletion of Ets-2 in myeloid cells ameliorates cutaneous inflammatory disease in Ptpn6°®"" mice. a Neutrophils from bone marrow of wild-
type (WT) (n =6) and Ets2™LysM ™+ (n = 6) mice were harvested. After RNA isolation, qPCR was performed to determine the mRNA expression
of Syk. Expression was normalized to that of Gapdh. b Neutrophils from bone marrow of WT (n = 6) and Ptpn6°"" (n = 6) mice were harvested.
After RNA isolation, gPCR was performed to determine the mRNA expression of Ets2. Expression was normalized to that of Gapdh. ¢ WT (n = 12),
Ptpn6™™ (n = 20) and Ptpn6Ets2" LysM "+ (n = 15) mice were observed for disease progression. d Representative footpad images from WT,
Ptpn6*™™ and Ptpn6*PEts2VLysM " mice. e, f Footpads from WT, Ptpn6°P™ and Ptpn6*""Ets2Lysp®+ mice were harvested and subjected to
e hematoxylin and eosin (H&E) and f immunohistochemical staining of neutrophils (anti-neutrophil antibody 7/4) (Magnification: 10x and 20x).
Data are presented as the mean + SD. The unpaired t test with Welch's correction was used to determine the statistical significance of the gene
expression data. Disease progress curves in (c) were analyzed by the log-rank (Mantel-Cox) test. *P < 0.05; **P < 0.01

Ets-2 deletion attenuates the infiltration of myeloid cells observed mice. In line with the observed rescue of footpad inflammation,
in Ptpn6°™" mice Ptpn6>"Ets2VLysM“* mice showed normal spleens and pLNs
Since Ptpn6°" mice are characterized by enlarged spleens and (Fig. 4a), comparable to those of wild-type mice. Further analysis
popliteal lymph nodes (pLNs) that drain the inflamed feet, we revealed that the increase in cell numbers in the spleens and pLNs
analyzed the spleens and pLNs from Ptpn6P"Ets2™Lyspcret observed in Ptpn6*" mice was substantially rescued in
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Fig. 4 Ets-2 deletion attenuates the infiltration of myeloid cells observed in Ptpn6*" mice. a Representative images of spleens and popliteal
lymph nodes (pLNs) from wild-type (WT), Ptpn6°P™ and Ptpn6>"Ets2" 1 ysM* mice; scale bar (5 mm). b, ¢ Cell numbers in b the spleen and ¢
pLN from WT (n = 5), Ptpn6*®™ (n = 5) and Ptpn6*®"Ets2VILysM " (n = 5) mice. d, e Flow cytometry analysis of the Gr-17CD11b™ neutrophil
population in the spleen of WT (n=5), Ptpn6" (n=5) and Ptpn6™®"Ets2" LysM " (n =5) mice. f, g Flow cytometry analysis of the Gr-
1+CD11b™ neutrophil population in the pLN of WT (n = 5), Ptpn6*P™ (n = 5) and Ptpn6*"Ets2VLysM"e+ (n = 5) mice. Each point represents an
individual mouse, and the lines represent the mean + SD. The unpaired t test was used to determine the significance between the two groups

analyzed. ns not significant; **P < 0.01; ****P < 0.0001

Ptpn6*"Ets2LysM " mice (Fig. 4b, ). Flow cytometric analysis
of cells from Ptpn6P Ets2LysM<®+ mice showed that the
percentages and total numbers of Gr-1"CD11b™ cells in the
spleen (Fig. 4d, e) and pLN (Fig. 4f, g) tended to be consistent with
those of wild-type mice and were significantly lower than the
levels in Ptpn6*®" mice. These data indicate that an Ets-2-
dependent increase in the numbers of infiltrating myeloid cells
is associated with inflammatory disease in Ptpn6°*"™ mice.

Ets-2 regulates transcriptional control of inflammatory genes in
Ptpn6°P™ mice

To further define the molecular basis underlying the attenuation of
inflammatory responses observed in Ptpn6*"Ets2V L ysM+ mice,

Cellular & Molecular Immunology (2021) 18:1798 - 1808

we performed quantitative polymerase chain reaction (qPCR)
analysis to study the gene expression changes in the footpads of
wild-type, Ptpn6™" and Ptpn6*P"Ets2" LysM®" mice. We ana-
lyzed a set of well-defined Ets-2 target genes including matrix
metalloproteinase 9 (Mmp9) and genes involved in inflammatory
responses (/l6 and Tnf). In addition, we also analyzed genes known
to have Ets binding sites in their promoters, such as the cytokine
gene ll1a and the chemokine genes Cc/3 and Ccl4. Expression of
Mmp?9, ll6 and Tnf was highly induced in the footpads and pLNs of
Ptpn6*®'" mice compared with the expression in wild-type mice,
and this enhanced gene expression was found to be reduced in
the Ptpn6PTEts2VLysMe* mice (Fig. 5a, b). Similar to the
expression pattern of the known Ets-2 target genes, the gene
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Fig. 5 Ets-2 regulates the expression of inflammatory genes in Ptpn6*"™ mice. a—-f Footpads and popliteal lymph nodes (pLNs) were harvested
from wild-type (WT) (n = 3), Ptpn6>®™ (n = 6) and Ptpn6°P"Ets2"LysM e+ (n = 5) mice. RNA was isolated, and gPCR was performed to analyze
the mRNA expression of the known Ets-2 target genes a, b Mmp9, /l6, Tnf and the genes containing Ets-2 binding sites in their promoters
¢, d /l1a, Ccl3, Ccl4. e, f Ifnb was used as a negative control. Gene expression was normalized to that of Gapdh. Data are presented as the mean
+ SD. The unpaired t test with Welch’s correction was used to determine the statistical significance. ns, not significant; *P < 0.05; **P < 0.01;

***¥¥p < 0.0001

expression of /l1a, Ccl3 and Ccl4 was also found to be enhanced in
the footpads and pLNs of Ptpn6*®" mice compared with the
expression in wild-type mice, and this was attenuated in
Ptpn6*P Ets2"LysM e+ mice (Fig. 5¢, d). Next, we measured [fnb
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expression levels as a negative control in the footpads and pLNs of
wild-type, Ptpn6°™™ and Ptpn6°P"Ets2"LysM " mice. No apparent
changes in the Ifnb expression levels were observed in Ptpn6°P"
mice compared with wild-type and Ptpn6*P"Ets2"LysM“+ mice
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(Fig. 5e, f). Taken together, these data suggest that Ets-2 regulates
the transcriptional control of genes involved in inflammatory
responses in Ptpn6*®" mice.

Ets-2 in myeloid cells regulates IL-1a-mediated inflammatory
signaling in Ptpn6*" mice

To investigate the role of Ets-2 in IL-Ta-mediated inflammation in
Ptpn6*®" mice, we harvested and stimulated n_eutrofPhiIs from
wild-type, pre-diseased Ptpn6**™ and Ptpn6°P"Ets2"Lyspmre+
mice with IL-1a for the indicated amount of time. Next, we
performed immunoblotting with the cell lysates to determine the
activation status of NF-kB and MAPK signaling components. While
the neutrophils from pre-diseased Ptpn6°"" mice stimulated with
IL-1a responded with increased phosphorylation of IkBa and Erk1/
2, this hyperphosphorylation was diminished in the neutrophils
from pre-diseased Ptpn6*®"Ets2VLysM* mice (Fig. 6a; Supple-
mentary Fig. 3a). We further examined the status of NF-xB and
MAPK signaling in footpad lysates from wild-type, Ptpn6**" and
Ptpn6™"Ets2V 1 ysM mice. In agreement with the in vitro
stimulation data, we found that deletion of Ets2 decreased NF-kB
and MAPK signaling in the footpads of Ptpn6™"Ets2™Lyspcre™
mice (Fig. 6b; Supplementary Fig. 3b).

We next analyzed the level of cytokine and chemokine secretion
at the site of inflammation and by circulating neutrophils in the
serum of wild-type, Ptpn6®™ and Ptpn6>"Ets2VLysM®+ mice.
The increased levels of G-CSF, IL-6, KC/CXCL1 and MCP-1/CCL2
observed in Ptpn6°®" mice were significantly diminished in the
serum and footpads of Ptpn6*P"Ets2VLysMet mice (Fig. 6c, d).
These results indicate that Ets-2 plays an important role in
Ptpn6°®'"-mediated inflammation by regulating inflammatory
cytokine and chemokine production. Collectively, these results
suggest that neutrophilic Ets-2 acts as a critical regulator of IL-1a-
driven inflammation in Ptpn6 mutant mice.

DISCUSSION

Protein tyrosine phosphatases are widely accepted as signaling
molecules that can regulate cell growth, differentiation, the
mitotic cycle and oncogenic transformation.?’ Ptpné is primarily
expressed in hematopoietic cells, where it regulates multiple
signaling pathways.'® PTPN6 gene polymorphisms are associated
with a wide spectrum of autoinflammatory diseases.3%*' SHP-1 is
also suggested to be involved as an insulin signaling and insulin
clearance regulator in the liver and is associated with the
development of diabetic retinopathy.>>*® Recent studies, includ-
ing ours, have demonstrated the role of several important
molecules driving inflammatory disease in Ptpn6" mice.'%'>7'6
Despite this enormous amount of data pointing to the critical role
of PTPN6 in cells of hematopoietic origin, very little is known about
the mechanisms governing SHP-1 expression in myeloid cells,
especially neutrophils.

SYK represents a common focal point in the signaling pathways
of Dectin-1, Dectin-2 and TLRs.>**> SYK has been shown to be
associated with TNF receptor-associated factor 6 (TRAF6) after IL-1
stimulation in nasal fibroblast lines,*® and SYK can also induce
MYD88 phosphorylation in response to IL-1a treatment.'? In
addition, in T cells, SYK expression has been shown to be
regulated by the transcription factor Ets-2.>> However, the steps
linking SYK and Ets-2 in the context of neutrophil-mediated
inflammation downstream of IL-1a are currently undefined.

Previous studies highlighted the importance of phosphorylated
Ets-2 in lung inflammation and extracellular matrix remodeling,
both of which are involved in pulmonary fibrosis.>”® In addition
to its role in lung inflammation, it has been suggested that Ets-2
binds super-enhancers and reprograms gene expression to
promote the development of cancer3® Ets-2 is a well-studied
transcription factor in the context of tumorigenesis, and several
Ets-2 target genes (Mmp9, Tnf, etc) have been reported
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previously.*° In addition to these well-known target genes, several
cytokine and chemokine genes contain Ets-binding sites in their
promoter regions (ll1a, Ccl3, Ccl4, etc.).

Ets2-deficient mice are embryonically lethal and die early due to
defective trophoblast function.*' In the current study, we utilized
myeloid cell-specific Ets2 conditional knockout mice?® and found
that the expression of major Ets-2 target genes is highly upregulated
in the footpads and pLNs of diseased Ptpn6*®" mice. This
upregulation is substantially diminished in Ptpn6*"Ets2MLyspret
mice. One possible explanation could be that Ets-2 binds to each of
these gene promoters, including the promoter of Il1a, to regulate
their transcriptional activity. This interaction could lead to increased
IL-1a production in Ptpn6™" mice, thereby resulting in aggravated
inflammation. These data suggest that Ets-2 regulates a set of genes
in myeloid cells, either directly or indirectly, that is necessary for the
severe inflammatory phenotype in the Ptpn6®" mouse model.
Additional studies are needed to explore the extent of Ets-2
activation, the resulting transcriptional modifications and how they
impact neutrophilic dermatoses in Ptpn6*®" mice. Whether SHP-1
regulates the transcription of Ets-2 or vice versa will be an
interesting question for future studies.

Overall, we have shown that IL-1a can activate the NF-xB and
MAPK signaling pathways in Ptpn6°"" mice, which is driven by SYK
and Ets-2 in myeloid cells. Our data highlight a critical role for Ets-
2-dependent gene transcription in a mouse model of neutrophilic
dermatoses to drive an inflammatory pathway that results in
excessive inflammatory responses and persistent tissue damage.
Furthermore, we demonstrated that IL-1a-stimulated neutrophils
require the transcription factor Ets-2 to promote inflammatory
disease in Ptpn6°®" mice, since deletion of Ets-2 caused a
significant reduction in neutrophilic inflammation. In summary,
our study defines a previously undescribed role for Ets-2 and SYK
regulation in IL-1a-mediated inflammatory disease in a mouse
model of neutrophilic dermatoses. Consequently, inhibition of SYK
or Ets-2 by blocking its kinase activity or phosphorylation,
respectively, may provide novel approaches to effectively treat
inflammatory skin disorders. This study opens avenues to further
explore these pathways to study inflammatory disorders inde-
pendent of infection.

METHODS

Mice

Syk (ref. #2), Ptpn6™M (ref. #3), Ptpn6*P™ (ref. '°), LysM " (ref. *4)
and $100a8“"®" (ref. **) mice have been described previously.
Ets2VLysM<®* mice were obtained from Paul Hertzog (Hudson
Institute of Medical Research, Clayton, Victoria, Australia). Ptpn6"™"
$100a8<"** mice were generated by crossing Ptpn6™f mice with
$100a8“* mice. Ptpn6°P"Ets2VLysM<ret, ptpn6 P SykVLyspcret
and Ptpn6™syk™M5100a8* mice were generated by crossin
Ptpn6°P™ and Ptpn6™5100a8“"" mice with Ets2"MLysm<ret, Syk"
LysM®* and Syk™ mice, respectively. Male and female 6-10-
week-old mice were used in this study except in the microabra-
sion assays where mice as young as 4 weeks were used. Mice
were housed under specific pathogen-free conditions in the
Animal Resource Center at St. Jude Children’s Research Hospital.
All animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of St. Jude Children’s Research
Hospital, Memphis, TN. All the methods were performed in strict
accordance with the relevant guidelines and regulations.

Neutrophil isolation and in vitro stimulation

Femurs were collected from mice, cells from the bone marrow
were isolated, and neutrophils (CD11b™ Gr-17) were purified by
fluorescence-activated cell sorting as previously described.'>'*
Purified neutrophils (1x10°cells/mL) were stimulated for
the indicated amount of time with recombinant murine
IL-Ta (10 ng/mL; Gold Biotechnology). For immunoblotting,
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Fig. 6 Ets-2 in myeloid cells regulates IL-1a-mediated inflammatory signaling in Ptpn6°®"™ mice. a Neutrophils from the bone marrow of wild-
type (WT), pre-diseased Ptpn6™®™ and Ptpn6>®"Ets2"LysM " mice were harvested and stimulated with recombinant mouse IL-Ta (rmlL-10;
10 ng/mL) for the indicated time period. Whole-cell lysates were prepared, and the protein levels of phosphorylated (p)-IkBa, total (t)-IkBa, p-
Erk1/2 and t-Erk1/2 were determined by western blotting. p-Actin was used as an internal control. b Footpads from WT, Ptpn6**" and
Ptpn6*"Ets2VLysM<"** mice were homogenized, and protein levels of p-lkBa, t-IkBa, p-Erk1/2 and t-Erk1/2 were determined in quantified
lysates by western blotting. B-Actin was used as an internal control. ¢ Serum was harvested from WT (n=38), Ptpn6°"" (n=28) and
Ptpn6* " Ets2VLysMC"e* (n = 8) mice, and the concentrations of cytokines (G-CSF, IL-6) and chemokines (KC/CXCL-1, MCP-1) were measured by
ELISA. d Footpads from WT (n = 8), Ptpn6*®™ (n = 8) and Ptpn6>"Ets2™Lysm " (n = 8) mice were homogenized, and the concentrations of
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individual mouse, and the lines represent the mean + SD. The unpaired t test was used to determine the significance between the two groups
analyzed. ns not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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radioimmunoprecipitation assay (RIPA) lysis buffer was used to
collect cell lysates.

Histopathology

Mouse feet were preserved in formalin and then processed and
paraffin-embedded following standard procedures. Paraffin blocks
were then sectioned (5 um width) and stained with hematoxylin
and eosin (H&E). To stain for neutrophils specifically in the
footpads, the paraffin blocks were sectioned (4 um width), and
slides were stained with anti-neutrophil antibody [7/4] (Novus
Biologicals; NBP2-13077). Images were acquired by light micro-
scopy with a Nikon Eclipse Ni Widefield Microscope.

Immunoblot analysis

To obtain protein lysates, footpad tissue was disrupted with a
tissue homogenizer in RIPA lysis buffer supplemented with
complete protease inhibitor cocktail (Roche) and PhosSTOP
(Roche). Protein was quantified using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific) following the manufacturer’s
instructions. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis was used to resolve 40 ug of protein, which was then
transferred to a polyvinylidene difluoride membrane. Next, the
membrane was blocked in 5% nonfat milk and subjected to
overnight incubation at 4 °C with primary antibody. After removal
of the primary antibody, the membrane was incubated with
horseradish peroxidase (HRP)-tagged secondary antibody for 1 h
at room temperature. Finally, the Luminata™ Western HRP
chemiluminescence substrate was added for visualization of
stained proteins. Antibodies from Cell Signaling Technology
(CST) were used to detect the following proteins: phospho-Erk1/
2 (CST 9101), Erk1/2 (CST #9102), phospho-p38 (CST 9211), p38
(CST #9212), phospho-IkBa (CST #2859) and IkBa (CST #9242); the
antibody to actin was from Proteintech (#66009-1-1G).

Microabrasion injury model

The microabrasion wound model has been described previously.'?
Briefly, 4-8-week-old, wild-type and disease-free Ptpn6*P" mice
were anaesthetized. To irritate the hind paws and cause
microabrasion (physical trauma and microinjuries), the plantar
surfaces were gently rubbed with sterile sandpaper ten times.
Then, the levels of proinflammatory molecules were measured in
the footpads 6 h after wound induction.

In vivo cytokine levels
ELISA was used to measure cytokines in footpad protein lysates
that were processed as described above or in serum.

ELISA
Cytokine ELISAs were performed per the manufacturer’s instruc-
tions using the MCYTOMAG-70K kit (Millipore).

Quantitative PCR analysis

Total RNA was extracted using TRIzol (15596026, Thermo Fisher
Scientific) and converted into ¢cDNA by using the High-Capacity
cDNA Reverse Transcription Kit (4368814, Applied Biosystems).
Real-time quantitative PCR was performed on an ABI 7500 real-
time PCR instrument with 2x SYBR Green PCR mix (4368706,
Applied Biosystems). To determine the relative induction of
cytokine mRNA in response to various stimuli, the mRNA
expression level of each gene was normalized to the expression
level of Gapdh mRNA. The following primer pairs were used for
quantitative PCR analysis: Mml/7a forward, 5'-AAAATCTCAGATTCA
CAACTGTTCGT-3’, and reverse, 5-TGGCAACTCCTTCAGCAACAC-3/;
MmMmp9 forward, 5-GTCTTCCTGGGCAAGCAGTA-3/, and reverse,
5-CTGGACAGAAACCCCACTTC-3/; MmCcl3 forward, 5-ACCATGACA
CTCTGCAACCA-3’, and reverse, 5'-AGTCAGGAAAATGACACCTGG-3/;
MmCcl4 forward, 5-TTCCTGCTGTTTCTCTTACACCT-3’, and reverse,
5-CTGTCTGCCTCTTTTGGTCAG-3/; Mmll6 forward, 5'-GACAAAGCCA
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GAGTCCTTCAGAGAG-3/, and reverse, 5-CTAGGTTTGCCGAGTAG
ATCTC-3’; MmTnf forward, 5-CATCTTCTCAAAATTCGAGTGACAA-3/,
and reverse, 5-TGGGAGTAGACAAGGTACAACCC-3’; Mmlfnb for-
ward, 5'-GCCTTTGCCATCCAAGAGATGC-3/, and reverse, 5- ACACTG
TCTGCTGGTGGAGTTC-3/; MmSyk forward, 5'-CTACTACAAGGCCCA
GACCC-3/, and reverse, 5-TGATGCATTCGGGGGCGTAC-3/; MmEts2
forward, 5'-GTGGCTTCCAAAAGGAGCAACG-3/, and reverse, 5-TTCA
CCAGGCTGAACTCGTTGG-3'; and MmGapdh forward, 5’-CGTCCCGT
AGACAAAATGGT-3/, and reverse, 5-TTGATGGCAACAATCTCCAC-3'.
Error bars indicate the mean + standard deviation (SD). The results
are representative of at least two independent experiments.

Flow cytometry

Antibodies against Gr-1 (RB6-8C5) and CD11b (M1/70) were
purchased from BiolLegend and Invitrogen, respectively. Single-
cell suspensions were prepared from the spleen and pLN by
passing the suspensions through a cell strainer to remove cell
debris. To deplete the red blood cells, an equal volume of ACK red
blood cell lysis buffer was added to the cells and incubated at
room temperature for 5 min. For staining, cells were washed in ice-
cold flow cytometry buffer (0.5% (vol/vol) FCS and 2 mM EDTA in
PBS, pH 7.5), incubated with each antibody for 30 min, washed
twice and resuspended in the appropriate volume of flow
cytometry buffer. Flow cytometry data were acquired on the LSR
Fortessa or LSR Il (BD Biosciences) and analyzed using FlowJo
software (Tree Star).

Statistical analysis

All results are presented as the mean £ SD. Analysis of disease
progress curves incorporated the log-rank (Mantel-Cox) test,
and significant differences between two groups were deter-
mined by performing the Mann-Whitney test. Statistical
analysis comparing multiple samples was performed with two-
way ANOVA or unpaired t test. qPCR data were analyzed
by the unpaired t test with Welch’s correction. All analyses
were performed using GraphPad Prism software (version 7.0).
Differences were considered statistically significant when P <
0.05. ns, not significant; *P<0.05; **P<0.01; ***P<0.001;
***¥*¥P < 0.0001.
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