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Neutrophils are known to adopt dynamic and distinct functional phenotypes involved

in the modulation of inflammation and immune homeostasis. However, inter-cellular

signaling mechanisms that govern neutrophil polarization dynamics are not well

understood. Employing a novel model of PHLPP deficient mice, we examined how

neutrophils deficient in PHLPP may uniquely modulate immune defense and the

host response during acute colitis. We found that PHLPP−/− mice were protected

from dextran sodium sulfate (DSS)-induced septic colitis characterized by minimal

body weight-loss, alleviated colon tissue destruction and reduced clinical symptoms.

PHLPP−/− neutrophils have enhanced immune homeostasis as compared to WT

neutrophils, reflected in enhanced migratory capacity toward chemoattractants, and

reduced expression of inflammatory mediators due to elevated phosphorylation of AKT,

STAT1, and ERK. Further, adoptive transfer of PHLPP deficient neutrophils to WT mice is

sufficient to potently alleviate the severity of DSS-induced colitis. Our data reveal that

PHLPP deficient neutrophils can be uniquely reprogrammed to a state conducive to

host inflammation resolution. As a consequence, PHLPP−/− neutrophils can effectively

transfer immune homeostasis in mice subjected to acute colitis. Our findings hold

significant and novel insights into the mechanisms by which neutrophils can be effectively

reprogrammed into a homeostatic state conducive for treating acute injuries such as

septic colitis.
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INTRODUCTION

Acute colitis caused by infection, injury, and inflammation poses serious health concerns ranging
from diarrhea to sepsis. Despite decades of exhaustive research efforts, cellular, and molecular
mechanisms underlying the complex pathogenesis of septic colitis remain less well understood. A
key stumbling block is the highly dynamic and complex nature of the septic colitis syndrome. With
particular relevance, altered functional homeostasis of innate leukocytes such as neutrophils may
contribute to compromised host defense as well as inflammation resolution. Proper regulation of
neutrophil function is essential for host defense and immune homeostasis. Normal neutrophils in
healthy individuals are capable of balanced functions such as chemotaxis and degranulation, as well
as secretion of inflammatory mediators (1–4). In sharp contrast, neutrophils from septic patients
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show compromised chemotaxis coupled with dysregulated
expression of inflammatory mediators (5). However, molecular
mechanisms underlying the modulation of these neutrophil
dynamics in septic colitis are not well studied.

PH domain and Leucine rich repeat Protein Phosphatase
(PHLPP) belongs to a novel family of Ser/Thr protein
phosphatases that selectively de-phosphorylate both

FIGURE 1 | PHLPP deficient mice are protected from DSS-induced acute colitis. (A) Schematic of the mice acute colitis model with 3% DSS. (B) Weight loss of WT

and PHLPP−/− mice treated with regular drinking water or 3% DSS drinking water. Number of mice, n = 10 each group. (C) Clinical features associated with disease

progression demonstrated as clinical score based on daily monitor of weight loss, physical body condition, stool consistency, and rectal bleeding. Number of mice, n

= 10 each group. (D) Length of colons harvested from mice administrated with 3% DSS on day 0, 3, 6, and 10 during the process of experimental colitis. Number of

mice, n = 5 for day 0, day 3, and day 10; n = 12 for day 6. (E) Representative images of H&E staining in colon tissues from mice treated with regular drinking water or

3% DSS on day 3, 6, and 10 during the process of experimental colitis. *p < 0.05,**p < 0.01, ***p < 0.001.

phosphorylated AKT and ERK (6–9). In a less-understood
mechanism, PHLPP may also be involved in the modulation
of autophagy through its interaction with AKT and other
autophagic molecules (10). Through proteomic screening of
TOLLIP-interacting proteins, we identified that PHLPP can
form a complex with Toll-interacting-protein (TOLLIP), a novel
innate immunity adaptor molecule involved in facilitating fusion

Frontiers in Immunology | www.frontiersin.org 2 September 2019 | Volume 10 | Article 2127

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ran et al. Neutrophil Homeostasis in Septic Colitis

of the lysosome with either phagosomes or autophagosomes
in innate leukocytes (11). TOLLIP deficient neutrophils have
reduced phagolysosome fusion and reduced bacterial killing
function. At the pathophysiological level, PHLPP deficiency
in mice is shown to reduce the severity of acute experimental
colitis induced by dextran sodium sulfate (DSS), partly through
improved epithelial cell survival, and epithelium integrity in
the gut (12). However, the previous study did not address the
potential alteration in mucosal immune responses due to PHLPP
deficiency as well as the role and regulation of neutrophils
related to mucosal immune homeostasis during the course of
septic colitis.

Given the important roles that the PHLPP binding partners
(TOLLIP, AKT, ERK) play in modulating the functions of
neutrophils, PHLPP may also serve as an important regulator
that contributes to the dynamic adaptation of neutrophils to
inflammatory challenges. PHLPP deficient neutrophils and mice
thus provide a unique model system to address the less-
understood mechanisms of neutrophil activation during colitis.

In this study, we aimed to test the hypothesis that neutrophils
with PHLPP deficiency may adopt a unique activation state
conducive for enhanced host immune homeostasis and reduced
inflammatory damage in DSS-induced acute septic colitis. We
tested the alteration in neutrophil function due to PHLPP
deficiency and its contribution to the pathogenesis of septic
colitis. We found that PHLPP deficient mice were protected
from DSS-induced acute colitis by exhibiting significantly
enhancedmucosal immune homeostasis. In vitro analyses further
confirmed elevated migratory function and reduced expression
of inflammatory mediators in PHLPP deficient neutrophils
as compared to wild type neutrophils. At the molecular and
cellular level, we observed elevated TOLLIP levels and enhanced
phagolysosome fusion in addition to elevated STAT1 and AKT
activation in PHLPP deficient neutrophils. Further, adoptive
transfer of PHLPP deficient neutrophils to WT mice was able
to ameliorate symptoms in a septic colitis model. Thus, our
data reveal a novel programming dynamics of neutrophils
due to PHLPP deficiency that renders enhanced mucosal
immune homeostasis.

RESULTS

Improved Tissue Homeostasis and
Mucosal Immunity in PHLPP–/– Mice
In order to explore the contribution of PHLPP in the context
of colitis and how it polarizes neutrophils to modulate colon
mucosa immune homeostasis, we used the 3% DSS-induced
acute colitis model as described previously (Figure 1A) (13, 14).
Mice were sacrificed on day 0, day 3, day 6, and day 10, and
pathological observations were documented. We confirmed the
previous finding (12) that PHLPP−/− mice were protected from
DSS induced colitis with PHLPP−/− mice displaying significantly
less body weight loss (Figure 1B) and lower clinical scores
as compared to WT mice (Figure 1C). Consistent with the
clinical scores, PHLPP−/− mice displayed significantly longer
colon lengths (Figure 1D) indicating less colon destruction
and effective homeostatic restoration. Further histological H&E

staining analysis revealed that PHLPP−/− mice demonstrated
less epithelium architectural distortion, lymphocyte infiltration
and crypt damage (Figure 1E). Our Ki67 immunofluorescence
staining analyses (Supplementary Figure S3) demonstrated that
there were more proliferative cells in the colon crypt areas in
PHLPP−/− mice as compared to WT mice both at day 3 and
day 6 following DSS administration. Together, these analyses
all indicated that PHLPP deficiency rendered a protective role
during DSS induced colitis.

To further confirm the pathological relevance of PHLPP in
DSS colitis, we next harvested the colon tissue for Western
blot analyses and found that PHLPP expression levels were
significantly increased in WTmice treated with DSS for 3 days as
compared to controls (Figures 2A,B). Consistent with Western
analyses, immunofluorescence staining showed increased tissue
levels of PHLPP, especially in the colon crypt area during the
onset of DSS-induced acute colitis (Figures 2C,D). We further
purified colon neutrophils from WT mice challenged with DSS
for 3 days and observed the expression of PHLPP in purified
colon neutrophils (Supplementary Figure S4).

Despite the previously observed improved colitis outcome,
no existing study is currently available to address the alteration
in mucosal immune homeostasis due to PHLPP deficiency.
Thus, we examined the tissue levels of antimicrobial peptides
such as cathelin-related antimicrobial peptide (CRAMP), a key
player of mucosal defense generated by neutrophils within
the gastrointestinal tract (15). CRAMP is also a potent ligand
for neutrophil chemotaxis through the FPR2 receptor. We
observed significantly elevated levels of CRAMP within colon
tissues of PHLPP−/− mice post DSS administration as shown
by immunohistochemistry analyses (Figure 2E). We further
confirmed that PHLPP−/− neutrophils expressed significantly
higher levels of CRAMP (Figure 2F). Next, we measured the
levels of inflammatory mediators such as TNFα, IL-1β, and IL-6
in colon tissues from WT and PHLPP deficient mice challenged
with DSS at various time points. As shown in Figure 2G, the
levels of TNFα, IL-1β, and IL-6 in colon tissues of WT mice
remained high at d 6 post DSS challenge, correlated with severe
tissue damage and worse colitis outcome as observed above.
In sharp contrast, the levels of TNFα, IL-1β, and IL-6 in
colon tissues of PHLPP deficient mice were significantly lower,
consistent with improved tissue immune homeostasis due to
PHLPP deficiency. We also examined the in vitro expression
of selected inflammatory cytokines. Purified neutrophils were
stimulated with either LPS or PBS control in the presence of Golgi
stop solution, followed by subsequent FACS analyses. Consistent
with in vivo observations, PHLPP−/− neutrophils exhibited
significantly reduced production of TNFα, IL-1β, and CXCL1
in response to LPS stimulation as compared to WT neutrophils
(Figure 2H). Together, our data demonstrate PHLPP deficiency
improves effective mucosal innate immune homeostasis in DSS-
treated mice.

Enhanced Neutrophil Migratory Functions
in vivo Due to PHLPP Deficiency
Given our observation of elevated mucosal neutrophil-secreted
peptide CRAMP and reduced inflammatory cytokines in PHLPP
deficient mice, we next specifically examined the alterations in
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FIGURE 2 | Improved mucosal immune homeostasis in PHLPP deficient mice during acute colitis. (A) Immunoblotting analysis of PHLPP expression in colon tissues

from naïve WT mice or 3% DSS for 3 days. (B) Quantification of immunoblotting analysis of PHLPP protein. n = 4 each group. (C) Representative images of

(Continued)
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FIGURE 2 | immunohistological staining of PHLPP in colon tissue of WT mice administrated with regular water or DSS for 3 days. (D) Intensity of PHLPP/Crypt was

analyzed by image J n > 100 each group. (E) Representative images of immunohistological staining of CRAMP (left) in colon tissue from WT and PHLPP−/− mice

administrated with DSS for 3 or 6 days. Fluorescence intensity of CRAMP/field was analyzed by image J (right). n = 9 each group. (F) Mean fluorescent intensity of

CRAMP in peritoneal neutrophils (LY6G+CD11B+) harvested from mice administrated with DSS for 3 or 6 days. n = 4 each group. (G) Cytokine levels in colon tissues

collected on Day 0, Day 3, Day 6 during the process of experimental colitis. n = 4 each group. (H) Cytokine production by neutrophils (LY6G+CD11B+) were

measured by flow cytometry. Purified bone marrow neutrophils were treated with LPS or PBS as control, and Golgi stopper was added for 4 h, then the cells were

subjected to cytokine staining. n = 6 each group. *p < 0.05, **p < 0.01, and ***p < 0.001.

neutrophil functions due to PHLPP deficiency.We first examined
the levels of neutrophils in colon tissue by immunofluorescence
staining of LY6G and secretion of MPO (myeloperoxidase, a
key marker of tissue neutrophils). Compared to WT mice,
PHLPP−/− mice showed more colonic MPO expression after
3 Days DSS administration and this trend reversed on Day
6 (Figures 3A,B). The higher initial influx of neutrophils
coincided with more effective mucosal immune defense and the
later regression of neutrophils coincided with better immune
homeostasis at the later stage of DSS challenge in PHLPP
deficient mice. In contrast, neutrophils in WT mice exhibited
a slower recruitment response and lasted longer in DSS-
challenged mice colon tissues, corresponding to a compromised
earlier phase of host defense and a severe late phase of tissue
inflammation/damage. Moreover, much higher percentages of
neutrophils in the peripheral blood were also observed in WT
mice than in PHLPP deficient mice on Day 6 (Figure 3C),
indicating prolonged and severe inflammation in WT mice
compared with PHLPP deficient mice.

At the molecular level, we examined the expressions of
chemoattractant receptors (FPR2 and CXCR2) on the peripheral
neutrophils via flow cytometry (16). We first examined the
levels of FPR2, the receptor for CRAMP. This is based on
our observation that the levels of CRAMP were increased
in PHLPP deficient neutrophils, likely responsible for the
elevated recruitment of neutrophils to the damaged colon tissues.
Compared to WT mice, PHLPP−/− peritoneal neutrophils
expressed significantly higher levels of FPR2 on Day 3 post
DSS challenge as compared to WT neutrophils (Figure 3D). In
contrast, the levels of FPR2 on PHLPP deficient neutrophils
leveled off to the levels similar to WT neutrophils on Day 6 post
DSS challenge (Figure 3D). CXCR2 levels in WT neutrophils are
known to be acutely reduced following inflammatory challenges
(17). Compared to WT mice, PHLPP−/− neutrophils expressed
significant higher levels of CXCR2 on day 0 and day 3 post
DSS challenge (Figure 3E). The levels of CXCR2 on PHLPP
deficient neutrophils also returned to similar levels as compared
to WT neutrophils on day 6 post DSS challenge. These data
complemented our above-mentioned phenotypic observation
that, during the early phase of colon damage by DSS, PHLPP−/−

neutrophils were more effectively recruited to the colon tissue,
defending against bacterial infiltration. On the other hand, WT
neutrophils exhibited less efficient infiltration to the colon tissues
during the early phase of colon damage, and were retained longer
in colon tissues contributing to more severe tissue damage.

Enhanced Neutrophil Migratory Functions
in vitro Due to PHLPP Deficiency
Based on the above in vivo observation, we next studied
the migratory functions of PHLPP deficient neutrophils in

vitro. In terms of the migratory potential, we tested several
well-established neutrophil chemoattractants including formyl-
methionyl-leucyl phenylalanine (fMLF), leukotriene B4 (LTB4),
and macrophage inflammatory protein-1α (MIP-1α). We
cultured neutrophils isolated from the bone marrow of WT and
PHLPP−/− mice with either PBS or high dose LPS (1µg/ml)
stimulation overnight. Cultured neutrophils were then tested for
migratory potential toward above-mentioned chemoattractants
via the chemotaxis chamber assay. We observed significantly
enhanced migration ability toward all chemoattractants tested
in PHLPP−/− neutrophils as compared with WT neutrophils
(Figure 4A, Supplementary Figure S5). To supplement our
migratory assay with the conventional migratory chamber, we
further performed migration assays using microfluidic chambers
coupled with live cell imaging analyses for cellular migration. We
observed a robust and dynamic migration of PHLPP deficient
neutrophils toward LTB4 which peaked around 15 h following
the start of the assay (Supplementary Figure S5). Together, our
study reveals that PHLPP deficiency leads to elevated signaling
processes that contribute to enhanced migratory potential
of neutrophils.

We further examined the bacterial killing functions of PHLPP
deficient neutrophils. To test this, we incubated E. Coli bacteria
with WT and PHLPP−/− neutrophils primed with or without
LPS for 1 h and examined the bacteria-killing activity through
cell lysis and plating. We observed that PHLPP−/− neutrophils
demonstrated significantly elevated bacterial killing activity as
compared to WT neutrophils (Figure 4B). We also used an
independent Live/Dead staining assay to directly measure intra-
cellular bacteria killing within WT and PHLPP−/− neutrophils.
We found that compared to WT neutrophils, the ratio of
dead intra-cellular bacteria in PHLPP−/− neutrophils was much
higher, further supporting a more efficient bacterial killing
function of PHLPP−/− neutrophils (Figure 4C).

PHLPP Deficiency Elevates
TOLLIP-Mediated Lysosome Fusion With
Phagosome
We next aimed to better understand the underlying molecular
and cellular mechanisms responsible for the enhanced neutrophil
homeostasis due to PHLPP deficiency. The observed functional
phenotypes of PHLPP deficient neutrophils were opposite from
those observed in our previous report of TOLLIP deficient
neutrophils (14). In contrast to PHLPP, we previously reported
that TOLLIP is required for the fusion of the lysosome with the
phagosome and critical for facilitating neutrophil homeostasis,
while TOLLIP deficient neutrophils have compromised lysosome
fusion and enhanced expression of inflammatory mediators (11,
14). Thus, we tested the potential interaction between TOLLIP
and PHLPP in neutrophils by comparing the cellular levels of
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FIGURE 3 | Enhanced neutrophil activation due to PHLPP deficiency. (A) Representative images of immunohistological staining of neutrophils (LY6G+) in colon

tissues of DSS-treated WT and PHLPP−/− mice on day 0, 3, and 6 during the process of experimental colitis. (B) Colon tissues were collected on day 0, 3, and 6

cultured overnight. Supernatant was collected for detection of MPO by ELISA. (C) Flow cytometry analysis of peripheral neutrophils (gated on CD11B+ LY6G+)

harvested on day 0, 3, and 6 during the process of experimental colitis. (D) FPR2 expression on peripheral neutrophils (gated on LY6G+ CD11B+) from WT and

PHLPP−/− mice on day 0, 3, and 6 post DSS challenges via flow cytometry. (E) CXCR2 expression on peripheral neutrophils (gated on LY6G+CD11B+) from

DSS-treated mice on day 0, 3, and 6 post DSS challenges via flow cytometry. For mouse number in each group, n ≥ 4. *p < 0.05, **p < 0.01.

PHLPP in WT and TOLLIP deficient neutrophils by Western
blot. TOLLIP deficient neutorphils had significantly higher levels
of PHLPP protein as compared to WT neutrophils (Figure 5A).
On the other hand, PHLPP deficient neutrophils also showed

elevated levels of TOLLIP (Figure 5B), thus suggesting a
mutually competitive inhibition between TOLLIP and PHLPP.

Since TOLLIP is a critical regulator of lysosome fusion,
we tested whether PHLPP deficiency may enhance lysosome
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FIGURE 4 | Enhanced neutrophil migratory function as well as elevated bacterial killing activity in vitro due to due to PHLPP deficiency. (A) Chemotaxis of neutrophils

from bone marrow to fMLF, MIP-1α, or LTB4. Bone marrow neutrophils were primed with LPS (1µg/ml) or PBS as control overnight, then subjected to the chemotaxis

(Continued)
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FIGURE 4 | assay. Macroscopic observations of chemotaxis chamber were grouped on the left, and quantification of migrated neutrophils was shown in bar graph on

the right. n = 3 each group. Scale bar = 50µm. *p < 0.05, **p < 0.01, and ***p < 0.001. (B) Bacterial killing assay through plating. n = 6 each group. (C) Intracellular

assay of live and dead bacteria through differential staining. Neutrophils were infected with E.coli, then exposed to the live/dead staining kit with propidium iodide and

SYTO9. Live bacteria appeared green, dead bacteria appeared red and nuclei appear pink (left). Bacterial killing ability was analyzed by dead bacterial/total bacterial

x100% (right). n = 80 each group. ***p < 0.001.

fusion in neutrophils. Indeed, as compared to WT neutrophils,
we observed enhanced fusion of lysosome with phagocytosed
bacteria, as well as with the peroxisome in PHLPP deficient
neutrophils treated with LPS (Figures 5C,D). The enhanced
lysosomal fusion in PHLPP deficient neutrophils supports the
previously observed enhanced neutrophil homeostasis due to
PHLPP deficiency.

In terms of molecular mechanisms, we further examined the
activation status of STAT1 and ERK. STAT1 has been identified
as a critical mediator of the innate leukocyte response to
infection, and the loss of STAT1 is correlated with compromised
bactericidal ability (18). ERK and AKT are both critically
involved in neutrophil migration as well as enhancing neutrophil
homeostasis through suppressing the expression of pro-
inflammatory mediators (19–21). Using Western Blot analysis,
we examined the phosphorylation of STAT1, ERK, and AKT,
and observed significantly enhanced levels of p-STAT1, p-ERK,
and p-AKT in PHLPP deficient neutrophils (Figure 6), consistent
with their enhanced homeostasis. PHLPP−/− neutrophils also
exhibited elevated STAT5 levels. The enhanced activities of
ERK and lysosome fusion can not only contribute to enhanced
bacterial killing and neutrophil chemotaxis, but are also
associated with more effective resolution of cellular stress and
inflammatory activation (22). Indeed, as shown in Figure 2G, we
observed significantly reduced levels of inflammatory mediators
such as TNFα from PHLPP−/− mice challenged with DSS as
compared to WT mice. Collectively, our data reveal that PHLPP
deficiency contributes to more effective neutrophil homeostasis,
potentially through enhanced activities of AKT/STAT1 and
enhanced lysosome fusion.

Adoptive Transfer of PHLPP Deficient
Neutrophils Is Sufficient to Alleviate the
Severity of DSS Induced Septic Colitis
To test our hypothesis that PHLPP deficiency in neutrophils
would be sufficient to render a protective effect on colitis,
we performed an adoptive transfer study. Either WT or
PHLPP−/− neutrophils were i.v. transfused to recipient WT
mice on day 2 and day 5 during DSS challenge, and
sacrificed on day 6 (Figure 7A). WT mice transfused with
PHLPP−/− neutrophils exhibited significantly less body weight
loss, reduced clinical disease scores, and reduced colon
shortening as compared to mice transfused with WT neutrophils
(Figures 7B–D). In order to evaluate the severity of septic
colitis, we next digested the spleen for bacterial count, and
observed significantly reduced bacteria from mice transfused
with PHLPP−/− neutrophils as compared to mice transfused
with WT neutrophils (Figure 7E). H&E staining also revealed
that colon tissues from mice transfused with PHLPP−/−

neutrophils had improved overall gut integrity (Figure 7F).
Together, these results suggest that PHLPP deficiency is sufficient
to reduce the severity of DSS-induced septic colitis in mice and
improve clinical outcomes.

DISCUSSION

In this study, we reveal a novel protective role of re-
programmed neutrophils contributing to enhanced mucosal
immune homeostasis during chemically-induced septic colitis
due to PHLPP deficiency. Our conclusion is supported
collectively by the evidence from both in vitro and in
vivo experiments. PHLPP−/− neutrophils adopt an unique
homeostasis state with enhanced chemotaxis and reduced
expression of pro-inflammatory mediators as compared
to WT neutrophils. Mechanistically, PHLPP deficiency
leads to increased AKT and STAT1 activation, as well as
enhanced phago-lysosomal fusion, conducive to enhanced
neutrophil homeostasis. In vivo analyses reveal that
PHLPP−/− mice are protected from DSS-induced septic
colitis, with reduced tissue inflammation and effective
homeostasis. Our adoptive transfer study indicates that
reprogrammed neutrophils due to PHLPP deficiency are
sufficient to transfer beneficial protection against DSS-induced
septic colitis.

Besides confirming the previously identified protective effect
of whole body PHLPP deletion in mice toward DSS-induced
colitis, our data reveal novel roles of re-programmed neutrophils
due to PHLPP deficiency. Emerging studies suggest highly
complex neutrophil programming dynamics and their pivotal
roles in balancing inflammation and homeostasis. Controversies
still exist with regard to conflicting dual roles that neutrophils
may play in either causing detrimental exacerbation of
inflammation or facilitating beneficial inflammation resolution
(23). Our previous studies demonstrate that innate leukocytes,
especially monocytes and macrophages, can be dynamically
programmed into distinct memory states (23–26). As a
consequence, the distinct innate “memory” immune cells may
differentially affect the pathogenesis of acute and chronic
inflammatory diseases (14, 27, 28). Our current study extends
these previous studies and reveals novel “programming” of
neutrophils due to PHLPP deficiency, which is conducive
to tissue homeostasis. Our data show that, when challenged
with DSS, neutrophils from PHLPP−/− mice responded much
more quickly to the colon as compared to the neutrophils
from WT mice during the acute phase of DSS-induced colon
damage (day 3 post DSS). This is also reflected in higher
levels of MPO in WT mice as compared to PHLPP−/− mice
3 day post DSS challenge. In contrast, WT mice experience
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FIGURE 5 | PHLPP antagonizes the function of TOLLIP and modulates lysosome fusion. (A) Immunoblotting of purified neutrophils from bone marrow of WT or

TOLLIP−/− mice stimulated with LPS (1µg/ml) or PBS as control overnight. (B) Immunoblotting of purified neutrophils from bone marrow of WT or PHLPP−/− mice

stimulated with LPS (1µg/ml) or PBS as control overnight. (C) WT or PHLPP−/− neutrophils were treated with PBS or LPS overnight, followed by staining with

anti-PMP70 and anti-LAMP1 antibodies. The fusion of peroxisomes with lysosomes was visualized via confocal microscopy. (D) WT or PHLPP−/− neutrophils were

co-cultured with FITC-labeled E.coli for 1 h, and lysosomes were stained with LysoTrackerTM Red DND-99. The delivery of E.coli into lysosomes was visualized via

confocal microscopy. Scale bar = 2µm.

a slower build-up of neutrophils at the early phase of DSS-
induced colon damage, and more persistent accumulation of
neutrophils at d 6 post DSS, coinciding with higher levels
of inflammatory mediators in WT mice and elevated tissue
damage as compared to PHLPP deficient mice at the later

phase of colitis. In contrast, DSS-challenged mice as well
as harvested neutrophils from PHLPP deficient mice have
significantly reduced expression of pro-inflammatory mediators,
consistent with enhanced mucosal immune homeostasis due to
PHLPP deficiency. Despite a previous report that demonstrated
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FIGURE 6 | PHLPP deficiency elevates the activities of AKT, ERK and STAT1. Immunoblotting of purified neutrophils from bone marrow stimulated with LPS (1µg/ml)

or PBS as control overnight. Right panels are blot quanifications (n = 3) *p < 0.05, **p < 0.01, and ***p < 0.001.

a reduction in the mucosal epithelial levels of PHLPP following
DSS challenge (12), our data has robustly shown an increase in
the levels of PHLPP in neutrophils from WT mice challenged
with DSS, corresponding to increased tissue inflammation and
damage in WT mice. Our data collectively reveal that PHLPP
deficiency can program neutrophils into a homeostatic state
conducive for inflammation resolution.

Our study also clarifies novel molecular and cellular
mechanisms that underlie the homeostatic programming of
neutrophils. Previous studies indicated that several key signaling
pathways such as AKT and ERK1/2 activation (29, 30) are
involved in neutrophil ROS production, degranulation, and
chemotaxis. PI3K/AKT and ERK signaling pathways also regulate
endosome-lysosome trafficking and the induction of neutrophil
autophagy which is critical for inflammatory resolution and
immune cell survival (31). PHLPP was identified as a selective
phosphatase in epithelial cells as well as in cancer cells
that dephosphorylates AKT and ERK1/2 thus suppressing the
PI3K/AKT and Ras/ERK signaling pathway (32, 33). To our
knowledge, our current study provides the first of its kind
link of PHLPP to the regulation of AKT/ERK activities in
neutrophils. In addition, our data reveal that PHLPP is also
involved in the modulation of STAT1, which is critical for
the activation of innate leukocytes in response to pathogen
infections (18, 34, 35). PHLPP deficient neutrophils have
significantly increased levels of STAT1 activation and increased
bacteria-cidal activities. Our study further reveals the role
of PHLPP during the sub-cellular process of phagolysosome
fusion. We observed that PHLPP deficient neutrophils have
enhanced lysosome fusion with the phagosome as well as
with the peroxisome. Collectively, our data suggest key
subcellular and molecular bases involved in PHLPP-mediated
neutrophil homeostasis.

There are rising interests from both basic and translational
studies to harness the therapeutic potential of ex vivo re-
programmed leukocytes in treating human diseases, exemplified
by the recent success of cell-based cancer therapies using
engineered T cells (36). However, there has been limited
studies with innate leukocytes such as neutrophils, although
emerging studies suggest the existence of distinct “memory”
neutrophil states associated with pathogenesis and/or resolution
of inflammatory diseases (23). Our adoptive transfer data
with PHLPP neutrophils suggest a proof-of-principle that re-
programmed neutrophils may hold therapeutic potential in
treating septic colitis.

Taken together, our data reveal that the reprogramming
of neutrophils due to PHLPP deficiency may hold novel
potential in enhancing mucosal immune homeostasis. Our
mechanistic studies suggest that PHLPP is involved in
a competitive circuit involved in modulating neutrophil
homeostasis. Future studies that further examine the interaction
of PHLPP with its neighboring signaling partners are needed
in order to better understand the neutrophil programming
dynamics during their adaptation to distinct activation states.
The effects of reprogrammed neutrophils due to PHLPP
deficiency on other immune cells such as adaptive T cells
will also require future extensive studies, in order to better
evaluate and harness the therapeutic potential in treating
septic colitis.

METHODS

Experimental Animals
PHLPP−/− mice were purchased from the Jackson Laboratory.
C57BL/6 and PHLPP−/− mice were bred at the animal facility
at Virginia Tech. All animal studies were reviewed and approved
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FIGURE 7 | Adoptive transfer of PHLPP deficient neutrophils is sufficient to render protection against DSS-induced colitis. (A) Schematic drawing of the experimental

design for the WT and PHLPP−/− neutrophil adoptive transfer in the DSS-induced acute colitis model. (B) Weight loss of WT or PHLPP−/− neutrophil recipients. n =

5 each group. (C) Clinical scores based on weight loss, physical body condition, stool consistency, and rectal bleeding. n = 5 each group. (D) Length of colon

harvested from WT or PHLPP−/− neutrophil recipients. n = 5 each group. (E) Bacterial counts of spleen harvested from WT or PHLPP−/− neutrophil recipients. n =

5 each group. (F) H&E staining of colon tissues from WT or PHLPP−/− neutrophil recipients. Scale bar = 50µm. **p < 0.01, ***p < 0.001.

by the Institute for Animal Care and Use Committee (IACUC)
at Virginia Tech. Mice used in the experiment were 6–8 weeks
of age and 20–30 g of weight. Mice were properly anesthetized
and euthanized in accordance with the approved animal protocol
before tissue harvest and analyses.

Reagents
LPS (Escherichia coli 0111:B4) was from Sigma-Aldrich.
Dextran sulfate sodium (DSS, MW 47,000; MP Biomedicals)
was purchased from MP Biomedicals. Antibodies against
phospho-AKT473, phospho-ERK1/2, phosphor-STAT1,
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AKT, ERK1/2, STAT1, GAPDH were purchased from Cell
Signaling Technology, PHLPP was from EMD Millipore, β-
ACTIN was from Santa Cruz. FITC conjugated anti-mouse
LY6G antibody, Alexa Fluor 647 conjugated anti-mouse
CD182 (CXCR2) Antibody, APC/Cy7 and PE conjugated
anti-mouse/human CD11B antibody were from Biolegend.
ELISA Kit for TNFα, IL-1β, and IL-6 were from eBioscience,
respectively. MPO ELISA Kit from R&D system. leukotriene
B4 (LTB4), N-Formyl-Met-Leu-Phe (fMLF), and percoll were
purchased from Sigma-Aldrich. EasySepTM Mouse Neutrophil
Enrichment Kit was purchased from Stemcell Technologies.
MIP-1α, fibronectin, and G-CSF was from Peprotech. Anti-
PMP70 was from ThermoFisher Scientific. Anti-LAMP was
from Abcam.

DSS-Induced Colitis Model
WT and PHLPP−/− mice were given 3.0% (w/v) DSS in drinking
water continuously for 5 days, followed with regular water for
an additional 5 days. Control group were given regular drinking
water during the whole experiment (Figure 1A).

Adoptive Transfer of Neutrophils
WT mice aged 6 weeks were divided into two recipient
groups transfused with either WT neutrophils or PHLPP−/−

neutrophils. All recipients were given 3.0% (w/v) DSS in drinking
water continuously for 5 days followed with regular water for
1 day. Purified bone marrow neutrophils were re-suspended in
PBS to the concentration of 25 × 106 cells/ml. 5 × 106 cells
were adoptively transfused each time to recipient mice by tail
intravenous injection on Day 2 and Day 5 during the DSS colitis
model. Mice were sacrificed on Day 6 (Figure 7A).

Disease Scoring Criteria
Clinical scores were assessed covering the perimeters shown in
Supplementary Figure S1. Characteristics of acute colitis were
monitored daily by documenting weight loss, physical body
condition, stool consistency, and rectal bleeding.

H and E Staining and Immunofluorescence
Histology analyses were performed on the 5µm frozen,
Optimal-Cutting-Temperature compound (OCT) embedded
and sectioned slides, stained with hematoxylin and eosin.
Immunofluorescence analyses were also performed on
freshly frozen, OCT embedded colon tissues. Samples
were sectioned (10µm) and subsequently stained with
anti-mouse primary antibody (anti-CRAMP 1:1000, anti-
LY6G 1:1000, anti-Ki67 1:1000) followed by a biotinylated
anti-IgG secondary antibody and Streptavidin- PE or
fluorescein isothiocyanate. DAPI was used to stain the
nucleus. Multiple viewing fields from each slide were captured
using a fluorescence microscope. Pixel values reflecting the
fluorescence intensities of each image were quantified with NIH
ImageJ software.

Colon Tissue Culture and
Pro-inflammatory Mediator Assessments
The colon tissue was washed with PBS, split longitudinally and
the distal 3 cm colon tissues were cut into 1–2 cm pieces. All
the biopsy specimens were then transferred into 24-well tissue
culture plate covered with RPMI 1640 medium supplemented
with 1% FBS and 1% penicillin/streptomycin and incubated
overnight. The supernatants of the colon tissue culture were
collected for further ELISA assay.

Neutrophil Purification and Culture
Neutrophils were isolated from WT and PHLPP−/− mice
bone marrow. Briefly, bone marrow cells re-suspended in
RPMI 1640 were layered over a percoll gradient (55,65,
and 82%) and centrifuged at 1,100 g for 30min. The dense
band at 65/82% interface was collected as the neutrophil
fraction. The purities of neutrophils were >90% as assessed
by flow cytometry analysis (Supplementary Figure S2). Isolated
neutrophils were cultured with RPMI completed medium (10%
FBS, 1 %penicillin/streptomycin, 1 % glutamine) supplemented
with 100 ng/ml G-CSF and stimulated with or without LPS
(1µg/ml) at 37 ◦C in 5% CO2 overnight. The cells were harvested
next day for further analysis. Neutrophils for adoptive transfer
purpose were purified by EasyStep mouse neutrophil enrichment
kit according to the instruction from the manufacturer. For
isolation of neutrophils from colon, the colon tissues were
removed from mice fed with DSS for 3 days, and washed
with PBS, cutted into pieces (∼0.5 cm length), and then
dissociated with Lamina Propria Dissocation Kit from MACS
according to the manufacturer’s instructions. Total single cell
suspension was carefully loaded on percoll gradient (65 and
82%), centrifuged and collected as described above. Purified
neutrophils were subjected to immunoblotting with anti-
PHLPP antibody.

ELISA of Cytokines
Periphal blood was collected into EDTA-coated tubes. After
centrifugation, plasma was collected and stored in −80◦C for
later analysis. TNFα, IL-1β, and IL-6 levels in the supernatants
of colon tissue culture were analyzed by enzyme-linked
immunosorbent assay (ELISA) using ELISAKit from eBioscience
according to the manufacturer’s instructions. Myeloperoxidase
(MPO) levels of colon culture supernatants and plasma were
assessed using mouse MPO ELISA Kit from R&D system.

Chemotaxis Assays
Chemotaxis of neutrophils was analyzed by 48-well micro-
chambers with 5µm pore-size polycarbonate filters. Purified
neutrophils were pre-treated overnight as described above,
and re-suspended in the RPMI 1640 medium (1% BSA, 1%
penicillin/streptomycin, 1% L-glutamine). A final volume of 50
µl of cells was loaded into the upper chamber and the lower
chambers were filled with 30µl chemoattractants (fMLF 10−5 M,
MIP-1α 100 ng/ml, LTB4 10 nM or 100 nM). The chambers were
incubated at 37◦C in 5% CO2 for 2 h. The migrated neutrophils
were counted under a microscope and chemotaxis ability was
demonstrated as the chemotaxis index (CI), representing the
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fold increase in the number of migrated cells in response
to chemo-attractants over spontaneous cell migration (toward
control medium).

To measure neutrophil migration in real time, purified
neutrophils were resupended at the concentration of 12 million
cells per ml in RPMI 1640 completed medium supplemented
with 75µg/ml fibronectin. Neutrophils were primed with
LPS (1µg/ml) 2 h before loading to microfluid device. The
chemoattractant LTB4 (100 nM) was added to the device, and
RPMI 1640 was used as control. The migration events were
monitored and captured with Nikon Eclipse Ti microscope for
24 h. The images were analyzed with Image J and neutrophils
were counted at all time points.

Immunoblotting
Colon epithelium cells and overnight cultured neutrophils were
harvested in 1X SDS lysis buffer containing protease inhibitor
cocktail. Protein bands were separated on SDS-PAGE followed
by transfer to an Immuno-Blot PVDF membrane. Western
blot analyses were performed with the specified antibodies
as previously described (27). The PHLPP, p-AKT, p-ERK1/2,
p-STAT1, AKT, ERK, STAT1, STAT5, TOLLIP, and GAPDH
antibodies were used as 1:1000 dilution. For blot quantification,
band intensities were quantified by Image J and relative ratio of
WT PBS group was set as 1. The quantification was based on
biological triplicates.

Bacterial Killing Assay
Purified neutrophils were cultured overnight as mentioned
above, then adjusted the multiplicity of infection (MOI
bacteria/neutrophil) to 5/1. The mixture of cells and bacterial
were incubated at 37◦C in 5% CO2 for 1 h. 20 µl mixed solution
of neutrophil/bacteria was used to spread on LB gel covered plate.
Plates were incubated at 37◦C in 5% CO2 overnight. Bacteria
colonies were counted next day. The bacterial killing rate was
calculated as (Total bacteria—Counted bacteria)/Total bacteria.

Flow Cytometry
Single cell suspensions were stained with fluorescently
conjugated antibodies (BioLegend) in the presence of Fc block
on ice for 20min. After washing, the cells were resuspended
in flow buffer (1xHBSS/2% FBS), and subjected to flow
analysis. Intracellular cytokine staining was performed using
Fixation/Permeabilization Solution Kit with BD GolgiStopTM

from BD Biosciences. Samples were analyzed with a FACSCanto
II (BD Biosciences). FACS plots shown were analyzed with
FlowJo (Ashland, OR).

Confocal Microscopy
WT and PHLPP−/− neutrophils were treated with PBS or LPS
overnight. To determine lysosome-peroxisome fusion, the cells
were fixed with 4% PFA, deposited on slides through cytospin,
and permeabilized with 0.2% Triton X-100. The cells were
blocked and stained with primary rabbit anti-mouse PMP70
antibody at room temperature, followed by staining with Alexa

Fluor 488-goat anti-rabbit secondary antibody. After extensive
washing with PBS, the cells were then stained with Cy3-anti-
LAMP1 antibody. To determine the fusion of intracellular
bacteria with lysosome, the neutrophils were co-cultured with
FITC-labeled E.coli for 1 h, and LysoTrackerTM Red DND-99
(75 nM) was added to the co-cultures. Then, the extracellular
bacteria were removed by extensive washing with PBS, and the
cells were fixed with 4% PFA and deposited on slides via cytospin.
The samples were observed under a confocal microscope.

To label E.coli, freshly cultured bacterial cells were re-
suspended in 1ml of 0.1M sodium bicarbonate buffer at
concentration of 1 × 109 bacteria/ml. 0.2 µl of FITC solution
(10 mg/ml in DMSO) was added into cells suspension, then
incubated in the dark with end-over-end rotation for 30min at
room temperature. The cells were washed and resuspened in PBS.
After measurement of concentration, bacteria was mixed with
neutrophils at MOI of 5.

Statistical Analysis
Data were represented as mean ± standard error of mean
(S.E.M.) unless otherwise indicated. Graphs and statistical
analysis were conducted via GraphPad PRISM software. Student
t-test was used for parametric analyses between 2 groups.
Complex data sets were analyzed by one way analysis of
variance (ANOVA) and followed by either Tukey Kramer
HSD or Newman-Keuls method. P < 0.05 was considered
statistically significant.
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