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in Sepsis-Induced Intestinal Dysfunction
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Studies imply that intestinal barrier dysfunction is a key confributor to morbid events associated with sepsis. Recently, the
co-inhibitory molecule programmed death-ligand1 (PD-L1) has been shown o be involved in the regulation of intestinal immune
tolerance and/or inflammation. Our previous studies showed that PD-L1 gene deficiency reduced sepsis-induced intestinal
injury morpholoyically. However, it is not known how PD-L1 expression impacts intestinal barrier dysfunction during sepsis. Here
we tested the hypothesis that PD-L1 expressed on intestinal epithelial cells (IECs) has a role in sepsis-induced intestinal barrier
dysfunction. To address this, C57BL/6 or PD-L1 gene knockout mice were subjected to experimental sepsis and PD-L1 expression,
intestinal permeability and tissue cytokine levels were assessed. Subsequently, septic or nonseptic colonic samples (assigned by
patholoyy report) were immunohistochemically stained for PD-L1 in a blinded fashion. Finally, human Caco2 cells were used for
in vitro studies. The results demonstrated that PD-L1 was constitutively expressed and sepsis significantly upregulates PD-L1 in I[ECs
from C57BL/6 mice. Concurrently, we observed increased PD-L1 expression in colon tissue samples from septic patients. PD-L1
gene deficiency reduced ileal permeability and tissue levels of IL-6, TNF-a. and MCP-1, and prevented ileal tight junction pro-
tein loss compared with WT after sepsis. Comparatively, while Caco2 cell monolayers also responded fo inflammatory cytokine
stimulation with elevated PD-L1 expression, increased monolayer permeability and altered/decreased monolayer tight junction
protein morpholoyy/expression, these changes were reversed by PD-L1 blocking antibody. Together these data indicate that
ligation of PD-L1 plays a novel role in mediating the pathophysioloygy of sepsis-induced intestinal barrier dysfunction.
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INTRODUCTION

Approximately 750,000 patients are
diagnosed with sepsis each year in the
United States, and it has been reported
that the incidence level has been rising
since the 1970s. With a mortality rate
of nearly 30%, sepsis remains a major
health problem worldwide (1). Unfortu-
nately, numerous treatments based on
antiinflammatory or anticoagulant ther-
apies have failed to provide a survival

benefit in human clinical trials. There-
fore, more information about the patho-
physiology of this syndrome is needed if
we are to better understand it and iden-
tify /develop novel clinical therapies. In
this respect, studies have demonstrated
that septic patients exhibited impaired
immunity associated with sustained loss
of important immune cells (2,3). Several
aberrations in leukocyte function have
also been documented in septic patients,
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which are associated with poor outcome
(4-6). With the results of a small clinical
trial showing that treatment with gran-
ulocyte-macrophage colony-stimulating
factor could reverse sepsis-induced
immune dysfunction (7), this suggests
that strategies with immune adjuvant
therapies might be of value.

It has been suggested that gut barrier
dysfunction and/or increased intestinal
permeability is a critical morbid event
in the development of multiple organ
failure during sepsis (8,9). Increased
permeability of the intestinal epithelium
plays an important role in the patho-
physiology of many gastrointestinal
disorders, such as inflammatory bowel
disease, irritable bowel syndrome, celiac
disease and colon cancer (10), as well as
in critical ill patients and experimental
animals with multiple trauma, burn in-
jury, hemorrhagic shock and sepsis (8).



The intestinal mucosal immune system
includes a variety of lymphoid compart-
ments, which play a crucial role in the
development and regulation of both
innate and acquired immune defense
systems (10). However, the mechanism of
how gut dysfunction evolves during the
septic process is not fully understood.
Recently, the coinhibitory protein
programmed death-1 (PD-1 or CD279)
and its ligand PD-L1 (B7-H1 or CD274)
have been reported to be important in
the regulation of immune function in
animals and patients with sepsis. Previous
studies have demonstrated that PD-L1
gene deficiency can protect mice from
sepsis-induced organ injury and lethality
(11,12) and blockade of PD-1:PD-L1
ligation with antibody prevented the devel-
opment of colitis in mice (13). Reports have
also shown that treatment of immune cells
derived from septic patients with PD-L1
antibodies decreased apoptosis and
improved function (14). Additionally,
studies have indicated that PD-L1 is
not only expressed, but also involved
in intestinal mucosal inflammation and
regulates gut immune tolerance (15,16).
PD-L1 has been reported to be expressed
on colonic and gastric epithelial cells,
and in select situations it contributes to
the interaction between epithelial cells
and lymphocytes (15,17,18). Intestinal
epithelium is a key component of the
intestinal barrier, which separates bacte-
ria and toxic substances in the gut from
the submucosal lymphoid tissue and
maintains intestinal immune homeosta-
sis. Tight junctions (TJs), located on the
apical portion of the paracellular space
between adjacent epithelial cells, are
critical structures for the maintenance
of effective barrier integrity in the
epithelium and are major regulators of
epithelial paracellular permeability.
Experimentally, increased intestinal
permeability can be induced by oxidant
stress, hypoxia, nitric oxide and cytokines,
which are all reported to be present
during sepsis (9). While recent morpho-
logical studies suggest that expression of
PD-L1 appears to contribute to sepsis-
induced intestinal injury (12), it is unclear

how this happens and whether this is the
result of direct or indirect action through
local expression of PD-L1. To address
this, we examined the change in PD-L1
expression and its role in the intestinal
mucosal immune response as well as its
impact on gut barrier function in mice.
To the extent such changes are also ev-
ident in humans, we compared PD-L1
expression in colonic tissues from septic
and nonseptic patients.

MATERIALS AND METHODS

Patient Samples

After obtaining approval from the
Institutional Review Board (#211612-4)
of Rhode Island Hospital, consecutive
patients who underwent colectomy were
identified. Patient demographics and
clinical data were collected after dis-
charge from the hospital. Colon samples
were retrieved from the pathology
department at Rhode Island Hospital
retrospectively during 2004-2009. From
each patient, a section was analyzed
from the area of abnormality (site of
inflammation, perforation, and so on)
and from the resected normal margin.
The healthy section of the sample served
as each patient’s own control. Eleven
patients who underwent colon resection
were identified. There were no differ-
ences between the septic and nonseptic
groups related to age (55.9 years versus
53.7 years; p = 0.8) or gender (female,
60% versus male, 67%; p = 1). Five patients
were assigned to the septic group, three
due to Clostridium difficile colitis and two
due to acute diverticulitis. Six patients
were assigned to the nonseptic group; four
of these patients had an elective resection
for diverticular disease, one had a resec-
tion for chronic ulcerative colitis and one
had a resection immediately after perfo-
ration during colonoscopy. Patients were
grouped according to the indication for
colon resection and the pathology report.

The sections were processed by inves-
tigators blinded to the clinical data. The
5 um sections were prepared on slides,
deparaffinized, rehydrated, antigen
retrieved, blocked and incubated with
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anti-PD-L1 antibody (clone MIH1,
eBioscience) at 4°C overnight. The slides
were incubated with a biotinylated
secondary antibody, followed by a
streptavidin-biotin peroxidase and diam-
inobenzidine to visualize PD-L1 staining
(19). Four to six grayscale images were
acquired per specimen with a Nikon
E800 microscope using a 20 x PlanApo
objective and a Spot RT3 camera. Image
processing and analysis was performed
using Image]J analysis software. Positive
staining was defined through intensity
thresholding, and mean intensity
measurements were recorded.

Animals

Male C57BL/6 wild-type (WT) mice
(8-10 wks [which typically includes
a 2-3 wk acclimation period in our
animal facility]) were purchased from
Jackson Laboratories. PD-L17" mice
were obtained from Dr. L. Chen (Yale
University) and maintained in our ani-
mal facility. All mice were housed in a
temperature and light cycle controlled
room. It should also be noted that male
mice were chosen for use here, as prior
studies stratifying females by estrous
state indicated that their survival of cecal
ligation and puncture (CLP) was typi-
cally better than males (20,21); therefore,
in these initial studies examining the
impact of PD-L1 gene expression on sep-
tic mouse gastrointestinal function, and
in the interest of retaining scientific con-
sistency with our prior study of Huang
et al. (12), we chose to move this study
forward with male mouse subjects only.
Experiments were performed in accor-
dance with National Institutes of Health
guidelines and with approval from the
Animal Use Committee (#0228-13) of
Rhode Island Hospital.

Sepsis Model of Cecal Ligation
and Puncture

Mice were subjected to CLP as
described previously (19). In brief, mice
were anesthetized and a 1 cm midline
abdominal incision was made aseptically.
The cecum was isolated, ligated with
4-0 silk below the iliac valve, punctured
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twice with a 22-gauge needle, gently
squeezed to extract a small amount of
fecal contents and returned to the ab-
domen, which was then closed in two
layers. Mice were resuscitated with 1 mL
Ringer’s lactate solution subcutaneously.
Sham mice were treated identically,
except that the cecum was neither ligated
nor punctured. With the approval of the
Institutional Review Board (#0228-13),
both pain medications and antibiotics
were withheld based on scientific con-
cerns that these might initially act as
immune response confounders for the
proposed experiments (22,23).

Isolation of Mouse Intestinal Epithelial
Cells

Mouse intestinal epithelial cells (IECs)
were isolated as previously described,
with minor modification (24). Mice were
killed 24 h post-CLP, and the small
intestine was dissected /washed in
Hank’s balanced salt solution (HBSS)
containing 5% fetal bovine serum (FBS)
(Life Technologies). The Peyer’s patches,
fat and mesentery were removed, and
the intestine was slit open, rinsed and
cut into 1 cm segments. The segments
were incubated in a shaker for 90 min at
37°C in three changes of 25 ml HBSS/FBS
containing 1 mM dithiothreitol/0.5mM
EDTA (Sigma). The cell suspension from
three incubations were pooled, centri-
fuged, resuspended in HBSS/FBS and
filtered through nylon wool columns to
remove mucus, tissue debris and dead
cells. Cells were washed and centri-
fuged, and the pellet was resuspended
in HBSS/FBS, loaded onto a 40%/70%
discontinuous Percoll (GE Healthcare)
gradient and centrifuged at 600 x g
for 20 min at 4°C. Epithelial cells were
collected from the upper 40% Percoll
layer, washed and centrifuged for later
analysis.

Cell Culture

The human colonic epithelial cell line
(Caco2) was obtained from American
Type Culture Collection and maintained
in a standard culture medium consisting
of Dulbecco’s modified Eagle’s medium
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with 1% L-glutamine, 0.1% gentamicin,
1% HEPES and 10% FBS (all from Life
Technologies). Cells were subcultured
every three to four days before reaching
confluence.

Western Blot Analysis

Mouse intestinal tissues and cells were
homogenized/lysed in lysis buffer, the
lysates were collected and protein con-
centration was determined (Bio-Rad).
Protein samples were separated on 10%
Tris-Glycine sodium dodecyl sulfate
gels and transferred to polyvinylidene
difluoride membranes. Membranes were
blocked and incubated with primary
anti-mouse PD-L1 (Bio x Cell), anti-
Z0-1, -occludin and -claudin-1 antibodies
at 4°C overnight. After washing, mem-
branes were incubated with horseradish
peroxidase-conjugated secondary anti-
bodies and proteins were developed by
enhanced chemiluminescence. Image
densitometry was collected and analyzed
with Image]J software. B-actin (Life
Technologies) was used as a loading
control (19).

Real-Time Quantitative Polymerase
Chain Reaction

Total RNA preparation from cells
using the TRIzol reagent and real-time
quantitative polymerase chain reaction
(QPCR) using the SYBR Green master mix
were performed following the manufac-
turer’s instruction (Life Technologies).
The RNA concentration was measured,
and 1 ug RNA was reverse-transcribed
with a cDNA synthesis kit. Real-time
QPCR was performed to amplify the
cDNA for PD-L1 and GAPDH. The
primers used are as follows: human PD-L1,
sense: 5-GGTGAGGATGGTTCTAC
ACAG-3" and anti-sense: 5-GAGAACT
GCATGAGGTTGC-3’; human GAPDH,
sense: 5-GTGAAGGTCGGAGTCAACG-3
and anti-sense: 5-TGAGGTCAATGAA
GGGGTC-3’; mouse PD-L1, sense: 5'-
TGCCTTCCAACTCTCGTCTTG-3" and
anti-sense: 5-CAGCGAGCACTTCA
TTCAGTC-3; mouse GAPDH, sense:
5-TGGCAAAGTGGAGATTGTTGCC-3’
and anti-sense: 5-AAGATGGTGATG
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GGCTTCCCG-3’ (25). Duplicate

C; values were analyzed using the com-
parative C; (AACt) method. The amount
of target (2~44“") was obtained by nor-
malizing to GAPDH relative to a control
(nonstimulated cells or sham mice).

Cytokine Determination by ELISA
Concentrations of TNF-o, IL-6, IL-10

and MCP-1 in tissue lysates were mea-

sured by ELISA (BD Biosciences) (19).

Flow Cytometry Analysis

Caco? cells cultured with and without
human recombinant TNF-o (10 ng/mL)
and IFN-y (10 ng/mL) for 24 h were
collected for PD-L1 expression analysis.
Cells were incubated with Fc blocker
and stained with phycoerythrin (PE)-
conjugated anti-human PD-L1 (clone
29E.2A3, Biolegend) or isotype control
antibodies for 45 min on ice. Cells were
washed and analyzed by BD FACS
Array (BD Biosciences) (12). Data were
analyzed with FlowJo software.

In Vivo Intestinal Permeability Assay
Intestinal permeability was measured
using an in vivo ligated loop model as
described previously (26). Briefly,
24 h post-CLP, mouse abdomen was
reopened, cecum and distal ileum were
externalized, an incision was made at
~5 ¢cm and ~15 cm (to make a 10 cm
segment of an in situ loop without dis-
rupting the mesenteric vascular arcades
and blood supply) proximal to the cecum,
and a double-loop ligature was made at
both ends of the segment. After flushing
the segment with PBS to remove intestinal
contents, the distal ligature was tightened.
A solution of fluorescein isothiocyanate—
dextran (FD4, 5 mg in 0.5 ml PBS; Sigma)
was injected into the intestinal segment
and the proximal ligature was tightened.
The gut loop was covered with warm
saline-wetted gauze and foil to prevent
evaporation and direct light exposure.
After 30 min, blood samples were taken
from the heart and plasma was collected
for analysis. The ileal segment was re-
moved and the length was measured. FD4
concentration in plasma was determined



by a fluorescent plate reader. Permeability
was determined as FD4 mg/mL/cm of
intestine.

In Vitro Permeability Assay

Flux of FD4 across cell monolayer was
accessed for paracellular permeability of
the epithelial barrier (27). Caco2 cells
(3 x 10° cells/well) were plated in six-well
transwell plates (Corning) and grown as
monolayers for 21 d. Cells were treated
in four groups: 1) control group with
vehicle, 2) stimulation with recombi-
nant human TNF-o (10ng/mL) plus
IFN-y (10 ng/mL) (concentrations were
chosen according to dose response re-
sults), 3) TNF-o./IFN-y stimulation with
control IgG (10 ug/mL) pretreatment,
and 4) TNF-o./IFN-y stimulation with
anti-human PD-L1 antibody (10 ug/mL)
pretreatment. PD-L1 antibody, clone
29E.2A3 or control IgG was added to
the apical chamber for 1 h and cytokines
were then added to the basal chamber.
After 24 h, FD4 in HBSS was added in
the apical chamber (final concentration
1 mg/mL). Forty-eight hours later, culture
media was taken from the basal cham-
bers, fluorescence was determined and
FD4 flux was normalized to the negative
controls.

Immunofluorescence Microscopy
Caco2 cells were grown on the cover
glass for 3 wks to form a monolayer.
After treatment in four groups described
above, monolayers were washed gently,
fixed, permeabilized and blocked. Mono-
layers were incubated with anti-ZO-1
or anti-occludin antibodies at 4°C
overnight. After washing, monolayers
were incubated with biotin conjugated
anti-rabbit IgG, then Alexa Fluor 546-con-
jugated streptavidin (Life Technologies).
The images were collected with a fluores-
cent microscope (Nikon Eclipse 80i) using
a 20 x objective and a Spot RT3 camera.
Three to five images were acquired from
cell monolayers for processing and anal-
ysis using Image] analysis software (19).
Positive staining was defined through
intensity thresholding, and mean intensity
measurements were recorded and data

were presented as a percentage of the
field.

Presentation of Data and Statistical
Analysis

One way analysis of variance
(ANOVA), Mann-Whitney U-test or
non-paired ¢ test was used to analyze
data. P < 0.05 was considered statistically
significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

PD-L1 Expression Is Increased in
Septic Versus Nonseptic Patients’
Colonic Tissue Sections

Eleven patients who underwent colon
resection at Rhode Island Hospital were
identified. Five patients were assigned
to the sepsis group and six patients
were assigned to the nonseptic group
(Figure 1A). PD-L1 expression, deter-
mined by immunohistochemistry, was
markedly elevated in septic versus non-
septic patients’ colonic tissue specimens
(Figures 1B-D). When comparing the dif-
ferences of PD-L1 staining (measured in
pixels), septic patients had a significantly
higher increase in the expression of PD-L1
in the area of abnormality than the nor-
mal margin (Figure 1B); however, there
were no differences between the abnor-
mal areas and the normal margins in the
nonseptic patients (Figure 1C). Therefore,
the differences between the two areas
within septic patients was significantly
greater than within nonseptic patients
(non-paired t test; Figure 1D). Figure 1E
shows representative images from two
of the patients. Panel 1E1 depicts an area
of normal margin compared with an
area of abnormality from a septic patient
(panel 1E2). Panel 1E3 shows normal mar-
gin compared with an area of abnormality
from a nonseptic patient (panel 1E4).

Sepsis Increases PD-L1 Expression in
the Mouse Intestine

While naive and/or baseline (pre-
sepsis) differences in gut morphology
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among WT and PD-L1 gene-deficient
mice are not different (see Supplementary
Figure S2), our previous studies have
documented that PD-L1 gene deficiency
is associated with decreased morpholog-
ical evidence of intestinal injury induced
by sepsis in mice (12). Initially, PD-L1
expression was assessed in the WT
mouse small intestine and colon tissue
homogenates after CLP. PD-L1 protein
levels were significantly increased in
both tissues taken from mice 24 h post-
CLP when compared with sham controls
(Figure 2A). Studies showed that PD-L1
was detectable in human gastric epithe-
lial cells (17) and colonic epithelial cells
(13,15,18). We confirmed that PD-L1
mRNA and protein were constitutively
expressed in freshly isolated small
intestinal epithelial cells (IECs) from
naive WT mice (Supplementary Figure S1).
To determine the temporal nature of
PD-L1 expression during the course

of sepsis, IECs from the small intestine
were isolated at 6, 24 and 48 h after sur-
gery and PD-L1 expression was assessed.
When compared with sham mice, PD-L1
mRNA expression was already increased
at 6 h, and this was sustained for 24 and
48 h after CLP (Figure 2B). While PD-L1
protein expression was not changed at

6 h, it was markedly elevated by 24 and
48 h post-CLP (Figure 2C).

Increased PD-L1 Expression by
IECs Correlated with Intestinal
Inflammation and Dysfunction
after Sepsis

It has been generally accepted that
gut barrier dysfunction, induced by
many mediators including cytokines, is
a significant contributor to the devel-
opment of systemic infection and sub-
sequent multiple organ failure seen in
critically ill patients (9). To elucidate the
role of PD-L1 in the regulation of cyto-
kine production in the ileum following
CLP, tissue homogenates from WT or
PD-L1 gene-deficient (PD-L1-/-) mice
were collected 24 h after surgery for cy-
tokine analysis. TNF-o, IL-6 and MCP-1
levels in ileum tissues were significantly
elevated in septic WT mice compared
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A Sepsis Non-Sepsis p value
Age 55.9 (6.5) 53.7 (8.7) 0.85
Percent Female 67% 60% 1
Area of Abnormality 46434.8 (583.3) 40938.8 (3083.3) 0.32
Normal Margin 40333.1 (1036.0) 39933.5 (3242.4) 0.86
Difference(A Pixel) 6101.6(774.1) 1004.7 (267.9) 0.001
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Figure 1. Expression of PD-L1 in colon sections is higher in septic compared with nonseptic ICU patients. Colon histoloygical sections were
stained for PD-L1. Four to six grayscale images were acquired per specimen with a Nikon E800 microscope using a 20 x PlanApo
objective and a Spot RT3 camera. Positive staining was defined through infensity thresholding, and mean intensity measurements were
recorded. Data were expressed as the total area stained on a pixel-by-pixel basis. (A) There was no difference between the septic

and nonseptic groups related to ayge (65.9 years versus 53.7 years; p = 0.8) or yender (female, 60% versus male, 67%; p = 1). (B) Signifi-
cantly higher PD-L1 staining was shown in the area of abnormality compared with the normal margin of septic patients (n = 5), while no
change in PD-L1 intensity in nonseptic patients was evident (n = 6) (C). The calculated extent of change in pixel intensity (A pixel)
between the two areas in the same patient were significantly higher in septic versus nonseptic patients (D), * P < 0.05, nonpaired f fest.
(E) Representative imayes of PD-L1 staining from the patients. Panels E1 and E3 show normal margins from septic and nonseptic patients,
respectively. Panel E2 shows the area of abnormality from a septic patient, and panel E4 is the area of abnormality from a nonseptic
patient. Original maynifications x 200.

with shams. PD-L1 deficiency blunted
the rise of these cytokine levels seen in
WT CLP mice (Figure 3A). However,
IL-10 levels were not different between
all groups.

The tight junction (TJ) is a multiprotein
complex and a key regulator of epithe-
lial paracellular permeability. Inflam-
matory cytokines, such as TNF-o (10)
and IL-6 (28), have been shown, under

experimental conditions, to disrupt epi-
thelial T] integrity and compromise epi-
thelial barrier function (29-31). As such,
we examined TJ protein levels in WT and
PD-L1-/- mice after CLP. We observed
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Figure 2. Sepsis increases PD-L1 expression in the mouse intestine. C57BL/6 mice were subjected to sham or CLP. Twenty-four hours after
surgery, PD-L1 protein levels in the ileum and colon tissue homogyenates were determined by Western blot analyses and semiquantitated
by densitometry expressed as integrated density (IDT) values of target protein versus IDT values of B-actin. (A) CLP induces a significant
increase in PD-L1 protein expression in the ileum and colon tissues. Time course of rising yene and protein expression in intestinal epithe-
lial cells (IECs) after CLP. IECs of the smalll intestine were isolated at 6, 24 and 48 h after surgery for PD-L1 expression analysis. (B) PD-L1
MRNA is significantly increased in the [ECs at 6, 24 and 48 h post-CLP compared with sham IECs. (C) While not changed at 6 h, PD-L1
protein expression is markedly elevated by 24 and 48 h post-CLP. Significance indicated by * P < 0.05 versus sham; rank sum fest, mean
+ standard error of the mean (SEM); n = 4-8 mice/group.

a significant reduction in claudin-1, Anti-PD-L1 Antibody Alleviates TNF-o time-course (Supplementary Figures S3C
occludin and ZO-1 protein levels in the and IFN-y Stimulation-Induced Caco2 and S3D) results, we confirmed that
ileum of WT after CLP compared with Monolayer Hyperpermeability by Caco2 cells could constitutively express
sham mice. In contrast, PD-L1 gene defi- Restoring Monolayer Tight Junction PD-L1 protein (by FACS), which was
ciency restored claudin-1, occludin and Integrity significantly increased following stimula-
Z0-1 levels in the ileum following CLP In an attempt to translate the mouse tion with TNF-o (10 ng/mL) plus IFN-y
(Figure 3B). in vivo data to humans and better deter- (10 ng/mL) (Figure 4A).

Based on the current observation that mine if PD-L1 is directly involved in the To establish that PD-L1 contributes
PD-L1 deficiency reduced sepsis and process of intestinal barrier dysfunction, to cytokine-induced hyperpermeabil-
increased intestinal inflammation and a human colonic intestinal epithelial ity, Caco2 monolayers grown in the
T] protein loss, we next determined Caco?2 cell monolayer was established transwell plates were pretreated with
whether PD-L1 expression could miti- for in vitro experiments. Studies have anti-PD-L1 or IgG control antibody,
gate the development of intestinal barrier reported that Caco2 monolayer barrier then stimulated with TNF-o/IFN-y and
dysfunction encountered during sepsis dysfunction can be induced by proin- permeability determined with the flux
in vivo. There was a significant increase flammatory cytokines, such as TNF-o of FD4. We found that TNF-o./IFN-y
in the intestinal epithelial permeability in and IFN-y, and is associated with the alone and IgG isotype pretreatment
both WT and PD-L1-/- CLP mice com- morphological disruption and relocaliza- followed by TNF-o./IFN-y stimulation
pared with their correspondent shams; tion of TJ proteins (31-33). With this in significantly increased Caco2 epithelial
however, PD-L1-/- CLP mice had signifi- mind, we first established the optimum monolayer permeability compared with
cantly reduced epithelial permeability concentration and time of recombinant nontreated negative controls. However,
compared with WT CLP animals (as human TNF-o or IFN-y stimulation for anti-PD-L1 antibody treatment prevented
indicated by lower FD4 concentration in the expression of PD-L1 mRNA in the development of Caco2 monolayer
the plasma from intestinal lumen to the Caco?2 cells. Based on the dose-response hyperpermeability induced by cytokine
circulation) (Figure 3C). (Supplementary Figures S3A and S3B) and stimulation (Figure 4B).
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Figure 3. PD-L1 deficiency reduces the sepsis-induced increase in tissue cytokine levels
and intestinal permeability while restoring intestinal TJ protein expression following CLP.
C57BL/6 and PD-L1 deficient (-/-) mice were subjected to sham or CLP. Twenty-four hours
later, the small intestine tissues were harvested for cytokine and TJ protein analysis. (A)
Tissue levels of TNF-o,, MCP-1 and IL-6 (pg/mL) are increased in septic C57BL/6 mice
compared with the shams. However, these cytokine/chemokine levels are significantly
decreased in PD-L1-/- CLP mice compared with septic C57BL/6 mice. IL-10 levels are not
changed in all groups. (B) The extent of expression of TJ proteins claudin-1, occludin and
ZO-1 in the ileum is significantly reduced in septic C57BL/6 mice compared with shams.
PD-L1 gene deficiency prevents the decline of these proteins following CLP. (C) Intestinal
permeability, as an index of intestinal dysfunction, was assessed by a ligated loop model
in vivo. Followiny sepsis, there is a significant increase in the passage of fluorescein iso-
thiocyanate-conjugyated dextran (FD4) from the intestinal lumen to the circulatory system
in C57BL/6 mice, while PD-L1 gene deficiency markedly reduces sepsis-induced intestinal
permeability. * P < 0.05 versus sham mice; # P < 0.05 versus PD-L1-/- CLP mice. One-way
ANOVA and Student-Newman-Keuls test; mean + SEM; n = 6-8 mice/group.
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To further investigate the mechanism
of PD-L1 in reducing cytokine-induced
Caco-2 monolayer barrier dysfunction,
the expression of T] proteins was evalu-
ated by immunofluorescent microscopy.
Figure 4C (ZO-1) and 4D (occludin)
show that Caco2 monolayers treated
with vehicle, both the T] proteins ZO-1
and occludin (Figures 4C and D), exhib-
ited consistent staining along the edge
of the cells, as expected for negative con-
trols. Treatment with TNF-o./IFN-y alone
caused pronounced disorganization and
significant reduction in the intensity of
Z0-1 and occludin staining (Figures 4C
and D), such that their staining profiles
became irregular and discontinuous
between adjacent Caco2 cells. While
IgG pretreatment (Figures 4C and D)
also showed similar effects with TNF-o./
IFN-y treated alone, anti-PD-L1 antibody
pretreatment markedly attenuated the
TNF-a/IFN-y-induced diffusion/reduc-
tion of ZO-1 and occludin staining on
Caco2 monolayers (Figures 4C and D).
These data imply that blocking PD-L1 is
able to reduce permeability, in part, by
preserving TJ architecture in Caco2 epi-
thelia monolayers after proinflammatory
cytokine stimulation.

DISCUSSION

We have demonstrated that expression
of PD-L1 is upregulated in the colons
of patients with sepsis, and have also
demonstrated the expression pattern and
role of coinhibitory molecule PD-L1 in
the development of intestinal dysfunc-
tion following a polymicrobial septic
challenge in mice using the CLP sepsis
model. While mouse small intestine
IECs constitutively express PD-L1, its
expression is significantly increased after
sepsis. Using genetic knockout mice, we
have found that a deficiency of PD-L1
gene expression appears to contribute to
restoration of intestinal barrier function
by preventing the cytokine-induced dis-
ruption of epithelial TJs during sepsis.
In parallel, when the human Caco2 cell
line is used to model the mouse in vivo
gut epithelial cell barrier function, we
show that PD-L1 blockade is associated
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averaye of three independent experiments, in triplicate for each treatment. * P < 0.05 versus control; # P < 0.05 versus anti-PD-L1. One-
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with protecting these monolayers from
barrier disruption induced by TNF-o./
IFN-vy treatment.

Accumulating evidence has demon-
strated that the PD-1/PD-L1 pathway
plays an important role in regulating the
immune-inflammatory response during
sepsis, as sepsis can upregulate PD-L1
expression on a variety of immune cells
in humans (2,14). In the gastrointesti-
nal tract, human gastric epithelial cells
express basal levels of PD-L1, and its
expression is significantly increased
when exposed to Helicobacter pylori (17).
Importantly, the current study is the
first to show that expression of PD-L1
is markedly elevated in the colons of
patients with sepsis. This association
supports the notion that upregulation of
PD-L1 in the gut has a potential role in
the human septic condition. In keeping
with several other studies, increased
PD-L1 expression is associated with
intestinal dysfunction in patients with
inflammatory bowel disease (13,15,18).
Furthermore, critically injured or septic
patients express significantly increased
levels of PD-1 and PD-L1 on their
peripheral blood leukocytes (7,12,34,35),
which appears to be not only associated
with severe injury and/or development
of septic shock, but also correlated with
mortality in these patients. However,
whether this is the cause or effect of the
development of the septic state cannot be
determined from an observational study.

Recent studies have reported that
PD-L1 expression also increased in mice
with sepsis induced by CLP (12,36).
Additionally, blockade of PD-L1 by anti-
body suppressed intestinal inflammation
and prevented the development of colitis
in mice (13), suggesting that PD-L1 may
have an important role in regulating the
intestinal inflammatory response. Our
previous studies have shown that PD-L1-
/- mice exhibited reduced morphological
intestinal injury induced by CLP (12).
However, the expression and role of
PD-L1 in IEC function during sepsis are
not known. In this respect, we initially
demonstrated that there was an increase
in PD-L1 expression (nRNA and protein

838 | WU ET AL.

levels) in small intestine IECs in response
to a septic challenge in mice. These
results imply that upregulation of PD-L1
expression on IECs during sepsis could
provide a potentially potent tolerogen/
immune suppressive effect through the
PD-1:PD-L1 pathway, which might
produce an environment for infection
controlled by local intestinal immune
cells that compromise and affect the
prognosis of sepsis.

Studies have indicated that elevated
proinflammatory cytokines may play an
important role in mediating intestinal
barrier dysfunction in sepsis and other
inflammatory intestinal diseases (10,37)
and in causing disruption of intestinal
TJs (38). Here, we showed that TNF-q,
IL-6 and MCP-1 levels in local ileum tis-
sues were significantly elevated in septic
WT mice. PD-L1 gene deficiency blunted
the rise of these cytokine/chemokine lev-
els after CLP. Although it is not known if
MCP-1 impacts intestinal epithelial func-
tion, studies have shown that MCP-1 is
involved in endothelial cell dysfunction
in various diseases (39). Interestingly,
mucosal tissue levels of IL-10 were
not changed between all groups in our
study, and this was consistent with other
reports (40). Since PD-L1 is involved in
reducing intestinal inflammation after
sepsis, we further determined if PD-L1
deficiency could decrease sepsis-induced
intestinal permeability in mice. Consis-
tent with other reports (41-43), intestinal
permeability was significantly increased
in WT mice after sepsis; however,
PD-L1-/- septic mice exhibited decreased
ileal permeability compared with WT septic
mice. To investigate the cause of sepsis-
induced intestinal barrier dysfunction, the
effect of PD-L1 on CLP-induced changes
of TJ protein expression in the ileum was
examined. Compared to WT mice, PD-L1
gene deficiency preserved TJ protein
(claudin-1, occludin and ZO-1) levels in
the small intestine after sepsis. These re-
sults are similar to studies published by
Yoseph et al. (44) showing that increased
intestinal permeability was associated
with changes in TJ proteins at 12 h after
CLP in mice. They demonstrated that
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sepsis induced a significant increase in
claudin-2 and JAM-A and a decrease in
occludin and claudin-5, with a trending
decrease in claudin-1 and ZO-1. In ad-
dition, Li et al. (45) reported that sepsis
induced TJ disruption in the colon with
diffused and redistributed of claudin-1,
3,4, 5 and 8, while claudin-2 was mark-
edly increased. In this regard, inflamma-
tory cytokines, induced by experimental
sepsis, have been reported to cause
intestinal TJ disruption by reducing ex-
pression and/or causing the rearrange-
ment of T] proteins in mice (42). TNF-a
has been reported to induce intestinal
T] permeability via myosin light chain
kinase activation in animal models and
cultured cells (33,37,46). IL-6 has been
shown to regulate claudin-2 expression
and increase T] permeability in Caco2
cell monolayers (40,43). Together with
our prior observation that PD-L1 gene
deficiency reduced intestinal injury and
mortality seen in WT septic mice (12),
these current findings imply that it is
the upregulation of PD-L1 expression in
IECs during sepsis that leads to inflam-
matory mediator release and increased
intestinal permeability, and this is due,
in part, to TJ disruptions.

To further explore how PD-L1 is
directly involved in intestinal barrier
dysfunction, an in vitro human Caco2 cell
monolayer model was used to examine
the processes of barrier function. Simi-
lar to primary IECs derived from mice,
Caco?2 cells constitutively express PD-L1,
which is further increased upon TNF-a./
IFN-y stimulation. This is consistent with
those changes documented for human
gastric epithelial cells and colonic epi-
thelial HT-29 cells (15,17). Furthermore,
we demonstrated that blockade of PD-L1
was able to reduce increased permeabil-
ity induced by cytokines, while it pre-
served TJ protein architecture in Caco2
monolayers. However, the limitation in
an in vitro Caco2 cell culture setting is
that the effects of reducing monolayer
permeability by blocking PD-L1 using
antibody are unlikely through PD-1:
PD-L1 engagement, since PD-1 is not
supposed to be expressed on Caco?2 cells



and there are no T cells in these cultures
providing PD-1. While the PD-1:PD-L1
pathway is well established in adaptive
immunity during chronic infections and
cancer, its role in acute infections is less
clear and more complicated (16). Studies
have demonstrated that PD-L1 contrib-
utes to sepsis-induced organ injury,
including intestine, and lethality (11,12).
However, the role of IEC-expressed
PD-L1 in intestinal inflammation remains
unclear. Interestingly, recent studies
have shown that in addition to PD-1,
CDB80 has been identified as a second
binding partner for PD-L1 in humans
and mice (47,48), and CDB80 has also been
reported to be expressed on IECs (47,49).
Upon stimulation by microbes or other
antigens from the lumen, IECs secrete
inflammatory mediators, recruit leuko-
cytes and increase PD-L1 expression.

It is possible that during sepsis, the local
intestinal inflammatory response could
be regulated by either PD-1:PD-L1 and/
or CD80:PD-L1 interactions between
IECs and other immune cells, including
lymphocytes, antigen-presenting cells

or nonimmune cells that express PD-1,
CD80, or some unknown potential bind-
ing partners for PD-L1. The functional
roles and mechanisms of these engage-
ments of PD-L1 and other receptors
(ligands) between immune and immune
cells and/or immune and nonimmune
cells in this system remain to be
explored.

CONCLUSION

Our results provide evidence of
increased PD-L1 expression not only
in gut/IECs during sepsis in an experi-
mental animal model, but also in colonic
tissue specimens of septic patients and
a human colonic epithelial cell line.
These findings point to a novel role of
PD-L1 (beyond that of a simple leukocyte
tolerogen) in mediating intestinal barrier
dysfunction during sepsis. The increased
PD-L1 expression on IECs may also
promote the translocation of bacteria/
toxin and a local inflammatory response
via its actions on IEC TJ protein dissoci-
ation, which could disrupt the integrity

of epithelial monolayer stability, thereby
leading to intestinal barrier dysfunction.
Thus, we think these findings have
added significantly to our understanding
of the possible roles of PD-L1 in intesti-
nal barrier dysfunction in sepsis as well
as potentially other pathological condi-
tions of the gut where PD-L1 expression
changes, further illustrating how modu-
lation of PD-L1 may be a novel therapeu-
tic target for this devastating condition of
critically ill patients.
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