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BACKGROUND AND AIMS: Biliary atresia (BA) entails an in-
flammatory injury of the biliary tree, leading to fibrosis of the
extrahepatic and intrahepatic bile ducts. The chronic inflam-
matory biliary injury may be due to lack of appropriate regu-
latory T cell (Treg) suppression of inflammation. The aims of
the study were to characterize Treg deficits in human BA and to
determine if Treg augmentation therapy improved outcomes in
the rhesus rotavirus (RRV)-induced mouse model of BA.
METHODS: Immunophenotyping of human peripheral blood
and liver Tregs was performed with flow cytometry, Vectra-6
multicolor immunohistochemistry (IHC), and real-time
polymerase chain reaction. Measured outcomes of Treg
augmentation with the interleukin-2 monoclonal antibody
JES6-1/interleukin-2 in the RRV-induced mouse model of BA
included survival, direct bilirubin, [HC, and liver flow cytom-
etry. RESULTS: Patients with BA had decreased peripheral
blood Treg frequency and lack of cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4) upregulation
despite a highly activated, effector Treg phenotype. IHC
revealed decreased liver Treg frequency and Treg CTLA-4
expression. Treg augmentation in the murine model led to
increased survival, decreased direct bilirubin levels and liver
inflammation, and expansion of resident macrophages. In
addition to the M2 phenotype of resident macrophages, these
cells adopted an inflammatory M1 phenotype in response to
RRV infection, which was inhibited with Treg augmentation.
CONCLUSION: Patients with BA have Treg deficiencies associ-
ated with lack of sufficient CTLA-4 expression that is necessary
for cell-cell contact inhibition of inflammatory responses. Treg
augmentation therapy in murine BA protected from disease.
Future treatment trials for BA should include agents that
enhance Treg number or function, mimic CTLA-4 function, and
promote anti-inflammatory M2 macrophage phenotypes.

Keywords: Bile Duct; Children; Cholestasis; Cytotoxic T
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B iliary atresia (BA) is a puzzling cause of neonatal
cholestasis that entails an inflammatory injury of
the biliary tree, leading to fibrosis of both the extrahepatic
and intrahepatic bile ducts." At the time of diagnosis, the

extrahepatic fibrotic biliary remnant is removed, and a Kasai
portoenterostomy is performed in an attempt to re-establish
bile flow. Despite this surgical intervention, the intrahepatic
bile duct injury ensues, leading to cirrhosis and the need for
liver transplantation in the majority. Only ~25% of children
with BA will enter adulthood with their native liver, and
most of these patients have evidence of cirrhosis.” A critical
barrier to progress in treating BA is the lack of a definitive
cause for this destructive biliary disease.

Adaptive and innate immune responses are activated in
BA;®>'! however, the cause of these exaggerated immune
responses is poorly understood. The chronic inflammatory
attack on the biliary system may be due to lack of appro-
priate suppression of inflammation in the setting of
dysfunctional regulatory T cells (Tregs). The Treg subset of
human CD4" T cells (CDZShi, CD127%, and transcription
factor forkhead box P3 [FOXP3*]) is responsible for con-
trolling immune responses to prevent “bystander damage”
of healthy tissue and for preventing activation of autor-
eactivity.'? Previous studies have shown that Treg de-
ficiencies were associated with autoreactive T cells targeting
bile duct epithelia in the rhesus rotavirus (RRV)-induced
mouse model of BA."*>"'® Adoptive transfer of purified adult
Tregs into BA mice prevented biliary obstruction and
increased survival, suggesting that BA Tregs were dysfunc-
tional and unable to control inflammation.'*** In human BA,
decreased frequencies of peripheral blood and liver Tregs
have been described,'®'” and lower levels of circulating
Tregs were associated with poor outcomes.'® The aims of

Abbreviations used in this paper: BA, biliary atresia; BSS, balanced salt
solution; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; DOL, day
of life; FOXP3, forkhead box P3; IHC, immunohistochemistry; PBMCs,
peripheral blood mononuclear cells; RRV, rhesus rotavirus; Treg, regula-
tory T cell.
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the present study were twofold: (1) to determine if there
were functional deficits in human BA Tregs based on
changes in regulatory molecules and (2) to determine if
Treg augmentation therapy improved outcomes in the RRV-
induced mouse model of BA.

Results

Activated Circulating Tregs Lack Upregulation of
Suppressive Molecules in BA

Peripheral blood mononuclear cells (PBMCs) were ob-
tained at the time of liver transplantation in BA (N = 21)
and at the time of liver biopsy or transplant for other liver
disease controls (N = 19: Alagille syndrome, N = 5;
nonalcoholic fatty liver disease, N = 6; genetic/metabolic,
N = 3; other, N = 5). The mean age + standard deviation at
the time of blood collection was 4.79 + 5.29 years in BA and
8.2 £ 6.61 years in other liver disease controls (P = .078).
The aim of the flow cytometry studies was to determine key
Treg constituents that may be altered in BA, including (1)
Treg maturation subsets, (2) activation markers and sup-
pressive molecules necessary for cell-cell contact inhibition,
and (3) chemokine receptors necessary for Treg trafficking
to the liver (Figure 1A). Tregs were characterized based on
CD3"CD4"FOXP3*'CD257CD127~  cellular  expression
(Figure 1B). The percentage of circulating Tregs was
significantly decreased in BA compared with controls
(Figure 1C). BA Tregs displayed an activated phenotype
based on increased expression of activation markers CD69
and CD38 (Figure 1C). Treg subsets were also significantly
different in BA and controls, with lower frequencies of naive
and central memory Tregs and increased frequencies of
effector memory and terminally differentiated Tregs in BA
(Figure 1D). Despite the activated Treg status in BA, there
was lack of significant increases in the frequency of Tregs
expressing suppressive molecules cytotoxic T
lymphocyte-associated antigen-4 (CTLA-4) and galectin 1;
only LAG3 increased in BA (Figure 2E). Analysis of Treg
chemokine receptors necessary for honing to the liver
revealed that BA Tregs had increased expression of all
chemokine receptors compared with controls (Figure 2F),
suggesting chemokine-induced trafficking to the liver.
Similar trends were found with analysis of the mean fluo-
rescent intensity of the various surface markers (Figure A1).
Cytokines produced by Tregs that function to inhibit
inflammation were assessed by real-time polymerase chain
reaction (PCR) of purified PBMC Tregs. No differences in
mRNA levels of transforming growth factor beta (TGF-3),
interleukin-10, and inducible costimulator between groups
were identified (Figure A2).

Deficits in Treg Frequency and CTLA-4 Expression
in Livers of Patients With BA

To determine if the observed Treg deficits in peripheral
blood were also found in liver tissue, Vectra-6
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immunohistochemistry (IHC) was performed, whereby
multiple constituents of Tregs could be visualized within a
single tissue sample (Figure 2A). Liver tissue samples at the
time of diagnosis of BA (N = 10) or other liver disease
controls were assessed (N = 10: Alagille syndrome, N = 2;
endocrinopathy with cholestasis, N = 2; parenteral
nutrition-associated cholestasis, N = 2; PFIC2, N = 1; other
cholestasis, N = 3) (age: BA: 0.13 + 0.05 years; controls:
0.18 £ 0.05 years). Increased frequencies of portal tract
CD3* T cells and decreased frequencies of Tregs
(CD3*FOXP3™ T cells) and CTLA-4" Tregs were observed in
BA livers compared with controls (Figure 2B). Importantly,
the BA Tregs had decreased mean intensity and total weight
of CTLA-4 Treg expression compared with controls
(Figure 2C and Figure A3), suggesting deficits in CTLA-
4—-driven cell-cell contact suppressive function. In addition,
the total weight of LAG3 per Treg was significantly
decreased in BA portal tracts; however, there was no dif-
ference in the Treg LAG3 mean intensity between groups
(Figure 2C and Figure A3).

Treg Augmentation Therapy Rescues From Dis-
ease in the RRV-induced Mouse Model of BA

Based on the observed findings of Treg deficits in human
BA, the impact of Treg enhancement in the mouse model of
BA was assessed. Previous studies have shown that in vivo
induction of Tregs with an interleukin-2 (IL-2) monoclonal
antibody (JES6-1) + IL-2 led to increased numbers and
enhanced function of Tregs, associated with protection from
autoimmunity.'”*° Newborn mouse pups were given a
single injection of RRV or balanced salt solution (BSS)
(controls) on day of life (DOL) 1, followed by injections of
either JES6-1/IL-2 or isotype control on DOL 4, 5, and 6 for
RRV-infected mice; mice were sacrificed on DOL 14. Signif-
icant improvement in survival (Figure 3A) and decreased
biliary obstruction, shown by diminished direct bilirubin
levels (Figure 3B) and patency of the extrahepatic duct
(Figure 3C and Figure A4), was observed in the RRV-
infected mice that received JES6-1/IL-2. Within the liver,
RRV-infected BA mice had decreased frequencies of Tregs
compared with BSS controls, and the Treg frequency
significantly increased in the JES6-1/IL-2-treated mice
(Figure 4A). Similar to the liver immune profile in human
BA, the RRV-infected BA mice had significantly increased
liver infiltrates of many immune cell subtypes, including B
cells, CD4" and CD8™ T cells, natural killer cells, neutrophils,
and infiltrating macrophages (F4/80'°CD11b"). With the
exception of CD8" T cells, most liver immune cell subtypes,
including infiltrating macrophages, significantly decreased
in the setting of Treg augmentation with JES6-1/IL-2
(Figure 4B). Interestingly, the number of liver
tissue-resident macrophages (F4/80"CD11b™) significantly
increased in response to JES6-1/IL-2. Additional character-
ization of the infiltrating and resident macrophage pop-
ulations was performed to determine the functional effect of
Treg augmentation on macrophages.
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Figure 1. Activated peripheral blood Tregs lack upregulation of suppressive molecules in human BA. (A) Schematic of
experimental analyses of peripheral blood Tregs; (B) Gating strategy for Treg cell surface flow cytometry analyses: sequential
gating of lymphocyte population (FSC/SSC)- single cells- CD3*CD4* T cells- FoxP3* Tregs— CD257CD127~ Tregs; (C)
Frequency of Tregs and percent of Tregs expressing activation markers CD69 and CD38; (D) Frequency of Treg maturation
subsets; (E) Frequency of Treg proteins involved in suppression of inflammation; (F) Treg chemokine receptors involved in

trafficking to the liver.
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Figure 2. Deficits in human BA liver Treg frequency and Treg CTLA-4 expression. (A) A representative picture of control (top
panel) and BA (lower panel) liver tissue stained for cytokeratin 7 (CK7; cholangiocyte), CD3 (T cell), FoxP3 (Treg), and CTLA-4
(suppressive molecule) using Vectra-6 immunohistochemistry. Yellow arrow: CD3*Foxp3* Treg; pink arrow:
CD3"FoxP3"CTLA-4" Treg; (B) Density of liver CD3™ T cells per mm? and frequency of liver CD3™ T cells that were Foxp3™
and FoxP3*CTLA-4"; (C) Single-cell mean intensity and total weight of CTLA-4 and LAG3 expression on portal tract Tregs. *P
< .05; *P < .005.

Treg Augmentation Impacts the Tissue-resident can be categorized as either proinflammatory (M1) or anti-
Macrophage Phenotype inflammatory/immunosuppressive (M2).”" Based on the

Macrophages in the liver exert a wide variety of func- changes observed in infiltrating and resident macrophages

tions, including either proinflammatory tissue injury or anti- in response to Treg augmentation, we next determined if the
inflammatory tissue homeostasis. To that end, macrophages infiltrating and resident macrophages were polarized to
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Figure 3. Treg augmentation therapy rescues from disease in the RRV-induced mouse model of BA. (A) Survival rates between
groups; (B) serum direct bilirubin levels at DOL 14; (C) Representative H&E pictures of common bile duct and liver tissue at
DOL 14; black arrow: bile ducts; [balanced salt solution (BSS), day of life (DOL), rhesus rotavirus (RRV)].

either an M1 or M2 phenotype. An important disclaimer is
that macrophages can have a spectrum of activated pheno-
types, rather than a discrete stable subpopulation, depend-
ing on the specific disease process.”” Liver infiltrating and
resident macrophages were isolated in high purity with a
fluorescent-activated cell sorter based on CD11b and F4/80
expression (Figure 5A). Real-time PCR was used to charac-
terize genes within the M1 (Socs3, 1I-6, Fpr2, Fabp4) and M2
(Arg1, Tgf-8, Timd4) phenotypes.”* **

Verification of the liver M1 and M2 phenotypes in the
normal (non-RRV infected) 14-day-old mouse revealed that
infiltrating macrophages had increased amounts of M1
transcripts compared with resident macrophages and resi-
dent macrophages had higher levels of M2 transcripts than
infiltrating macrophages (Figure 5B). In the diseased state,
the RRV-infected BA mice resident macrophages revealed a
dual functionality, with significantly increased expression of
all M1 and M2 transcripts compared with BSS controls
(Figure 5C). In the setting of Treg augmentation, all resident
macrophage M1 markers significantly decreased; however,
the M2 markers Argl and Tgf-8 also decreased with Treg
augmentation (Figure 5C). The RRV-infected BA mice liver
infiltrating macrophages had increased expression of M1
markers Socs3 and Fpr2 compared with BSS controls, and

Treg augmentation significantly inhibited expression of
these genes. No changes were found in infiltrating macro-
phage M2 markers in response to Treg augmentation.

Discussion

These investigations revealed that patients with BA
have Treg deficiencies associated with lack of sufficient
CTLA-4 expression that is necessary for cell-cell contact
inhibition of inflammatory responses. Furthermore, Treg
augmentation therapy in the murine model of BA pro-
tected from disease. This protection was associated with
decreased liver inflammation, including significantly
decreased infiltrating macrophages, concurrent with
increased resident macrophages. The resident macro-
phages took on an inflammatory M1 phenotype in
response to RRV infection (in addition to their baseline
anti-inflammatory M2 phenotype). The M1 phenotype in
both infiltrating and resident macrophages was inhibited
with Treg augmentation therapy. Taken together, abnormal
Treg suppressive function due to deficiencies in CTLA-4
results in biliary inflammation and injury that is abro-
gated by Treg augmentation.
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Figure 4. Treg augmentation therapy
leads to decreased frequency of liver
inflammatory cells in the RRV-
induced mouse model of BA. (A)
Flow cytometric analysis of liver Treg
frequency; (B) Flow cytometric ana-
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CTLA-4 is constitutively expressed on Tregs; on Treg
activation, CTLA-4 is upregulated and functions as a nega-
tive immune regulator of T cell activation. CTLA-4-mediated
Treg suppression is essential for the maintenance of pe-
ripheral tolerance and the prevention of T cell-mediated
autoimmunity. Many autoimmune diseases are associated
with defects in Tregs, including type I diabetes, inflamma-
tory bowel disease, systemic lupus erythrocytosis, and
CTLA-4 haploinsufficiency syndrome.”” In BA, T cell auto-
immunity targeting cholangiocytes contributes to disease
pathogenesis.'**'* Potential therapies that augment Treg
function in humans include rapamycin (mTOR inhibi-
tor)*®?” and retinoic acid.”®*° Furthermore, the CTLA-4-Fc
fusion protein (abatacept) that mimics CTLA-4 function
has been used to treat CTLA-4 haploinsufficiency.*° There is
a precedent for the use of Treg augmentation to treat
autoimmune diseases in animal models as well. The original

lyses of various liver immune cells
(number of distinct immune cell type
per whole mouse liver).

discovery of the Treg augmentation properties of JES6-1/
IL-2 included the findings of protection from murine
experimental autoimmune encephalomyelitis and tolerance
of major histocompatibility complex-incompatible pancre-
atic islet cell transplants.'” In a mouse model of sclerosing
cholangitis, Treg augmentation with IL-2/anti-IL-2 immune
complex resulted in resolution of biliary injury and fibrosis.**
All these immunomodulators could be considered for future
treatment trials in BA, to promote resolution of biliary
inflammation and injury after Kasai portoenterostomy.
Augmentation of Tregs in murine BA resulted in inhibi-
tion of inflammatory-mediated biliary disease. The macro-
phage subsets were of particular interest, as the liver
infiltrating macrophage numbers significantly decreased,
concurrent with increased liver resident macrophages in
response to Treg augmentation therapy. At baseline
(noninfected mouse), the resident macrophages had an
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Figure 5. Phenotypes of liver infiltrating and resident macrophages based on mRNA expression. (A) Liver macrophage subsets
[infiltrating macrophages (IM; F4/80'°CD11b"), tissue resident macrophages (RM; F4/80"CD11b™)] were isolated by flow
cytometric cell sorting based on CD457CD3~CD19 Ly6G ™~ gating strategy. Post-sort purity check revealed >95% purity of
sorted cell population that underwent subsequent RNA isolation. (B) Fold change mRNA expression of the macrophage in-
flammatory macrophage phenotype (M1) and suppressive macrophage phenotype (M2) in RM and IM from normal mouse
livers (DOL 14); RM vs IM: *P < .05; **P < .0005; (C) Fold change of resident macrophage and infiltrating macrophage M1 and
M2 genes; *P < .05: BSS vs RRV, #P < .05: RRV vs JES6-1/IL-2.

anti-inflammatory M2 phenotype; on RRV infection, the
resident macrophages took on a dual phenotype, with high
expression of markers for both M1 and M2. Importantly, Treg
augmentation inhibited the inflammatory M1 phenotype of
resident macrophages. Recent investigations have focused on
the role of Tregs in regulating and controlling innate immune
responses, including altering macrophage subtypes and
function.®® In vitro studies of co-culture of Tregs and

macrophages led to decreased human leukocyte antigen-DR
isotype expression and proinflammatory cytokine production
from macrophages.®® Furthermore, Treg depletion led to
exaggerated M1 macrophage activation in an animal model of
endotoxic shock.”* Pertinent to our study, there is known cross-
talk between Tregs and regulatory M2 macrophages, as Tregs
are able to direct macrophage differentiation toa M2 phenotype
and play an important role in immune homeostasis.**
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The importance of inflammatory (M1) macrophages to
disease pathogenesis in BA has been recently described in
both humans®® and mice.'® Novel strategies for therapeutic
targeting of hepatic macrophages include agents that
would dampen resident macrophage activation by influ-
encing the gut-liver axis and inhibit recruitment of infil-
trating macrophages to the liver, modulating macrophage
polarization and augmenting M2 resident macrophages.”
Future treatment trials for BA should include agents that
enhance Treg number and/or function, mimic CTLA-4
function, and promote anti-inflammatory M2 macrophage
phenotypes.

Materials and Methods
Human Biospecimens

Biospecimens were collected after parent/caretaker
approval through the University of Colorado Institutional Re-
view Board-approved study (#12-0069; Mack CL: PI). PBMCs
were isolated from whole blood by Ficoll-gradient purification,
placed in freezing media [10% dimethylsulfoxide, 90% fetal calf
serum] and stored in liquid nitrogen until batch analyses.
Formalin-fixed paraffin-embedded liver tissue was processed
within the Children’s Hospital Colorado Histology Laboratory,
and tissue sections were acquired for IHC.

Flow Cytometry of Human PBMCs

PBMCs were incubated with 1% Fc block, followed by
staining with the following fluorochrome-conjugated antibodies
(clone): CD3 (UCHT1), CD4 (SK3), FOXP3 (206D), CD127
(A019DS), CD25 (M-A251), CD45RA (HI100), CD62L (DREG-
56), CD69 (FN50), CD38 (HB-7), LAG3 (11C3C65), galectinl
(GAL1/1831), CTLA-4 (BSb-88), CCR4 (L291H4), CCR6
(GO34E3), CCRY (LO53E8), and CXCR3 (GO25H7). Cells were
analyzed on a FACSCanto II flow cytometer, data were acquired
using the FACSDiva software, and multiparameter flow
cytometry data were analyzed using Flow]o software (BD, San
José, CA). For human Treg PCR studies, cells were sorted using
the FACS Aria flow cytometer, with >95% purity of the Treg
subset (CD45*CD3"CD4"CD127'°CD25™ cells).

Fluorescent IHC of Human Liver Tissue

Multispectral IHC analyses were performed using Vectra
Automated Quantitative Pathology Systems (Akoya Bio-
sciences) within the University of Colorado Human Immu-
nology and Immunotherapy Initiative Core Facility. Slides were
sequentially stained with antibodies specific for for CK7 (OV-TL
12/30, Agilent Dako) CD3 (LN10, Leica), CD8 (C8/144B, Agilent
Technologies), FOXP3 (36A/E7, Abcam), CTLA-4 (BSb-88, Bio
SB), and LAG3 (EPR4392(2), Abcam). Three to twenty portal
track regions were chosen from each sample based on CK7
staining. For each region, 1600-4000 cells were selected for
further analysis. Image analysis was performed using inForm
software, version 2.4.10, (Akoya), including tissue segmenta-
tion, cell segmentation, and phenotyping to assign each cell to a
phenotypic category. Further analysis was performed using R
studio.
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RRV-induced Mouse Model of BA

All mice were housed and handled through the UC Denver
Office of Laboratory Animal Medicine (IACUC approval #040).
BALB/c-FOXP3 GFP (C.Cg-FoxP3™2™"/]) mice were purchased
from infection-free colonies (Envigo Laboratories, Cambridge-
shire, UK) and bred within the UC Denver animal facility. Mice
were given a single intraperitoneal injection of 40 ul RRV
(1.8 x 10° pfu/mL) or BSS on DOL 1, followed by injection of
either JES6-1 (25 ug)/IL-2 (1.5 ug) or isotype control (rat
IgG2a, 25 ug), on DOL 4, 5, and 6. Mice were sacrificed on DOL
14, and pooled sera and tissues from 3 mice/pools were
analyzed (3 pools = 9 mice/group/experiment and all experi-
ments were performed 3 times). Results reflect the mean +
standard deviation of 3 separate experiments. Serum direct
bilirubin was determined with kits from Diagnostic Chemicals
Ltd (Charlottetown, Canada). Formalin-fixed paraffin-
embedded liver and bile duct tissue was stained with
hematoxylin-eosin. Digital photographs were obtained using
the Olympus BX41 microscope (Melville, NY).

Mouse Liver Flow Cytometry and Cell Sorting

Tissue was homogenized with the Bellco Cellector tissue
sieve (Vineland, NJ), and red cells were lysed with ACK buffer.
Liver immune cells were enriched by Percoll gradient (40/60).
Single-cell suspensions were incubated with Fc-block and
stained with the following fluorochrome-conjugated antibodies
(clone): CD45 (30-F11), CD3 (17A2), CD4 (RM4-5), CD8
(53-6.7), CD11b (M1/70), CD19 (6D5), F4/80 (BM8), Ly6G
(1A8), Ly6C (HK1.4), CD19 (6D5), CD49b (DX5), NKG2D
(191004), or isotype matched controls. Cells were visualized
with the FACS LSR II flow cytometer (Becton-Dickinson,
Mountain View, CA) using FlowJo software (Tree Star, Inc,
Ashland, OR) for analysis. For mouse macrophage subset
studies, cells were sorted using the FACS Aria flow cytometer
(BD, San José, CA), with >95% purity of cell subsets.

Real-time PCR

Cellular RNA extraction was performed with the Trizol
method, and RNA was purified using the Qiagen RNeasy kit
(Valencia, CA). cDNA was synthesized from 2 ug of total RNA
with the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific). Real-time PCR was performed using
Power SYBR-Green PCR master mix (Thermo Fisher Scientific).
gPCR was performed on a Bio-Rad C1000 touch thermal cycler
real-time PCR system (Hercules, CA). Primer sequences are
listed in Table A1l.

Statistical Analysis

Values are expressed as mean =+ standard deviation or
standard error of the mean. One-way analysis of variance
(ANOVA) with multiple comparisons was used when more than
2 groups were compared. The Student t-test for unpaired
samples was used for comparison between 2 groups. The log-
rank (Mantel-Cox) test was used for comparison of survival
curves. PRISM Graph Pad software (La Jolla, CA) was used for
statistical analyses. Differences in means were considered sig-
nificant for P-values <.05. All authors had access to the study
data and had reviewed and approved the final article.
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Material associated with this article can be found in the
online version at https://doi.org/10.1016/j.gastha.2021.12.
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