:' frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

Aitor Nogales,
Centro de Investigacion en Sanidad
Animal (CISA), Spain

Irma Mahmutovic Persson,

Lund University, Sweden

Sweety Samal,

Translational Health Science and
Technology Institute (THSTI), India

Hua Tang
hua.tang@uthct.edu

Suman Kundu,

Department of Microbiology,
Immunology and Biochemistry, The
University of Tennessee Health
Science Center, Memphis, TN,
United States

"These authors have contributed
equally to this work

This article was submitted to
Viral Immunology,

a section of the journal
Frontiers in Immunology

04 August 2022
22 September 2022
07 October 2022

Hao Q, Kundu S, Shetty S, Tucker TA,
Idell S and Tang H (2022) Inducible
general knockout of Runx3 profoundly
reduces pulmonary cytotoxic CD8" T
cells with minimal effect on outcomes
in mice following influenza infection.
Front. Immunol. 13:1011922.

doi: 10.3389/fimmu.2022.1011922

© 2022 Hao, Kundu, Shetty, Tucker,
Idell and Tang. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology

Original Research
07 October 2022
10.3389/fimmu.2022.1011922

Inducible general knockout of
Runx3 profoundly reduces
pulmonary cytotoxic CD8" T
cells with minimal effect on
outcomes in mice following
influenza infection

Qin Hao*, Suman Kundu™, Sreerama Shetty, Torry A. Tucker,
Steven Idell and Hua Tang*

Department of Cellular and Molecular Biology, The University of Texas Health Science Center at
Tyler, Tyler, TX, United States

Respiratory viruses pose a continuing and substantive threat to human health
globally. Host innate and adaptive immune responses are the critical antiviral
defense mechanisms to control viral replication and spread. The present study
is designed to determine the role of transcription factor Runx3 in the host
immune response to influenza A virus (IAV) infection. As Runx3 is required for
embryonic development, we generated an inducible Runx3 global knockout
(KO) mouse model and found that Runx3 KO in adult C57BL/6 mice minimally
affected thymic function under normal conditions and survival was at least 250
days post Runx3 deletion. We applied the mouse model to IAV infection and
found that Runx3 KO resulted in a huge reduction (>85%) in numbers of total
and antigen-specific pulmonary CD8* cytotoxic T cells during IAV infection,
while it had a minor effect on pulmonary generation of CD4* T cells. To our
surprise, this general KO of Runx3 did not significantly alter viral clearance and
animal survival following IAV infection. Interestingly, we found that Runx3 KO
significantly increased the numbers of pulmonary innate immune cells such as
macrophages and neutrophils and the production of pro-inflammatory
cytokines during IAV infection. We further found that Runx3 was strongly
detected in CCR2" immune cells in IAV-infected mouse lungs and was
induced in activated macrophages and dendritic cells (DCs). As pulmonary
CD8™ cytotoxic T cells play a central role in the clearance of IAV, our findings
suggest that Runx3 KO may enhance host innate immunity to compensate for
the loss of pulmonary CD8* cytotoxic T cells during IAV infection.
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Introduction

Respiratory viruses affect all age groups and cause
considerable morbidity and mortality with a formidable toll on
world health and economics (1-4). Respiratory viruses pose a
continuing and substantive threat to human health globally.
Respiratory viral infection triggers host innate and adaptive
immune responses, which are the critical antiviral defense
mechanisms to control virus replication and spread (5-8).
This study is to identify the critical host immune modulators
following influenza A virus (IAV) infection.

The RUNX transcription factors play pivotal roles in normal
embryonic development, neoplasia and immunity (9, 10). In
mammals, the RUNX family consists of three members
including Runxl, Runx2 and Runx3, and each RUNX member
has a distinct set of functions (11). Runxl and Runx2 are
essential for hematopoiesis and osteogenesis, respectively (12,
13). Runx3 is required for embryonic development and involved
in thymopoiesis together with Runx1 (13). The overall gene size
and organization between mouse and human Runx3 are similar
(14). C57BL/6 and BALB/c mice with a general knockout (KO)
of Runx3 died soon after birth (15, 16); whereas some ICR and
MF1 (17) background outbred mice with a general Runx3 KO
survived, but had developmental defects such as a decreased
body weight (50% of control mice) (18, 19). Currently, the
general role of Runx3 in adulthood is not clear. On the other
hand, T or NK cell-specific Runx3 KO mice are viable (20-22).
By using the T cell-specific Runx3 KO mouse model, it has been
demonstrated that Runx3 is required for the differentiation,
recruitment and local expansion of CD8" T effector/memory
cells and for the clearance of lymphocytic choriomeningitis virus
(LCMV) (21, 23). Similarly, Runx3 is also required for the
differentiation and local expansion of NK cells in response to
mouse cytomegalovirus infection, which was demonstrated in
NK cell-specific Runx3 KO mice (22). In outbred (ICR and MF1)
mice with a general Runx3 KO, studies have shown that Runx3 is
required for TGFp signaling and function in dendritic cells
(DCs). KO of Runx3 promoted DC maturation and its
potency to stimulate CD4" T cell proliferation (18). KO of
Runx3 also promoted pulmonary DC migration to thoracic
lymph nodes by lipopolysaccharide (LPS) treatment (19).
Moreover, KO of Runx3 in plasmacytoid DCs (pDCs)
promoted DC maturation by CpG treatment and enhanced
skin fibrosis by bleomycin in mice (24). In humans, Runx3
expression is often reduced in tumor tissue cells including
immune cells and in pDCs of systemic sclerosis patients (9,
24). Conversely, Runx3 expression is increased in CD4" T cells
from patients with psoriasis (25).

We previously showed that Runx3 was induced by IAV
infection and double-stranded RNA (dsRNA) and meditated cell
apoptosis in human airway epithelial cells (26). We also found
that Runx3 mediated interferon-y (IFNY)-promoted dsRNA-
induced apoptosis in human airway epithelial cells (27). A
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recent report showed that Runxl could also be induced by
IAV infection and inhibited host antiviral response through
attenuating type I IFN signaling in A549 human alveolar
adenocarcinoma epithelial cells (28). These data suggest that
Runx3 may impact host immune responses to IAV infection.
However, the general role of Runx3 in the pathogenesis of
respiratory viral infection in vivo is currently not clear. To
address this gap in knowledge, we generated an inducible
Runx3 general KO mouse model and applied the mouse model
to study the role of Runx3 in host immune responses to
IAV infection.

Materials and methods
Antibodies and reagents

Antibodies specifically against Runx3 (no. 9647 and 13089)
were from Cell Signaling Technology (Beverly, MA, USA).
Vinculin (no. V9131) and actin (no. A4700) antibodies,
tamoxifen (no. T5648) and LPS (Escherichia coli 0111:B4)
were from Sigma (St. Louis, MO, USA). Antibody against IAV
nucleoprotein (NP, no. GTX125989) was from GeneTex (Irvine,
CA, USA). Recombinant mouse interlulin-4 (IL-4, no. 574304),
macrophage-colony stimulating factor (M-CSF, no. 576404),
and granulocyte/macrophage-colony stimulating factor (GM-
CSF, no. 576304), FITC anti-mouse CD192 (CCR2, no. 150607)
and TruStain fcX (anti-mouse CD16/32, no. 101319) antibodies
were from BioLegend (San Diego, CA, USA). Alexa Fluor-568
goat anti-mouse secondary antibody (no. A-11004) and
recombinant mouse interferon-y (IFNYy, no. 34-8311) were
from Thermo Fisher Scientific (San Diego, CA, USA).
Polyinosinic-polycytidylic acid (poly(I:C)) (no. tlrl-pic) was
from In vivoGen (San Diego, CA, USA). Recombinant mouse
tumor necrosis factor-o. (TNFa, no. 410-MT) was from R & D
Systems (Minneapolis, MN, USA). Vector MOM
immunodetection kit (no. PK-2200), Vector NovaRED
substrate (no. SK-4800), Vector hematoxylin (no. H-3401),
VectaMount permanent mounting medium (no. H-5000), and
Vectashield hardset antifade mounting medium with DAPI (no.
H-1500) were from Vector Laboratories (Burlingame, CA, USA).
Clarity Western ECL substrate was from Bio-Rad (Hercules,
CA, USA).

Generation of inducible Runx3 general
KO mouse model

All animal experiments were approved by the Institutional
Animal Care and Use Committee at the University of Texas
Health Science Center at Tyler. Runx3 is essential for normal
embryonic development and Runx3 KO mice on the background
of C57BL/6 and BALB/c died soon after birth (15, 16). To assess
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the general role of Runx3 in adult mice, we generated an
inducible Runx3 global KO mouse model using Cre/Lox
technology. We first recovered the conditional ready Runx3"
mice with exon 4 flanked by loxP sites from cryopreserved
condition (B6.129P2-Runx3'™"/j 4008773, Jackson
Laboratory, Bar Harbor, ME). We crossed Runx3” mice with
CreER™-ROSA26 mice (B6.129-GH(ROSA)26Sor' ™ (cre/ERT2) iy
#008463, Jackson Laboratory) for four generations and
successfully obtained the desirable genotype of inducible
Runx3 KO mice. Animal genotyping was performed as
described previously (20, 29). To induce Runx3 KO in all the
cells and tissues, the inducible Runx3 KO (RunxSf/f:ROSA26—
ERCre") and littermate control (Runx3”:ROSA26-ERCre’) mice
at 6 to 8 weeks old were administered with tamoxifen (200 mg/
kg body weight) dissolved in corn oil via intraperitoneal (i.p.)
injection using 23G needles every two days for eight days as
described previously (30). Two weeks after tamoxifen treatment,
the efficiency of Runx3 KO was verified by PCR and Western
blot analyses. At least one month post tamoxifen treatment, sex-
and age-matched littermate control and Runx3 KO mice were
used for studies.

DNA isolation and PCR

Total DNA from mouse tail was isolated by using the DNeasy
Blood and Tissue kit (no. 69504) according to the manufacturer’s
protocol (Qiagen, Valencia, CA, USA). Runx3 primers were 5'-
TAT CCC TCT CTG GGC CTT CT-3' (forward) and 5-GGA
AAC TGA GTC CAG CCA AG-3’(reverse). PCR conditions were
94°C for 5 min, followed by 25 cycles of 94°C for 30 s, 62°C for 1
min, and 72°C for 1 min, followed by 72°C for 10 min.

Western blot analysis

Western blot analysis was performed as we described (31).
Briefly, cells were washed and then lysed on ice in Nonidet P-40
lysis buffer (25 mM Tris-HC, pH 7.5, 1% Nonidet P-40, 150 mM
NaCl, 10 mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl
fluoride, 10 mg/ml each leupeptin and aprotinin). Total protein
concentrations were determined by Bradford method using Bio-
Rad protein assay kit (no. 5000001, Hercules, CA, USA). Equal
amounts of whole cell lysates were subjected to SDS-PAGE and
transferred to polyvinylidene difluoride membranes. The
membranes were blocked and then incubated 1 h at room
temperature with a validated primary Runx3 antibody (1:1000,
no. 9647, Cell Signaling Technology, Danvers, MA), followed by
1 h incubation with an anti-rabbit HRP-conjugated secondary
antibody (no.7074, Cell Signaling Technology, Beverly, MA).
Labelled proteins were detected with Bio-Rad Clarity Western
ECL substrate (no. 1705061, Hercules, CA). To verify equal
sample loading, the same membranes were incubated with a
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mild antibody stripping solution for 20 min at room temperature
(no. 2502, Sigma, St. Louis, MO) and reprobed with actin
(1:1000, no. A4700) or vinculin (1:10,000, no. V9131, Sigma,
St. Louis, MO) antibodies, followed by 1 h incubation with an
anti-mouse HRP-conjugated secondary antibodies (no. 7076,
Cell Signaling Technology, Beverly, MA).

IAV infection and animal experiments

Wild type C57BL/6] mice were obtained from Jackson
Laboratory (Bar Harbor, ME). Wild type C57BL/6] mice at 6-8
weeks old, sex- and age-matched Runx3 KO and littermate control
mice on C57BL/6 genetic background were anesthetized by i.p.
injection of ketamine (100 mg/kg) and xylazine (8.5 mg/kg).
These mice were then administered via intranasal instillation of
35 ul sterile saline or 35 pl saline containing 1 to 1.5 LDs (~ 330-
500 plaque-forming units (pfu)) HIN1 PR/8/34 (Charles River,
Wilmington, MA). Viral dilution from stock with saline and
animal infection were performed in a class II biosafety cabinet,
and the infected mice were housed in a designated BSL2 room.
Personnel conducting the experiments were rigorously trained
and protected by use of PPE (gloves, masks, gowns and shoe
covers). Working surfaces were decontaminated after experiments
with 70% ethanol, and hand-washing with an alcohol gel was done
after experiments according to the BSL2 research safety and work
practices manual. Mice were observed daily for signs of distress by
monitoring general appearance, respiratory difficulties, body
weight loss and animal survival. Mice which lost more than
30% of their initial body weight were humanely euthanized by
CO, inhalation followed by cervical dislocation. On days 3, 6, 9,
and 12 post-infection (pi), the infected Runx3 KO and control
mice were anesthetized with injectable anesthesia and then
sacrificed by exsanguination to harvest tissues. For the collection
of bronchoalveloar lavage fluids (BALFs), a small incision of
trachea was made to insert a 21G cannula which was then
firmly fixed. The lungs were lavaged with 0.75 ml saline six
times to collect BALFs. The first two BALFs were combined for
cytokine ELISA assays, and lung immune cells from six BALFs
were combined for flow cytometry analysis for each mouse. After
that, the lungs were perfused and harvested for experiments. In
some cases, the lungs were directly perfused without collecting
BALFs. For IAV infected wild type mice, animals were euthanized
and lungs were perfused and harvested on designated time points.
Whole lungs were fixed in 10% formalin for at least 48 h and
formalin-preserved lungs were processed and embedded in
paraffin via standard procedures.

Virus titration

The infectious IAV viruses in BALFs were quantified by
using 50% tissue culture infective dose (TCIDs) assay in Madin-
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Darby Canine Kidney (MDCK) cells as described previously
(32). This endpoint dilution assay quantifies the amount of virus
required to kill 50% of infected cells or to produce a cytophathic
effect in 50% of inoculated cells. MDCK cells (ATCC, Manassas,
VA) were cultured in 96-well plates with complete EMEM
growth medium until subconfluent, then infected with samples
containing TAV with a serial 10-fold dilutions. After 72 h,
cytopathic effects that include rounding of the infected cells,
cell fusion and detachment from culture plate were observed and
quantified under a microscope, and the TCIDs, was calculated
by the Reed-Muench method (33).

Immunohistochemistry

Immunohistochemistry was performed as we described
previously (34). Briefly, mouse lung paraffin sections (5 pum)
were deparaffinized, rehydrated and then subjected to antigen
retrieval by incubating the sections at 95°C for 10 min in 10 mM
sodium citrate buffer (pH 6.0). The slides were then treated with
3% H,0, for 5 min and washed in phosphate-buffered saline
(PBS) containing 0.1% Tween-20. A M.O.M (mouse on mouse)
immunodetection kit was used for immunohistochemical
staining according to the manufacturer’s instructions (Vector
Laboratories, Burlingame, CA). Lung sections were incubated
overnight at 4°C with a validated primary Runx3 monoclonal
antibody (1:100) or NP antibody (1:1000). Non-immune normal
isotype control antibody served as the negative experimental
control. After incubation with biotinylated secondary antibody
and ABC reagents, all lung sections were incubated with
peroxidase substrate Vector NovaRed for an equal amount of
time to allow for suitable staining. The slides were
counterstained with hematoxylin followed by a brief bluing
with 0.45% NH,OH in 70% ethanol, mounted with
VectaMount medium, examined and photographed using an
Olympus BX41 microscope imaging system.

Flow cytometry

BALF cells, thymic and lung single cell-suspensions were
used for flow cytometry analyses. Cells were resuspended in cell
staining buffer (no. 420201, BioLegend, San Diego, CA) and
blocked with TruStain FcX (anti-mouse CDI16/32) antibody
specific for FcyR III/II (no. 101320, BioLegend) for 10-15 min
on ice. Cell surface staining was performed by incubating the
cells in the dark for 30 min at 4°C with following specific
fluorochrome-conjugated antibodies or isotype controls
(BioLegend unless otherwise specified): Alexa Fluor-488 anti-
CD45, PE anti-CD3, APC anti-CD4, FITC anti-CD4, PE-Cy7
anti-CD80,, PE anti-F4/80, APC anti-CD11b, Alexa Fluor-488
anti-CD11b, PE/Cy7 anti-CD11c, PE anti-Ly6G, or FITC isotype
control antibodies as well as PE-conjugated tetramer specific for
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H-2Db IAV NPjg4.374 (MBL International Corporation,
Woburn, MA). After washing, stained cells were acquired in
an Attune NxT flow cytometer that can detect up to 14 colors
(Thermo Fisher Scientific) and data were analyzed using FlowJo
software v10.6.2.

Cytokine ELISA

IL-6, IL-8 and IFNf were determined using ELISA kits from
R &D Systems (Minneapolis, MN, USA) according to the
manufacturer’s instructions.

Immunofluorescence microscopy

Immunofluorescence staining was performed as we
described previously (34). Briefly, mouse lung paraffin sections
(5 um) were deparaffinized, rehydrated and then subjected to
antigen retrieval by incubating the sections at 95°C for 10 min in
10 mM sodium citrate buffer (pH 6.0). The lung tissue sections
were then blocked and incubated overnight at 4°C with Runx3
(1:100) mouse monoclonal antibody and/or FITC conjugated
CD192/CCR2 rat monoclonal antibody (10 pg/ml). After
washing by PBS with 0.1% Tween-20, the lung sections were
incubated 25 min with Alexa Fluor-568 goat anti-mouse
secondary antibody (1:200) at room temperature in the dark.
The sections were then washed and mounted with Vectashield
anti-fade mounting medium with DAPI. Fluorescence was
visualized and captured using a Nikon fluorescence imaging
system. Adobe Photoshop CS6 software was used for
image processing.

Isolation of lung innate immune cells

To prepare lung single-cell suspension, the perfused whole
lungs from IAV-infected mice on day 5 pi were minced and
incubated with RPMI-1640 medium containing 0.5% fetal
bovine serum (FBS), 1 mg/ml type I collagenase
(Worthington, Lakewood, NJ) and 30 Units/ml DNase
(Promega, Madison, WI) for 45 min at 37 °C. This was
followed by passing through 100- and 70-um nylon filters.
After lysis of red blood cells, lung cells were resuspended in
MACS buffer containing PBS, 0.5% bovine serum albumin
(BSA) and 2mM EDTA. CD11b*, CD11c" and F4/80" innate
immune cells were subsequently isolated by using antibody-
conjugated magnetic microbeads and MACS LS columns
according to the manufacturer’s instructions (Miltenyi Biotec,
Auburn, CA). All procedures were performed in a class II
biosafety cabinet, and personnel conducting the experiments
were trained and protected properly. Wastes containing viruses
were removed to a container filled with 10% bleach for
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decontamination. The working surface after experiments and
any contaminated equipment were decontaminated with 70%
ethanol according to the BSL2 institutional research safety and
work practices manual.

Primary cell culture

Bone marrow derived macrophages (BMDMs) and dendritic
cells (BMDCs) were prepared from the femur and tibia of
C57BL/6] mice (Jackson Laboratory, Bar Harbor, ME) as we
described previously (34, 35). Briefly, mice were euthanized,
after which tibias and femurs were removed under sterile
conditions, and the bone marrow was flushed out of the cavity
by using a 5-ml syringe. After lysis of red blood cells, the
resultant cells were cultured in RPMI-1640 medium
supplemented with 10% FBS, 10 ng/ml M-CSF, and 50 pg/ml
penicillin/streptomycin to generate BMDMs. Complete culture
medium was changed on day 3 and day 5, and BMDMs were fully
differentiated on day 7. For the generation of BMDCs, GM-CSF
and IL-4 were added into RPMI-1640 medium with 10% FBS to
final concentrations of 20 ng/ml and 10ng/ml respectively, and the
complete culture medium was changed on days 3 and 5. On day 7,
the semi-suspended and loosely-adherent cells were collected and
pooled and used as BMDCs. For cell treatment, freshly isolated
BMDMs and BMDCs were cultured in 12-well plates and treated
with IFNY (50 ng/ml), TNFat (10 ng/ml), IL-4 (10 ng/ml), LPS
(100 ng/ml) or poly(I:C) (0.5 ug/ml) for 24 h in RPMI-1640
medium supplemented with 2.5% FBS.

Statistical analysis

Data are expressed as mean + SE. Statistical analyses were
performed using GraphPad Prism 9 (GraphPad Software, La
Jolla, CA, USA). Unpaired Student’s t test was used to analyze
data between means of two groups. Two-way ANOVA followed
by Sidak multiple comparisons were performed to compare a
response with 2 factors. Differences with p<0.05 were considered
statistically significant.

Results

Generation and verification of an
inducible Runx3 general KO mouse
model

To determine the role of Runx3 in adulthood, we generated
an inducible Runx3 global KO mouse model using Cre/Lox
technology. When crossed with CreER™-ROSA26 mice, the
floxed exon 4 of Runx3 is expected to be deleted to induce a
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frameshift mutation and trigger nonsense-mediated decay of
Runx3 mutant, causing Runx3 disruption (Figure 1A). As shown
in Figure 1B, PCR analysis from mouse tail DNA revealed that
exon 4 of Runx3 gene was near completely deleted compared to
littermate control mice two weeks after tamoxifen treatment.
However, Western blot analysis indicated that Runx3 protein
bands were not detected in spleen and thymus from Runx3 KO
mice by an antibody against the N-terminal region of Runx3
(Figures 1C, D). These data suggest that the efficiencies of Runx3
gene excision by Cre enzyme could be different among different
tissues and cell types. We thus used mice at least one month post
tamoxifen treatment for experiments.

A general Runx3 KO in adult mice has a
minor effect on animal survival and
thymic function

We found that male mice with inducible Runx3 KO gained
less weight on day 9 post tamoxifen treatment compared to
control mice, but essentially showed no significant difference
after days 12 to 100 (Figure 2A). Most male mice had been used
for TAV infection experiments before day 100 post tamoxifen
treatment. Female mice with Runx3 KO relatively gained less
weight from days 9 to 20 post tamoxifen treatment, but showed
no significant difference after days 60 to 250 (Figure 2B).
Moreover, we found that inducible Runx3 KO did not
significantly affect thymus weight (Figure 2C), the frequency
and absolute cell numbers of single CD4" or CD8" positive T
cells in the thymus (Figures 2D-H). These results indicate that
Runx3 KO in adult mice has a minor effect on animal survival
and thymic T cell generation under normal conditions.

General KO of Runx3 in adult mice
slightly reduces mortality in response to
IAV infection

We applied the Runx3 general KO mouse model to study its
role in TAV infection. We determined the effect of Runx3 KO on
IAV clearance in lungs. We found that a general KO of Runx3
had a minor effect on TAV viral clearance through analysis of
lung infectious viral titers (Figure 3A). We further found that
littermate control mice started dying from day 8 to day 11 post
TAV infection, while Runx3 KO mice died mainly from day 9 to
day 11 pi (Figure 3B). At day 14 pi, two mice from littermate
control group and one from Runx3 KO group died. The overall
mortality rate for the control mouse group was 68%, while 46%
for Runx3 KO mice. These data indicate that Runx3 KO mice
tended to have reduced mortality caused by IAV infection
compared with littermate control mice, although the effect was
not statistically significant.
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FIGURE 1

Generation and verification of an inducible Runx3 general KO mouse model. (A) Schematic illustration of the Runx3”" and conditional Runx3 KO
alleles. (B) Verification of Runx3 deletion by mouse tail PCR in 5 paired sex- and age-matched littermate control (Con) and Runx3 KO mice two
weeks after tamoxifen treatment. Neg: negative control. (C, D) Verification of Runx3 KO by Western blot analysis in spleen (C) and thymus

(D) from uninfected control (Con) and Runx3 KO mice two weeks after tamoxifen treatment. Equal amounts of cell lysates were subjected to
Western blotting with Runx3 antibody. Results are representative of the findings of three independent experiments

Runx3 is mainly detected in immune
cells in IAV-infected mouse lungs

To understand the role of Runx3 in host response to IAV
infection, we performed immunohistochemistry analysis to map
the general expression of Runx3 in infected mouse lungs. As
shown in Figures 4A-C, Runx3 immunoreactivity was barely
detected in control wild type C57BL/6] mouse airway and
alveolar epithelial cells as well as alveolar macrophage-like cells
(green arrows). In contrast, strong Runx3 immunoreactivity (red)
was readily observed in the infiltrating mononuclear immune cells
in IAV-infected mouse lungs on day 7 pi (Figures 4D-F, pink
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arrows). IAV NP immunoreactivity was also readily detected in
the infected mouse lungs, confirming the presence of IAV
infection (Figures 4G-I). These findings indicate that Runx3 is
mainly detected in immune cells in ITAV-infected mouse lungs.

KO of Runx3 in adult mice profoundly
reduces CD8™ cytotoxic T cells in IAV-
infected lungs

Pulmonary CD8" cytotoxic T cells play a central role in the

clearance of virus after primary IAV infection (7, 36, 37). We
assessed the effect of Runx3 KO on the generation of pulmonary
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FIGURE 2

A general Runx3 KO in adult mice has a minor effect on animal survival and thymic T cell generation under normal conditions. (A, B) Body
weight changes in age-matched male (A) and female (B) littermate control (Con) and Runx3 KO mice after tamoxifen treatment. Mouse body
weights were measured from days (D) 9 to d250 post last tamoxifen treatment, and relative changes were calculated by comparison to the
initial body weight before tamoxifen treatment and are presented as means + SE (n = 6 to 22 each group). In panel A: d9 to d20, n=19-22; d60
to d100, n=8-13. In panel B: d9 to d145, n = 12-16; d250, n = 6. (C—H) Runx3 KO in adult mice has a minor effect on thymic function. (C)
Thymus weights of control and Runx3 KO mice (n = 10 each group) (D) Representative thymic FACS plots evaluated one month after tamoxifen
treatment are shown for control and Runx3 KO mice. (E-H) The cell frequencies and absolute numbers of single CD8" (E, G) or CD4" (F, H)
positive T cells in thymus are shown in the bar graphs. Results are presented as means + SE (n = 6-9). Unpaired Student’s t test was performed
in (A=H). *p<0.05; **p<0.01; ***p<0.001 vs control mice. NS, not statistically significant.

CD8" cytotoxic T cells in IAV-infected mouse lungs. Flow
cytometry analyses of BALF cells revealed that CD8" effector T
cell frequency and absolute numbers were profoundly reduced
by Runx3 KO during IAV infection (Figures 5A-C). Whereas,
pulmonary CD4" T cell frequency and absolute numbers tended
to increase but without statistically significant (Figures 5D, E).
We further found that the frequency and populations of IAV
NP3¢6.374-specific CD8" cytotoxic T cells in BALFs and whole
lungs were reduced more than 85% by Runx3 KO on day 9 post
IAV infection (Figures 5F-I). Thus, our findings indicate that
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Runx3 is essential for the generation of lung CD8" cytotoxic T
cells against AV infection.

General KO of Runx3 augments lung
accumulation of innate immune cells
and pro-inflammatory cytokines by
IAV infection

The aforementioned data suggest that a general Runx3 KO
may activate other host antiviral immune pathways to
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A general Runx3 KO in adult mice has a minor effect on viral clearance and mortality by IAV infection. (A) KO of Runx3 has a minor effect on IAV
viral clearance. Sex- and age-matched littermate control (Con) and Runx3 KO (KO) mice were infected with 1 LD50 of HIN1 PR8 strain. BALFs
were subjected to infectious virus titer assay in MDCK cell and presented as TCIDso/ml (n=5-6). (B) KO of Runx3 has no significant effect on the
mortality by IAV infection. Sex-and age-matched control (n=22) and Runx3 KO (n=22) mice were infected with 1.35 LD50 of HIN1 PR8 strain
and animal survival was assessed over a period of 20 days pi. Animals were monitored until death. Two control mice and one KO mouse had
weight loss of more than 30%, at which point they were euthanized and counted as dead. Student's t test was performed in (A) and Log-rank

(Mantel-Cox) test was performed in (B). NS, no significance

compensate for the loss of pulmonary CD8" cytotoxic T cells.
We collected BALF immune cells and determined innate
immune cell types by flow cytometer analysis. We found that
Runx3 KO significantly increased the absolute numbers of
tissue resident alveolar macrophages (TR-AM¢, F4/
80"CD11c") (38, 39) during IAV infection (Figures 6A, D-
left panels). General Runx3 KO also markedly augmented
pulmonary recruitment and accumulation of monocyte-
derived alveolar macrophages (Mo-AM@, F4/80"CD11b")
(38, 39) and neutrophils (Ly6G'CD11b") during 1AV
infection (Figures 6B-D). Moreover, we found that Runx3
KO significantly enhanced BALF levels of IL-6 and IL-8 on
days 6 and 9 or day 3 post IAV infection, respectively
(Figures 7A, B). KO of Runx3 also significantly increased
BALF levels of IL-6 and IL-8 under normal conditions (day
0). Whereas, KO of Runx3 appeared to enhance lung
production of IFNP during IAV infection compared with
littermate control mice, but the effect was not statistically
significant (Figure 7C). These data suggest that a general KO
of Runx3 may activate aspects of host innate immunity against
IAV infection.

Runx3 is strongly detected in CCR2*
immune cells in IAV-infected mouse
lungs and is induced in activated
macrophages and DCs

We performed immunofluorescence analysis and found

that Runx3 was barely detected in mock control mouse lungs
(Figure 8A) but was strongly expressed in IAV-infected mouse
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lungs (Figure 8B). Runx3 immunoreactivity (red) essentially
merged with DAPI (blue) to form pink color signals
(Figures 8B, C), indicating the cellular nuclear localization of
Runx3. Double immunofluorescence analysis showed that the
immunoreactivity of a hematopoietic immune cell biomarker
CCR2 (green) strongly merged with Runx3 staining (red) to
form yellow color signals (Figures 8D-F). These results
indicate that Runx3 is strongly detected in CCR2* immune
cells in TAV-infected mouse lungs. As CCR2 is highly expressed
in monocytes and monocyte-derived macrophages and DCs
(40), we determined the expression of Runx3 in the cells. Three
Runx3 isoforms (p46, p44 and p27) have been detected and the
p44/p46 isoforms are normally seen in matured leukocytes
(14). The p27 isoform lacks half of the DNA binding domain
and part of the transactivation region. Among the isolated lung
innate immune cells from IAV-infected mouse lungs on day 5
pi, we found that only the p27 immature Runx3 isoform was
expressed in lung CD11b" infiltrating immune cells such as
monocytes and neutrophils. Whereas, the p44/p46 Runx3
mature isoforms were predominantly expressed in CD11b~
cells from control mouse lungs (Figure 9A). We further found
that all three Runx3 isoforms were expressed in pulmonary F4/
80" macrophages and CD11c"-expressing DCs and resident
alveolar macrophages isolated from IAV-infected control mice
(Figure 9B). Pulmonary F4/80" and CDIllc immune cells
mainly expressed the p27 Runx3 isoform on day 5 pi.
Moreover, we found that all three Runx3 isoforms were
gradually induced in BALF cells from control mice during
IAV infection, reaching a peak on day 9 pi (Figure 9C).
Noticeably, all the Runx3 protein bands were essentially
depleted in the pulmonary immune cells isolated from IAV-
infected Runx3 KO mice (Figures 9A-C), confirming the
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FIGURE 4

Runx3 is mainly detected in immune cells in IAV-infected mouse lungs.(A—F) Immunohistochemistry analysis of Runx3 in mock control and IAV-
infected mouse lungs. Lung sections from saline-treated (Mock, A—C) or HIN1-infected mice on day 7 pi (D—F) were subjected to immunostaining
with a Runx3 monoclonal antibody by using Vector M.O.M immunodetection kit (=6 each group). Positive immunoreactivities (red) were mainly
detected in immune cells of IAV-infected mouse lungs (D—F, pink arrows). The regions indicated in (A, D) (magnification, x100) are shown at higher
magnification in (B, E) (x200) and in (C, F) (x400). (G—I) Immunohistochemistry analysis of IAV NP in mock control and IAV-infected mouse lungs.
Lung sections from saline-treated (Mock, G) or HIN1-infected mice on day 7 pi (H, 1) were subjected to immunostaining with a specific NP
polyclonal antibody (n=3/group). Positive immunoreactivities (red) were detected in epithelial (red arrows) and immune cells (green arrows)

of IAV-infected mouse lungs (H, I).

successful deletion of Runx3 in the inducible KO mouse model.
We next determined if Runx3 could be induced in
macrophages and DCs activated by M1 (IFNy, LPS, TNFao,
or dsRNA poly(I:C)) or M2 (IL-4) macrophage stimulators
(35). As shown in Figures 9D-F, the p27 immature Runx3
isoform was barely detected in unstimulated BMDMs and
freshly isolated BM cells but was expressed in cultured BM
cells and abundant in unstimulated BMDCs. Interestingly, the
p44/p46 Runx3 mature isoforms were strongly induced by IFNY,
LPS, IL-4, TNFo, and dsRNA poly(I:C) in both BMDMs and
BMDC:s (Figures 9D, E). In contrast, the p44/p46 Runx3 isoforms
could not be induced by the stimuli in BM cells (Figure 9F). These
findings indicate that Runx3, especially the p44/p46 isoforms, are
markedly induced in the differentiated and activated macrophages
and DCs, but not in BM progenitor cells. The upregulation of
Runx3 in macrophages and DCs could play a role in host immune
response to IAV infection.
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Discussion

In this study, we have generated an inducible Runx3
global KO mouse model and shown that Runx3 KO in adult
C57BL/6 mice does not affect animal survival at least 250 days
post deletion. Compared to control mice, we only observed
that mice gained less weight on day 9 for male mice and from
days 9 to 20 for female mice post Runx3 ablation. Previous
studies show that Runx3 is required for embryonic
development and together with Runxl is involved in
thymopoiesis (13). A general Runx3 KO mice on the
background of C57BL/6 and BALB/c died soon after birth
(15, 16). However, T or NK cell type-specific Runx3 KO mice
were viable (20-22). We further found that inducible Runx3
KO in adult mice did not significantly affect thymus weight,
the frequency and absolute populations of single CD4" or
CD8" positive T cells in thymus. Hence, our findings indicate
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FIGURE 5

KO of Runx3 in adult mice profoundly reduces CD8" cytotoxic T cells in IAV-infected lungs. Sex- and age-matched littermate control (Con) and
Runx3 KO (KO) mice were infected with 1 LDsg of HIN1 PR8 strain, and BALFs were collected and subjected to flow cytometry analysis. (A—

E) KO of Runx3 markedly reduces total pulmonary CD8" cytotoxic T cells in response to IAV infection. CD8* and CD4" T cells were identified
based on the selected surface markers from the CD3"-gated cell populations, and the cell frequencies (B, D) and absolute numbers (C, E) were
shown in the bar graphs. A representative FACS plot evaluated on day 6 pi is shown in (A). Results are presented as means + SE. Days 0 and 3 pi,
n = 3; days 6 to 12 pi, n = 6-10. (F=I) Profound reduction of pulmonary NP-specific CD8* cytotoxic T cells by Runx3 KO. H2D® MHC class |
tetramer of IAV NPsgs_374 and CD8 antibody were used to identify the NPsgg_374-specific CD8" effector T cells( NP{yamer CD8") in BALFs (F-Q2)
and whole lungs (H-Q2) as shown in representative FACS plots evaluated on day 9 pi. The NP{.amer CD8" T cell numbers in BALFs (G) and
whole lungs (I) were shown in bar graphs. Results are presented as means + SE (n = 4-6). Two-way ANOVA and unpaired Student’s t test were
performed in (B—E) and unpaired Student's t test was performed in (G, 1). *p<0.05; **p<0.01; ***p<0.001 vs control mice. NS, not

statistically significant.

that a general Runx3 KO in adult mice has a minor effect on
animal survival and thymic T cell generation under
normal conditions.

In mouse, the expression of Runx3 is normally confined to
leukocytes but not epithelium (11, 41). By using T cell-specific
Runx3 KO adult mice, it has been demonstrated that Runx3 is
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required for the recruitment, differentiation and local
expansion of CD8" T effector/memory cells and for the virus
clearance in response to LCMV infection (21, 23). Runx3 is
also required for the differentiation and local expansion of NK
cells in response to mouse cytomegalovirus infection, which
was demonstrated by using NK cell-specific Runx3 KO mouse
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A general Runx3 KO in adult mice augments lung accumulation of innate immune cells in response to IAV Infection. Sex-and age-matched littermate
control (Con) and Runx3 KO mice were infected with 1 LDso of HIN1 PR8 strain and BALFs were collected and subjected to flow cytometry analysis.
TR-AMg (A), Mo-AMe (B), and neutrophils (C) were identified based on the selected surface markers and the cell absolute numbers were shown in bar
graphs (A—C). Results are presented as means + SE. TR-AMg, n = 5-7; Mo-AMg, n = 5-6; neutrophils, n = 5-6. Unpaired Student's t test was performed
in (A—C) *p<0.05; **p<0.01 vs control mice. (D) Representative FACS plots of BALF innate immune cells evaluated day 9 post IAV infection. KO of Runx3
markedly augmented pulmonary accumulation of TR-AMg, Mo-AM¢, and neutrophils in response to IAV infection.
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FIGURE 7

A general Runx3 KO in adult mice increases lung production of pro-inflammatory cytokines in response to IAV Infection. Sex-and age-matched
littermate control (Con) and Runx3 KO mice were infected with 1 LDso of HIN1 PR8 strain and BALFs were collected and subjected to ELISA for
IL-6 (A), IL-8 (B) and IFNB (C). Results are presented as means + SE. IL-6, n = 5-8; IL-8; n = 6-9; IFNB, n = 7. Unpaired Student's t test was
performed in (A—C) *p<0.05 vs control mice. NS, no significance.

model (22). Here, we provided compelling evidence that a
general KO of Runx3 in adult mice resulted in a huge
reduction (>85%) in numbers of total and IAV NP-specific
pulmonary CD8" cytotoxic T cells during IAV infection, while
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it had a minor effect on pulmonary generation of CD4" T cells.
To our surprise, we found that a general KO of Runx3 did not
significantly altered IAV viral clearance, which is in contrast
to the outcome of LCMYV infection observed in T cell-specific
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immune cells in IAV-infected mouse lungs. (A—C) Immunofluorescence
(IF) detection of Runx3 in IAV-infected mouse lungs. Lung sections from saline-treated (Mock, A) or HIN1-infected mice on day 7 pi (B,C) were
subjected to IF staining with a Runx3 monoclonal antibody followed by Alexa Fluor 568-labelled goat anti-mouse secondary I1gG (n = 6/group)

Il nuclei stained blue by DAPI, and merged pink (C). (D-F) Co-localization of
immune cells in IAV-infected mouse lungs. Lung sections from H1IN1-infected mice were subjected to IF staining with a

FITC-labeled CCR2 polyclonal antibody and a Runx3 monoclonal antibody followed by Alexa Fluor 568-labelled goat anti-mouse secondary IgG
(n = 4). CCR2 is stained green (D, white arrows), Runx3 red (E, green arrows), and merged yellow (F, white arrows).

Runx3 KO mice (21). Instead, a general Runx3 KO slightly
reduced mortality by IAV infection compared with littermate
control mice, although the effect was not statistically
significant. As pulmonary CD8" cytotoxic T cells play a
central role in the clearance of virus after primary IAV
infection (7, 36, 37), we infer that general Runx3 KO may
activate other host antiviral immune pathways to compensate
for the loss of pulmonary CD8" cytotoxic T cells during IAV
infection. Indeed, we found that Runx3 general KO
significantly increased the numbers of pulmonary innate
immune cells such as macrophages and neutrophils and the
production of pro-inflammatory cytokines during
IAV infection.

In contrast to CD8" T and NK cells, several lines of
evidence indicate that Runx3 functions as a repressor in
DCs. It has been shown that Runx3 KO promoted DC
maturation and its potency to stimulate CD4" T cell
proliferation in vitro (18). KO of Runx3 also promoted
pulmonary DC migration to thoracic lymph nodes by LPS
treatment (19). Moreover, KO of Runx3 in plasmacytoid DCs
(pDCs) promoted DC maturation by CpG treatment and
enhanced skin fibrosis by bleomycin in mice (24). We found
that Runx3 was strongly detected in CCR2" immune cells in
IAV-infected mouse lungs and was induced in activated
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macrophages and DCs. Specifically, the p27 immature
Runx3 isoform was expressed in unstimulated BMDCs and
lung CD11b" infiltrating immune cells, such as monocytes and
neutrophils. The p44/p46 Runx3 mature isoforms were
strongly induced in inflammatory mediator-activated
BMDMs and BMDCs and highly expressed in pulmonary
F4/80" macrophages and CDI11c"-expressing DCs and
resident alveolar macrophages isolated from IAV-infected
control mice. Moreover, we found that all three Runx3
isoforms were gradually induced in BALF cells from control
mice during IAV infection, reaching a peak on day 9 pi. These
findings suggest that the induction of Runx3 in activated
macrophages and DCs may restrain host innate and/or
adaptive immune responses to IAV infection. Deficiency of
Runx3 in the cells may augment host innate and/or adaptive
immunities for combating IAV infection, hence compensating
for the loss of pulmonary CD8" cytotoxic T cells during IAV
infection. This hypothesis merits further investigation by
using macrophage- and DC-specific Runx3 KO mouse
models, which are under development in our laboratory. A
more recent study indicates that KO of Runx3 in mouse
colonic CDI1lc-expressing cells, including resident
macrophages and DCs, suppressed the expression of TGFf-
regulated genes and f3-catenin signaling associated genes
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Runx3 is induced in activated macrophages and DCs. (A, B) Runx3 expression in the isolated lung innate immune cells from |AV-infected mouse
lungs on day 5 pi. Equal amounts of cell lysates except that of F4/80" cells were subjected to Western blotting with Runx3 antibody. (C) Runx3
is gradually induced in BALF cells from control mice during IAV infection. Control (Con) and Runx3 KO mice were infected with 1 LDsg of HIN1
PR8 strain, and BALF cells were collected at different days post infection (dpi). Equal amounts of cell lysates were subjected to Western blotting
with Runx3 antibody. (D—F) Runx3 is induced in activated macrophages and DCs. BMDMs (D), BMDCs (E), and cultured bone marrow (BM) cells
(F) were treated without (=) or with IFNy (25 ng/ml), LPS (100 ng/ml), IL-4 (10 ng/ml), TNFo (10 ng/ml), or poly(l:C) (PIC, 1 ug/ml) for 24 h. Equal
amounts of cell lysates were subjected to Western blotting with indicated antibodies. BM, freshly isolated bone marrow. Raw264.7, mouse
macrophage cell line. Results are representative of the findings of three independent experiments.

respectively, leading to up-regulation of pro-inflammatory
genes (42). This effect likely is the potential mechanism for
the pro-inflammatory activation of lung innate immune cells
in Runx3 KO mice in response to IAV infection. In addition, it
is possible that other mechanisms such as the modulation of
type-I IFN signaling as proposed by Runx1 in A549 cells (28)
may likewise contribute to the enhanced anti-IAV activities in
Runx3 general KO mice.

In summary, we have generated an inducible Runx3
general KO mouse model and shown that Runx3 KO in
adult mice has a minor effect on animal survival and thymic
function in normalcy. We further show that a general KO of
Runx3 in adult mice results in a huge reduction (>85%) in
numbers of total and antigen-specific pulmonary CD8"
cytotoxic T cells, while it significantly increases the numbers
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of pulmonary innate immune cells such as macrophages and
neutrophils during IAV infection. As a result, a general KO of
Runx3 did not significantly affect animal outcomes including
viral clearance and animal survival in response to [AV
infection. Our findings suggest that Runx3 KO may enhance
host innate immunity to compensate for the loss of pulmonary
CD8" cytotoxic T cells during IAV infection.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1011922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hao et al.

Ethics statement

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee at the University of Texas Health
Science Center at Tyler.

Author contributions

QH, SK, and HT conceived and designed the study. QH, SK,
and HT performed the experiments and analyzed the data. HT
wrote and edited the manuscript. SS, TT, and SI provided
reagents and data interpretation and edited the manuscript.
All authors read and approved the manuscript.

Funding

This study was supported by a NIH grant A1128442 (to HT).

References

1. Short KR, Kroeze EJ, Fouchier RA, Kuiken T. Pathogenesis of influenza-
induced acute respiratory distress syndrome. Lancet Infect Dis (2014) 14(1):57-69.
doi: 10.1016/S1473-3099(13)70286-X

2. Michael P, Brabant D, Bleiblo F, Ramana CV, Rutherford M, Khurana S, et al.
Influenza a induced cellular signal transduction pathways. J Thorac Dis (2013) 5
Suppl 2:5132-41. doi: 10.3978/j.issn.2072-1439.2013.07.42

3. Camporota L, Cronin JN, Busana M, Gattinoni L, Formenti F.
Pathophysiology of coronavirus-19 disease acute lung injury. Curr Opin Crit
Care (2022) 28(1):9-16. doi: 10.1097/MCC.0000000000000911

4. LiL, Huang Q, Wang DC, Ingbar DH, Wang X. Acute lung injury in patients
with covid-19 infection. Clin Transl Med (2020) 10(1):20-7. doi: 10.1002/ctm2.16

5. Doherty PC, Turner SJ, Webby RG, Thomas PG. Influenza and the challenge
for immunology. Nat Immunol (2006) 7(5):449-55. doi: 10.1038/ni1343

6. Tamura S, Kurata T. Defense mechanisms against influenza virus infection in
the respiratory tract mucosa. Jpn J Infect Dis (2004) 57(6):236-47.

7. Hufford MM, Kim TS, Sun J, Braciale TJ. The effector T cell response to
influenza infection. Curr Top Microbiol Immunol (2015) 386:423-55. doi: 10.1007/
82.2014_397

8. Moss P. The T cell immune response against sars-Cov-2. Nat Immunol
(2022) 23(2):186-93. doi: 10.1038/s41590-021-01122-w

9. Lotem J, Levanon D, Negreanu V, Bauer O, Hantisteanu S, Dicken J, et al.
Runx3 at the interface of immunity, inflammation and cancer. Biochim Biophys
Acta (2015) 1855(2):131-43. doi: 10.1016/j.bbcan.2015.01.004

10. Ito Y, Bae SC, Chuang LS. The runx family: Developmental regulators in
cancer. Nat Rev Cancer (2015) 15(2):81-95. doi: 10.1038/nrc3877

11. Levanon D, Brenner O, Negreanu V, Bettoun D, Woolf E, Eilam R, et al.
Spatial and temporal expression pattern of Runx3 (Aml2) and Runxl (Amll)
indicates non-redundant functions during mouse embryogenesis. Mech Dev (2001)
109(2):413-7. doi: 10.1016/S0925-4773(01)00537-8

12. Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, Rosewell IR,
et al. Cbfal, a candidate gene for cleidocranial dysplasia syndrome, is essential for
osteoblast differentiation and bone development. Cell (1997) 89(5):765-71. doi:
10.1016/50092-8674(00)80259-7

13. Woolf E, Xiao C, Fainaru O, Lotem J, Rosen D, Negreanu V, et al. Runx3
and Runxl1 are required for Cd8 T cell development during thymopoiesis. Proc Natl
Acad Sci USA (2003) 100(13):7731-6. doi: 10.1073/pnas.1232420100

14. Bangsow C, Rubins N, Glusman G, Bernstein Y, Negreanu V, Goldenberg D,

et al. The Runx3 gene-sequence, structure and regulated expression. Gene (2001)
279(2):221-32. doi: 10.1016/S0378-1119(01)00760-0

15. Brenner O, Levanon D, Negreanu V, Golubkov O, Fainaru O, Woolf E, et al.
Loss of Runx3 function in leukocytes is associated with spontaneously developed
colitis and gastric mucosal hyperplasia. Proc Natl Acad Sci USA (2004) 101
(45):16016-21. doi: 10.1073/pnas.0407180101

Frontiers in Immunology

14

10.3389/fimmu.2022.1011922

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

16. Li QL, Ito K, Sakakura C, Fukamachi H, Inoue K, Chi XZ, et al. Causal
relationship between the loss of Runx3 expression and gastric cancer. Cell (2002)
109(1):113-24. doi: 10.1016/S0092-8674(02)00690-6

17. Chia R, Achilli F, Festing MF, Fisher EM. The origins and uses of mouse
outbred stocks. Nat Genet (2005) 37(11):1181-6. doi: 10.1038/ng1665

18. Fainaru O, Woolf E, Lotem J, Yarmus M, Brenner O, Goldenberg D, et al. Runx3
regulates mouse tgf-Beta-Mediated dendritic cell function and its absence results in
airway inflammation. EMBO J (2004) 23(4):969-79. doi: 10.1038/sj.emboj.7600085

19. Fainaru O, Shseyov D, Hantisteanu S, Groner Y. Accelerated chemokine
receptor 7-mediated dendritic cell migration in Runx3 knockout mice and the
spontaneous development of asthma-like disease. Proc Natl Acad Sci USA (2005)
102(30):10598-603. doi: 10.1073/pnas.0504787102

20. Naoe Y, Setoguchi R, Akiyama K, Muroi S, Kuroda M, Hatam F, et al.
Repression of interleukin-4 in T helper type I cells by Runx/Cbf beta binding to the
114 silencer. ] Exp Med (2007) 204(8):1749-55. doi: 10.1084/jem.20062456

21. Shan Q, Zeng Z, Xing S, Li F, Hartwig SM, Gullicksrud JA, et al. The
transcription factor Runx3 guards cytotoxic Cd8(+) effector T cells against
deviation towards follicular helper T cell lineage. Nat Immunol (2017) 18
(8):931-9. doi: 10.1038/ni.3773

22. Rapp M, Lau CM, Adams NM, Weizman OE, O’Sullivan TE, Geary CD,
et al. Core-binding factor beta and runx transcription factors promote adaptive
natural killer cell responses. Sci Immunol (2017) 2(18):eaan3796. doi: 10.1126/
sciimmunol.aan3796

23. Wang D, Diao H, Getzler AJ, Rogal W, Frederick MA, Milner J, et al. The
transcription factor Runx3 establishes chromatin accessibility of cis-regulatory
landscapes that drive memory cytotoxic T lymphocyte formation. Immunity (2018)
48(4):659-74 €6. doi: 10.1016/j.immuni.2018.03.028

24. Affandi AJ, Carvalheiro T, Ottria A, Broen JC, Bossini-Castillo L, Tieland
RG, et al. Low Runx3 expression alters dendritic cell function in patients with
systemic sclerosis and contributes to enhanced fibrosis. Ann Rheum Dis (2019) 78
(9):1249-59. doi: 10.1136/annrheumdis-2018-214991

25. Fu D, Song X, Hu H, Sun M, Li Z, Tian Z. Downregulation of Runx3
moderates the frequency of Th17 and Th22 cells in patients with psoriasis. Mol
Med Rep (2016) 13(6):4606-12. doi: 10.3892/mmr.2016.5108

26. Gan H, Hao Q, Idell S, Tang H. Transcription factor Runx3 is induced by
influenza a virus and double-strand rna and mediates airway epithelial cell
apoptosis. Sci Rep (2015) 5:17916. doi: 10.1038/srep17916

27. Gan H, Hao Q, Idell S, Tang H. Interferon-gamma promotes double-
stranded rna-induced Tlr3-dependent apoptosis Via upregulation of
transcription factor Runx3 in airway epithelial cells. Am J Physiol Lung Cell Mol
Physiol (2016) 311(6):L1101-L12. doi: 10.1152/ajplung.00278.2016

28. Hu 'Y, Pan Q, Zhou K, Ling Y, Wang H, Li Y. Runx1 inhibits the antiviral
immune response against influenza a virus through attenuating type I interferon
signaling. Virol J (2022) 19(1):39. doi: 10.1186/s12985-022-01764-8

frontiersin.org


https://doi.org/10.1016/S1473-3099(13)70286-X
https://doi.org/10.3978/j.issn.2072-1439.2013.07.42
https://doi.org/10.1097/MCC.0000000000000911
https://doi.org/10.1002/ctm2.16
https://doi.org/10.1038/ni1343
https://doi.org/10.1007/82_2014_397
https://doi.org/10.1007/82_2014_397
https://doi.org/10.1038/s41590-021-01122-w
https://doi.org/10.1016/j.bbcan.2015.01.004
https://doi.org/10.1038/nrc3877
https://doi.org/10.1016/S0925-4773(01)00537-8
https://doi.org/10.1016/S0092-8674(00)80259-7
https://doi.org/10.1073/pnas.1232420100
https://doi.org/10.1016/S0378-1119(01)00760-0
https://doi.org/10.1073/pnas.0407180101
https://doi.org/10.1016/S0092-8674(02)00690-6
https://doi.org/10.1038/ng1665
https://doi.org/10.1038/sj.emboj.7600085
https://doi.org/10.1073/pnas.0504787102
https://doi.org/10.1084/jem.20062456
https://doi.org/10.1038/ni.3773
https://doi.org/10.1126/sciimmunol.aan3796
https://doi.org/10.1126/sciimmunol.aan3796
https://doi.org/10.1016/j.immuni.2018.03.028
https://doi.org/10.1136/annrheumdis-2018-214991
https://doi.org/10.3892/mmr.2016.5108
https://doi.org/10.1038/srep17916
https://doi.org/10.1152/ajplung.00278.2016
https://doi.org/10.1186/s12985-022-01764-8
https://doi.org/10.3389/fimmu.2022.1011922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hao et al.

29. Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L,
et al. Restoration of P53 function leads to tumour regression in vivo. Nature (2007)
445(7128):661-5. doi: 10.1038/nature05541

30. Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H, et al. The role
of Scgblal + Clara cells in the long-term maintenance and repair of lung airway, but not
alveolar, epithelium. Cell Stem Cell (2009) 4(6):525-34. doi: 10.1016/j.stem.2009.04.002

31. Hao Q, Shetty S, Tucker TA, Idell S, Tang H. Interferon-gamma
preferentially promotes necroptosis of lung epithelial cells by upregulating mlkl.
Cells (2022) 11(3):563. doi: 10.3390/cells11030563

32. Szretter KJ, Balish AL, Katz JM. Influenza: Propagation, quantification, and
storage. Curr Protoc Microbiol (2006) Chapter 15:Unit 15G 1. doi: 10.1002/
0471729256.mc15g01s3

33. Reed LJ, Muench HA. Simple method of estimating fifty percent endpoints.
Am ] Hygiene (1938) 27:493-7. doi: 10.1093/OXFORDJOURNALS.AJE.A118408

34. Wang Y, Hao Q, Florence JM, Jung BG, Kurdowska AK, Samten B, et al.
Influenza virus infection induces Zbp1 expression and necroptosis in mouse lungs.
Front Cell Infect Microbiol (2019) 9:286. doi: 10.3389/fcimb.2019.00286

35. Hao Q, Kundu S, Kleam J, Zhao ZJ, Idell S, Tang H. Enhanced Ripk3 kinase
activity-dependent lytic cell death in M1 but not M2 macrophages. Mol Immunol
(2021) 129:86-93. doi: 10.1016/j.molimm.2020.11.001

36. Sun J, Braciale TJ. Role of T cell immunity in recovery from influenza virus
infection. Curr Opin Virol (2013) 3(4):425-9. doi: 10.1016/j.coviro.2013.05.001

Frontiers in Immunology

15

10.3389/fimmu.2022.1011922

37. Kim TS, Sun J. Braciale TJ. T Cell Responses During Influenza Infection:
Getting Keeping Control. Trends Immunol (2011) 32(5):225-31. doi: 10.1016/
j.it.2011.02.006

38. Herold S, Steinmueller M, von Wulffen W, Cakarova L, Pinto R, Pleschka S,
et al. Lung epithelial apoptosis in influenza virus pneumonia: The role of
macrophage-expressed tnf-related apoptosis-inducing ligand. J Exp Med (2008)
205(13):3065-77. doi: 10.1084/jem.20080201

39. Janssen WJ, Barthel L, Muldrow A, Oberley-Deegan RE, Kearns MT,
Jakubzick C, et al. Fas determines differential fates of resident and recruited
macrophages during resolution of acute lung injury. Am ] Respir Crit Care Med
(2011) 184(5):547-60. doi: 10.1164/rccm.201011-18910C

40. Lin KL, Suzuki Y, Nakano H, Ramsburg E, Gunn MD. Ccr2+ monocyte-
derived dendritic cells and exudate macrophages produce influenza-induced
pulmonary immune pathology and mortality. ] Immunol (2008) 180(4):2562-72.
doi: 10.4049/jimmunol.180.4.2562

41. Levanon D, Bernstein Y, Negreanu V, Bone KR, Pozner A, Eilam R, et al.
Absence of Runx3 expression in normal gastrointestinal epithelium calls into
question its tumour suppressor function. EMBO Mol Med (2011) 3(10):593-604.
doi: 10.1002/emmm.201100168

42. Hantisteanu S, Dicken Y, Negreanu V, Goldenberg D, Brenner O,
Leshkowitz D, et al. Runx3 prevents spontaneous colitis by directing the
differentiation of anti-inflammatory mononuclear phagocytes. PloS One (2020)
15(5):€0233044. doi: 10.1371/journal.pone.0233044

frontiersin.org


https://doi.org/10.1038/nature05541
https://doi.org/10.1016/j.stem.2009.04.002
https://doi.org/10.3390/cells11030563
https://doi.org/10.1002/0471729256.mc15g01s3
https://doi.org/10.1002/0471729256.mc15g01s3
https://doi.org/10.1093/OXFORDJOURNALS.AJE.A118408
https://doi.org/10.3389/fcimb.2019.00286
https://doi.org/10.1016/j.molimm.2020.11.001
https://doi.org/10.1016/j.coviro.2013.05.001
https://doi.org/10.1016/j.it.2011.02.006
https://doi.org/10.1016/j.it.2011.02.006
https://doi.org/10.1084/jem.20080201
https://doi.org/10.1164/rccm.201011-1891OC
https://doi.org/10.4049/jimmunol.180.4.2562
https://doi.org/10.1002/emmm.201100168
https://doi.org/10.1371/journal.pone.0233044
https://doi.org/10.3389/fimmu.2022.1011922
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Inducible general knockout of Runx3 profoundly reduces pulmonary cytotoxic CD8+ T cells with minimal effect on outcomes in mice following influenza infection
	Introduction
	Materials and methods
	Antibodies and reagents
	Generation of inducible Runx3 general KO mouse model
	DNA isolation and PCR
	Western blot analysis
	IAV infection and animal experiments
	Virus titration
	Immunohistochemistry
	Flow cytometry
	Cytokine ELISA
	Immunofluorescence microscopy
	Isolation of lung innate immune cells
	Primary cell culture
	Statistical analysis

	Results
	Generation and verification of an inducible Runx3 general KO mouse model
	A general Runx3 KO in adult mice has a minor effect on animal survival and thymic function
	General KO of Runx3 in adult mice slightly reduces mortality in response to IAV infection
	Runx3 is mainly detected in immune cells in IAV-infected mouse lungs
	KO of Runx3 in adult mice profoundly reduces CD8+ cytotoxic T cells in IAV-infected lungs
	General KO of Runx3 augments lung accumulation of innate immune cells and pro-inflammatory cytokines by IAV infection
	Runx3 is strongly detected in CCR2+ immune cells in IAV-infected mouse lungs and is induced in activated macrophages and DCs

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


