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MicroRNA 21 (miR-21) and miR-181b Couple with NFI-A To
Generate Myeloid-Derived Suppressor Cells and Promote
Immunosuppression in Late Sepsis
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The sepsis initial hyperinflammatory reaction, if not treated early, shifts to a protracted state of immunosuppression that alters
both innate and adaptive immunity and is associated with elevated mortality. Myeloid-derived suppressor cells (MDSCs) are
myeloid progenitors and precursors that fail to differentiate into mature innate-immunity cells and are known for their potent
immunosuppressive activities. We previously reported that murine MDSCs expand dramatically in the bone marrow during late
sepsis, induced by cecal ligation and puncture, and demonstrated that they contribute to late-sepsis immunosuppression. How-
ever, the molecular mechanism responsible for generating these immature Gr1* CD11b* myeloid cells during sepsis remains
unknown. We show here that sepsis generates a microRNA (miRNA) signature that expands MDSCs. We found that miRNA 21
(miR-21) and miR-181b expression is upregulated in early sepsis and sustained in late sepsis. Importantly, we found that simul-
taneous in vivo blockade of both miRNAs via antagomiR (a chemically modified miRNA inhibitor) injection after sepsis initia-
tion decreased the bone marrow Gr1* CD11b™ myeloid progenitors, improved bacterial clearance, and reduced late-sepsis mor-

tality by 74%. Gr1* CD11b" cells isolated from mice injected with antagomiRs were able to differentiate ex vivo into
macrophages and dendritic cells and produced smaller amounts of the immunosuppressive interleukin 10 (IL-10) and trans-
forming growth factor 3 (TGF-[3) after stimulation with bacterial lipopolysaccharide, suggesting that immature myeloid cells
regained their maturation potential and have lost their immunosuppressive activity. In addition, we found that the protein level
of transcription factor NFI-A, which plays a role in myeloid cell differentiation, was increased during sepsis and that antagomiR
injection reduced its expression. Moreover, knockdown of NFI-A in the Gr1* CD11b" cells isolated from late-septic mice in-
creased their maturation potential and reduced their production of the immunosuppressive mediators, similar to antagomiR
injection. These data support the hypothesis that sepsis reprograms myeloid cells and thus alters the innate immunity cell reper-
toire to promote immunosuppression, and they demonstrate that this process can be reversed by targeting miR-21 and miR-

181b to improve late-sepsis survival.

Recent studies in sepsis support the idea that immunosuppres-
sion, rather than excessive inflammation, contributes to most
contemporary sepsis deaths (1-4). Sepsis, caused by infection or
trauma, is initiated by a hyperinflammatory reaction, which shifts
within a few days to a protracted state of anti-inflammation and
immunosuppression (1-3, 5). This state of immunosuppression is
associated with increased production of immunosuppressive cy-
tokines, increased T cell and dendritic cell apoptosis, increased T
regulatory cells, and enhanced local bacterial growth (1, 3, 5, 6). It
has been postulated that although sepsis immunosuppression is
considered an adaptive feedback mechanism to limit tissue dam-
age during the onset of the early hyperinflammatory phase, its
persistence increases the risk of secondary infections and predicts
a poor outcome (1-3). In a postmortem study of sepsis, Torgersen
et al. (7) reported that more than 70% of patients died after the
first 3 days of sepsis onset, i.e., after the time in which most sepsis
patients enter a state of hypoinflammation and immunosuppres-
sion (1). Using the clinically relevant model of polymicrobial sep-
sis in mice, we recently reported that most deaths occur after the
first 5 days of sepsis induction (8). Thus, the rapid shift of sepsis
response from early hyperinflammation to late immunosuppres-
sion may explain why more than 30 clinical trials using anti-in-
flammatory drugs failed to reduce overall sepsis mortality (9, 10).
In large part, this is because these treatments are often given late,
after the immunosuppressive state has already developed. Based
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on these and other studies, Hotchkiss and colleagues (1) have
recently emphasized that sepsis should be considered an immu-
nosuppressive disorder, and as such, sepsis patients should benefit
from an immunostimulatory rather than anti-inflammatory ther-
apy. This paradigm shift in the understanding of sepsis pathogen-
esis has renewed interest in immunosuppression as an underlying
mechanism of late-sepsis pathogenesis.

Myeloid-derived suppressor cells (MDSCs) are a heteroge-
neous population of immature myeloid cells that mainly include
progenitors and precursors of monocytes, granulocytes, and den-
dritic cells, which expand under nearly all inflammatory condi-
tions (11-13). The immature phenotypes and suppressive activi-
ties are the hallmark of these cells, as they potently suppress T cell
and innate-immunity cell functions (13-15). Phenotypically,
mouse MDSCs are characterized by the coexpression of the
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myeloid differentiation markers CD11b and Gr1 (12, 16). Because
the Grl molecule comprises two epitopes, Ly6C and Ly6G, mouse
MDSCs can be subdivided into monocytic (CD11b™ Ly6G~
Ly6C"€") and granulocytic (CD11b" Ly6G* Ly6C'®") subsets
(12, 13, 16). Because human myeloid cells do not express Grl,
human MDSCs have been identified with the common myeloid
marker CD33 in cancer patients (17). In addition, a CD11b™
CD14~ CDI15" population, the equivalent of the mouse granulo-
cytic MDSCs, has been identified in renal cell carcinoma patients
(18), whereas a CD11b" CD14" HLA /" population with
monocytic morphology has been identified in melanoma patients
(16). Despite this phenotypic heterogeneity of mouse and human
MDSCs, both monocytic and granulocytic subpopulations are
immunosuppressive (15), although they may suppress the im-
mune response by different mechanisms (14, 16). Upon activation
by tumor- or inflammation-driven factors, MDSCs express/pro-
duce immunosuppressive mediators, including arginase 1, induc-
ible nitric oxide synthase (iNOS), reactive oxygen species (ROS),
transforming growth factor B (TGF-B), interleukin 10 (IL-10),
and cyclo-oxygenase 2 and prostaglandin E2 (12, 14, 16). These
mediators then inhibit T cell proliferation and activation, induce
T regulatory cells, and inhibit innate immune cell functions, thus
suppressing both innate and adaptive immunity (12—14). Inter-
estingly, recent studies reported that factors that eliminate
MDSCs can overcome immune suppression and improve the im-
mune response. For example, all-trans-retinoic acid, which pro-
motes myeloid differentiation, has been shown to reduce MDSCs
and to improve immunocompetence in tumor-bearing mice (19)
and in mice with lipopolysaccharide (LPS)-induced immune sup-
pression (20). We (8) and others (21, 22) have shown that MDSCs
dramatically expand in the mouse bone marrow during the course
of polymicrobial sepsis. In addition, we have shown that MDSCs
from late sepsis are immunosuppressive, as they produced immu-
nosuppressive cytokines and attenuated early sepsis hyperinflam-
mation when transferred into mice undergoing sepsis response
(8). Although several soluble factors, which can all be produced in
the inflammatory microenvironment, such as vascular endothe-
lial growth factor (VEGEF), granulocyte colony-stimulating factor
and monocyte colony-stimulating factor (M-CSF), and inflam-
matory cytokines, have been suggested to induce MDSC genera-
tion and expansion in the context of cancer (11-14), the molecu-
lar mechanism that generates MDSCs in sepsis remains unknown.

The hypothesis that MDSCs are activated myeloid cells that are
trapped in the immature stages of their development (11, 12) sup-
ports the idea that dysregulation of the myeloid differentiation
and maturation programs is primarily responsible for MDSC gen-
eration and expansion. Given that microRNAs (miRNAs) have
been implicated in myeloid development and differentiation un-
der normal and disease conditions (23), we employed an miRNA-
based approach to investigate the mechanism of MDSC genera-
tion during murine sepsis. Our work demonstrates that miRNA
21 (miR-21) and miR-181b disrupt myeloid differentiation and
maturation during the sepsis response and suggests that this neg-
ative path can be targeted to restore immunocompetency and im-
prove survival.

MATERIALS AND METHODS

Mice. Male BALB/c mice, 8 weeks old, were purchased from Harlan
Sprague Dawley (Indianapolis, IN). The mice were housed in a pathogen-
free facility and were acclimated to the new environment for a week before
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surgery. All experiments were conducted in accordance with National
Institutes of Health guidelines and were approved by the East Tennessee
State University Animal Care and Use Committee.

Sepsis model. Polymicrobial sepsis, which mimics general peritonitis
occurring in humans (24-26), was induced by cecal ligation and puncture
(CLP) as described previously (27). This model creates a prolonged infec-
tion with ~90% mortality over 4 weeks. Briefly, mice were anesthetized
via inhalation with 2.5% isoflurane (Abbott Laboratories, Abbott Park,
IL). A midline abdominal incision was made, and the cecum was exteri-
orized, ligated distal to the ileocecal valve, and then punctured twice with
a 21-gauge needle. A small amount of feces was extruded into the abdom-
inal cavity. The abdominal wall and skin were sutured in layers with 3-0
silk. Sham-operated mice were treated identically, except that the cecum
was neither ligated nor punctured. The mice received (intraperitoneally
[i.p.]) 1 ml lactated Ringer’s solution plus 5% dextrose for fluid resusci-
tation. To create the late-sepsis phenotype, mice were subcutaneously
administered antibiotic (imipenem; 25 mg/kg body weight) or an equiv-
alent volume of 0.9% saline. To establish intra-abdominal infection and
approximate the clinical situation of early human sepsis, where there is a
delay between the onset of sepsis and the delivery of therapy (28), injec-
tions of imipenem were given at 8 and 16 h after CLP. Based on our
experience, these levels of injury and manipulation create prolonged in-
fections with high mortality (~60 to 70%) during the late/chronic phase
(27).

The presence of early sepsis was confirmed by transient systemic bac-
teremia and elevated cytokine levels in the first 5 days after CLP. Late/
chronic sepsis (after day 5) was confirmed by enhanced peritoneal bacte-
rial overgrowth and reduced circulating proinflammatory cytokines.

Bacterial culture. Immediately after mice were sacrificed, the perito-
neal cavity was lavaged with 5 ml phosphate-buffered saline (PBS). The
lavage fluid was cleared by centrifugation, diluted 6- to 8-fold, and plated
on 5% sheep blood agar plates with Trypticase soy agar base (BD Biosci-
ences, Sparks, MD). The plates were incubated for 24 h at 37°C under
aerobic conditions. The plates were read by a microbiologist, and the
numbers of CFU were determined and multiplied by the dilution factor.

Endotoxin challenge. Septic mice that received miRNA antagomiRs
(chemically modified miRNA inhibitors) were challenged (i.p.) with 10
pg of Gram-negative bacterial LPS (E. coli serotype 0111:B4; Sigma-Al-
drich, St. Louis, MO). After 6 h, the mice were sacrificed, blood was col-
lected via cardiac puncture, and sera were collected and used for cytokine
measurements. In this experiment, mice were sampled between days 10
and 21 after CLP (i.e., during late sepsis) so that only moribund mice (i.e.,
those that it was determined would die within 24 h [the CLP plus mutant
antagomiR group] based on our previous study [27]) and a corresponding
number of surviving, healthy-appearing mice (the CLP plus antagomiR
group) were challenged with LPS.

AntagomiR synthesis and injection. AntagomiRs are chemically
modified anti-sense single-stranded RNA molecules complementary to
the mature miRNA. These miRNA inhibitors, unlike locked-nucleic acid
(LNA)-based anti-miRNA oligonucleotides (which inhibit miRNA via
sequestration), are stable in vivo for up to 2 weeks and inhibit the target
miRNA via degradation (29). miR-21 and miR-181b sequences were
downloaded from miRBase (http://mirbase.org), and antagomiRs were
synthesized by GeneCopoeia (Rockville, MD). Mutant antagomiRs and
scrambled anti-sense RNA sequences served as controls. Chemical mod-
ifications included cholesterol conjugation, 2'-O-methyl (2'-OMe) phos-
phoramidite, and phosphorothioate linkage. The antagomiR sequences
were as follows: miR-21 antagomiR, 5'-mU*mC*mAMAMCmAmMUmCm
AmGmMUmMCmUmMGMAMUmMAMAMG*mC*mU*mA*-Chol-3'; miR-21
mutant antagomiR, 5'-mU*mC*mAMCmCmAmMUmCmCmGmUmMAmMU
mGMAMUmMAMCmG*mC*mU*mA*-Chol-3'; miR-181b antagomiR, 5'-
mA*mC*mCmCmAMCmCmGMAMCMAMGMCmAMAMUmGm
AmAmMU*mG*mU*mU*-Chol-3"; miR181b mutant antagomiR, 5’-
mA*mC* mCmCmAMCmMAMGMAMAMAMGMCmMAMCmMUmMGmMCm
AmU*mG*mU*mU*-Chol-3"; and scrambled antagomiR, 5'-mGmCmG
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mUMAMUmMUmAMUMAMGmCmCmGMAMUmUmMAmMAmMCmG
mAmC-3’, where m is 2'-OMe-modified phosphoramidite, * is phosphoro-
thioate linkage, and Chol is hydroxypyrolinol-linked cholesterol. Mutated
nucleotides are underlined.

AntagomiRs were injected via the tail vein at doses of 80 mg/kg in
100-pl volumes. Injection was performed 48 h after CLP (to allow initia-
tion of sepsis), and target miRNA levels were measured 24 h after injec-
tion.

Isolation and purification of MDSCs. Bone marrow and spleen Gr1™
CD11b" MDSCs were harvested from sham-operated and septic mice
using magnetically assisted cell sorting according to the manufacturer’s
protocol (Miltenyi Biotech, Auburn, CA). Briefly, the bone marrow cells
were flushed out of the femurs with RPMI 1640 medium (without serum)
under aseptic conditions (27). The spleens were minced in RPMI 1640
medium. A single-cell suspension of the bone marrow or spleen was made
by pipetting and filtering through a 70-pwm nylon strainer followed by
erythrocyte lysis. To purify total Gr1 ™ CD11b™ MDSCs, bone marrow or
spleen cells were first depleted of the Gr1~ CD11b" cells (mostly CD11c™
dendritic cells) using anti-CD11¢ microbeads and an LD column (Miltenyi).
The CD11c ™" -depleted cell population was then subjected to positive selection
of the Gr1™ CD11b™ cells by incubating with biotinylated mouse anti-Grl
antibody (clone RB6-8C5; eBioscience, San Diego, CA) for 15 min at 4°C.
After washing, the cells were incubated with anti-biotin magnetic beads for 20
min at 4°C and subsequently applied to an MS column. The purified Gr1™
CD11b" cells were then washed and resuspended in sterile saline. Cell purity
was determined by flow cytometry and was higher than 95%.

To isolate CD31" MDSCs, total purified Gr1™ CD11b™ cells were
incubated with anti-CD31 antibody (eBioscience), and CD317 cells were
subsequently selected with magnetic beads as described above.

miRNA array analysis. To study miRNA expression during sepsis, we
performed genome-wide miRNA expression profiling in whole bone mar-
row cells using the Mouse Genome miRNA PCR Array (Qiagen; catalog
number MAM-200A). The array included miRNAs annotated by
miRBase release 14 (www.mirbase.org). miRNA-enriched RNA was iso-
lated from the bone marrow cells of naive and septic mice that were mor-
ibund and sacrificed during early (days 1 to 5) and late (days 10 to 21)
sepsis and then hybridized to the array according to the manufacturer’s
protocol. Naive mice (day 0) served as a control. We considered an
miRNA to be up- or downregulated in septic mice if its expression was
modified at least 2-fold relative to naive mice.

Real-time PCR. Quantitative real-time PCR was carried out to vali-
date the array results. The PCRs were performed using the same RNA
preparation used for the array and an assay primer set specific to each
target miRNA according to the manufacturer’s protocol (Qiagen). The
relative expression of each miRNA was calculated using the 2747 cycle
threshold method after normalization to the endogenous U6 RNA as an
internal control.

miRNA Northern blotting. Levels of miR-21 and miR-181b in whole
bone marrow cells were measured using an miRNA Northern blot assay
kit according to the manufacturer’s instructions (Signosis, Santa Clara,
CA). Briefly, 2-pug amounts of miRNA-enriched RNA were separated by
using a 15% Tris-borate-EDTA (TBE) urea gel, transferred to a nylon
membrane, and then immobilized by UV cross-linking. The membranes
were hybridized overnight at 42°C with a biotin-labeled miRNA probe
complementary to the target miRNA. The membranes were blocked for
30 min at room temperature and then incubated with streptavidin-horse-
radish peroxidase (HRP) for 45 min at room temperature. After washing,
miRNAs were detected with a chemiluminescence substrate, the bands
were visualized using the ChemiDoc XRS System (Bio-Rad), and the im-
ages were captured with Image Lab software V3.0 (Bio-Rad).

MDSC differentiation. Total purified Gr1* CD11b™ cells were cul-
tured for 6 days with complete RPMI 1640 medium in the presence of 10
ng/ml of M-CSF (PeproTech Inc., Rocky Hill, NJ) plus 10 ng/ml recom-
binant IL-4 (rIL-4) (eBioscience, San Diego, CA). The cell phenotypes
were analyzed by flow cytometry. In some experiments, a portion of the

3818 iai.asm.org

differentiated cells were washed and stimulated for 6 h with 100 ng/ml of
LPS, and the culture supernatants were used for cytokine measurements
by enzyme-linked immunosorbent assay (ELISA).

Flow cytometry. MDSCs were analyzed by flow cytometry. Bone mar-
row cells and total or differentiated Gr1™ CD11b* MDSCs were labeled
by incubation for 30 min on ice in staining buffer (PBS plus 2% fetal
bovine serum [FBS]) with the appropriate fluorochrome-conjugated an-
tibodies. After washing, the samples were analyzed with a FACSCaliber
flow cytometer (BD Biosciences, Sparks, MD). About 15,000 events were
acquired and analyzed using CellQuest Pro software (BD Biosciences).
The following antibodies were used: anti-Gr1 conjugated to fluorescein
isothiocyanate (FITC), anti-CD11b conjugated to phycoerythrin (PE),
anti-F4/80 conjugated to allophycocyanin (APC), anti-CD11c conjugated
to PE, anti-major histocompatibility complex class II (MHC-II) conju-
gated to FITC, and anti-CD31 conjugated to PE57 (eBioscience). An ap-
propriate isotype-matched control was used for each antibody.

siRNA-mediated knockdown. Total purified Gr1™ CD11b* MDSCs
were transfected with pools of NFI-A-specific or scrambled (control)
small interfering RNAs (siRNAs) at a 0.5 wM final concentration (Santa
Cruz Biotechnology, Santa Cruz, CA) using HiPerFect transfection re-
agent according to the manufacturer’s instructions (Qiagen, Valencia,
CA). After 24 h, cells were either differentiated for 6 days with M-CSF plus
rIL-4 (as described above) or stimulated for 6 h with LPS to assess cytokine
production.

Western blot analysis. Equal amounts of protein extracts were mixed
with 5X Laemmli sample buffer, separated on an SDS-10% polyacryl-
amide gel (Bio-Rad), and subsequently transferred to nitrocellulose mem-
branes (Thermo Fisher Scientific, Waltham, MA). After blocking with 5%
milk in Tris-buffered saline—~Tween 20 for 1 h at room temperature, the
membranes were probed overnight at 4°C with the appropriate primary
antibody. After washing, the blots were incubated with the appropriate
HRP-conjugated secondary antibody (Life Technologies, Grand Island,
NY) for 2 h at room temperature. Proteins were detected with the en-
hanced chemiluminescence detection system (Thermo Fisher Scientific,
Waltham, MA), the bands were visualized using the ChemiDoc XRS Sys-
tem (Bio-Rad), and the images were captured with Image Lab Software
V3.0. The membranes were stripped and reprobed with actin (Sigma-
Aldrich) antibody as a loading control.

ELISA and nitrite assay. Cytokine concentrations were measured by
ELISA. Circulating (serum) levels of tumor necrosis factor alpha (TNF-
a), IL-6, IL-10, and TGF-f in septic mice injected with antagomiRs or
their levels in the culture supernatants of LPS-stimulated MDSCs were
determined using specific ELISA kits (eBioscience) according to the man-
ufacturer’s instructions. Blood was collected via cardiac puncture at the
time of sacrifice (8). A nitrite assay was performed as described previously
(8) to determine NO production by LPS-stimulated MDSCs. Each sample
was run in triplicate.

Statistical analysis. The Kaplan-Meier survival curve was plotted us-
ing GraphPad Prism version 5.0 (GraphPad Software), and survival sig-
nificance was determined by a log-rank test. Other data were analyzed
using Microsoft Excel V3.0, and statistical significance was determined by
an unpaired Student’s # test. All values are expressed as means and stan-
dard deviations (SD); P values of =0.05 were considered statistically sig-
nificant.

RESULTS

Expression of miR-21 and miR-181b is induced and maintained
during sepsis. Because miRNAs have been shown to participate in
myeloid cell development and differentiation under various con-
ditions (23, 30), we investigated whether miRNAs play a role in
myeloid differentiation and MDSC expansion during sepsis. To
do this, we performed genome-wide miRNA expression profiling
in mixed bone marrow cells using the Mouse Genome miRNA
PCR array (Qiagen, catalog number MAM-200A), which includes
miRNAs annotated by miRBase release 14 (www.miRBase.org).

Infection and Immunity


http://www.mirbase.org
http://www.miRBase.org
http://iai.asm.org

Whole bone marrow cells

A mday 3 . .
35 . B day 12 miR-21 miR-181b
g 0 o N Fo oo X
é 2 I S S
L 20
% 15 60— —— == = | < precursor
= 10
S 5 20— -—d | « mature
0 88 oed usra
miR-21 miR-181b I | .1
c Purified Gr1* CD11b* cells
Bone marrow  mday 3 Spleen
@ day 12
35 35

N oW
o o

fold expression
8
fold change
3

oo
o v o u

miR-21 miR-181b

FIG 1 miR-21 and miR-181b expression is increased during sepsis. Sepsis was
induced by CLP. Whole bone marrow cells were pooled (n = 5 per group)
from septic mice that were moribund and were sacrificed at day 3 (represent-
ing early sepsis) and day 12 (representing late sepsis). A group of naive mice
(day0) served as a control. (A) miRNA-enriched RNA was isolated from whole
bone marrow cells and analyzed by real-time PCR using miR-21- and miR-
181b-specific assay primer sets. Values were normalized to U6 RNA as an
internal control. The data are expressed as means = SD of three assays (*, P <
0.05) and are presented as fold increases relative to naive mice (day 0), set at
1-fold. (B) The miRNA-enriched RNA was analyzed for miR-21 and miR-181b
expression using a Northern blot assay kit. The results are representative of
three assays. (C) miRNA-enriched RNA was isolated from Gr1* CD11b ™ cells
that were purified and pooled (n = 6 mice per group) from bone marrow cells
from normal and septic mice and then analyzed as for panel A.

miR-21 miR-181b

We considered an miRNA to be up- or downregulated if its ex-
pression was modified at least 2-fold relative to naive mice. We
detected changes in expression of 29 miRNAs, which fell into 3
categories: (i) 17 miRNAs were increased (~2- to 6-fold) in early
sepsis and returned to baseline levels in late sepsis (including
miR-125b, miR-126-3p, miR-146a, miR-147, and miR-155),
(ii) 9 miRNAs were decreased (~2- to 4.1-fold) in early sepsis
and returned to baseline levels in late sepsis (including miR-17-5p,
miR-20a, miR-106a, miR-150, and miR-223), and (iii) 3 miRNAs
were increased (~3.2- to 18.5-fold) in early sepsis (miR-21, miR-
181b, and miR-196b). Expression of two miRNAs (miR-21 and miR-
181b) had sustained increases in late sepsis, whereas one miRNA
(miR-196b) diminished but remained (1.2-fold) above the baseline
level in late sepsis. Because these three miRNAs were elevated in both
early and late sepsis, we hypothesized that they might be involved in
MDSC expansion. Using reverse transcription (RT)-PCR, we con-
firmed that miR-21 expression was increased from 18.5-fold in early
sepsis to 27-fold in late sepsis, whereas miR-181b was increased from
15-fold in early sepsis to 22.6-fold in late sepsis. These results were
confirmed by Northern blotting (Fig. 1). We could not confirm the
1.2-fold increase in miR-196b.

To determine whether miR-21 and miR-181b are linked to
MDSC expansion during sepsis, we measured their levels in Gr1™
CD11b™ cells purified from the bone marrow of septic mice. As
shown in Fig. 1C, the miR-21 level was increased 28-fold in early
sepsis (compared to naive/day 0, set at 1-fold), whereas the miR-
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181b level was increased 26-fold, and these increases were main-
tained at similar levels in late sepsis. In contrast to their levels in
whole bone marrow cells (Fig. 1A and B), there were no significant
changes in miR-21 and miR-181b levels in purified Gr1* CD11b™
cells as mice entered the late sepsis phase. Such a difference may be
due to the presence of fewer Gr1™ CD11b™ cells within the whole
bone marrow cell population in early sepsis than in late sepsis,
which was eliminated when we used equal numbers of purified
Gr1* CD11b™ cells. We also observed closely similar patterns of
increases in the levels of miR-21 and miR-181b in Gr1™ CD11b™
cells purified from the spleen (Fig. 1C).

In vivo blockade of miR-21 and miR-181b by antagomiRs
improves late-sepsis survival. Because miR-21 and miR-181b
were the only miRNAs that were induced and maintained
throughout the sepsis response, we asked whether reducing their
levels can impact the sepsis outcome. We used chemically modi-
fied miRNA inhibitors known as antagomiRs against miR-21 and
miR-181b. AntagomiRs are biostable (in vivo) and can inhibit the
target miRNA for up to 2 weeks (29) by inducing its degradation,
unlike LAN-based anti-miRNAs, which inhibit their target by seques-
tration (31). miR-21 and miR-181b antagomiRs or their mutants
were injected (i.p) via the tail vein at doses of 80 mg/kg body weight.
To allow the initiation of sepsis first, antagomiRs were administered
48 h after CLP, and survival was monitored for 28 days.

Administration of miR-21 antagomiRs alone had no effect,
whereas miR-181b antagomiRs alone improved survival by 5%
(data not shown). Importantly, when mice received a mixture of
both antagomiRs, survival was improved by 74% compared with
mutant/control antagomiRs (Fig. 2A). The effect of antagomiRs
on mortality was not observed until day 6 after CLP (i.e., 4 days
after antagomiR injection). It should be noted that our CLP model
is manipulated to develop into early and late sepsis phases. We
define late sepsis in mice as the period after day 5 (8). We also
measured peritoneal bacteria (which are associated with a high
mortality rate) in mice that survived or died during the late sepsis
phase. Peritoneal bacteria were diminished in mice that received a
mixture of miR-21 and miR-181b antagomiRs but remained sig-
nificantly high in mice that received mutant antagomiRs (Fig. 2B).
These results suggest that miR-21 and miR-181b synergize to pro-
mote sepsis immunosuppression.

Blockade of miR-21 and miR-181b reduces the numbers of
Gr1* CD11b* MDSCs by promoting their differentiation and
maturation. We set out to determine if the increases in bacterial
clearance and survival observed during late sepsis are due to
changes in MDSC numbers. Because we observed significant in-
creases in the number of bone marrow MDSCs only after day 6 of
CLP (i.e., during late sepsis) and because late-sepsis MDSCs are
immunosuppressive (8), we focused our analyses on the late sepsis
phase (the period after day 5). Flow cytometry analysis revealed that
the numbers of Gr* CD11b™ cells in the bone marrow samples were
significantly high (89%) in the control mice (the mutant antagomiR
group) that were moribund and were sacrificed at days 10 to 21. This
number was decreased to 20% in mice that received miR-21 and
miR-181b antagomiRs, survived, and were sampled during the same
period (Fig. 3A and B).

We have previously shown that most late-septic Grl™
CD11b" cells coexpress the early and more immature myeloid
cell marker CD31 (8), which is lost with further myeloid dif-
ferentiation and maturation (32). Flow cytometry analysis re-
vealed that the numbers of Gr1™ CDI11b* cells that coex-
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FIG 2 Invivoblockade of miR-21 and miR-181b by antagomiRs improves late-sepsis survival. (A) Kaplan-Meier survival curve. Sepsis was induced by CLP. After
48 h (to allow sepsis initiation), mice were injected via the tail vein with a mixture of miR-21 and miR-181b antagomiRs or their mutants at doses of 80 mg/kg
in 100 pl saline, and survival was reported for 28 days. (B) Diminished peritoneal bacteria in late-septic mice that received antagomiRs. Mice that were moribund
at days 8 to 21 after CLP (i.e., during late sepsis) were subjected to peritoneal lavage immediately after killing. A corresponding number of surviving, healthy-
appearing mice (the mutant antgomiR group) were sacrificed and analyzed at the same time and are reported as “surviving.” The lavage fluid was cultured on 5%
sheep blood agar plates, and the CFU were determined 24 h later.

pressed CD31 marker represented 75% of the total Gr1™ (dendritic) cells were determined by flow cytometry. The results
CD11b™ cell population in the bone marrow of the septic mice  showed that the level of differentiation of Gr1™ CD11b™ cells from
that received mutant antagomiRs and were moribund (Fig. mice that received antagomiRs into macrophages and dendritic cells
3C). Interestingly, the numbers in this CD31" subset declined  was significantly higher than that of cells from the mice that received
to 16% in the mice that received miR-21 and miR-181b antago- mutant antagomiRs (Fig. 3D). Together, these results demonstrate
miRs and survived. We also examined whether this decline in  that miR-21 and miR-181b generate and expand MDSCs in the bone
the CD317" subset within the Gr1™ CD11b™ population was marrow during sepsis and suggest that their blockade reduces MD-
associated with changes in the Gr1™ CD11b™ differentiation  SCs by allowing the differentiation and maturation of the immature
and maturation potential. Purified Gr1™ CD11b™ cells were incu- ~ Gr1* CD11b™ myeloid progenitors.

bated with M-CSF plus rIL-4 for 6 days, and the numbers of differ- Mice that survive late sepsis due to blockade of miR-21 and
entiated F4/80" CD11b™ (macrophage) and CD11c* MHC-II" miR-181b are immunoreactive. Late-septic mice produce less
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FIG 3 miR-21 and miR-181b antagomiRs reduce the numbers of Gr1™ CD11b™ cells in late sepsis. Bone marrow cells were harvested from moribund (the
antagomiR group) and surviving (the mutant antagomiR group) mice that were sacrificed at days 10 to 21 after CLP (i.e., during late sepsis). (A) Example of flow
cytometry of cells gated on Gr1™ CD11b™ staining. (B) Quantitative analysis of total Gr1 ™ CD11b™ cells. The data are expressed as means and SD of 5 mice per
group (*, P < 0.05). (C) Percentages of CD31" cells within the total Gr1* CD11b™ cell population. The data are expressed as means and SD of 7 mice per group
(*, P < 0.05). (D) Differentiation of Gr1* CD11b" cells. Gr1* CD11b™" cells were differentiated for 6 days with M-CSF and rIL-4 (10 ng/ml/each). The
percentages of F4/80" CD11b " (macrophage) and CD11c¢” MHC-1I"" (dendritic) cells were determined by flow cytometry. The data are expressed as means and
SD of 8 mice per group (¥, P < 0.05).
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FIG 4 miR-21 and miR-181b antagomiRs restore responsiveness of late-septic mice to bacterial LPS. At days 12 to 21 after CLP, mice that were moribund (the
antagomiR group) and a corresponding number of surviving, healthy-appearing mice (the mutant antagomiR group) were challenged (i.p.) with 10 pg of
bacterial LPS. A group of sham-operated mice also received LPS and served as a positive control. After 6 h, blood was collected and sera were obtained and used
to determine the circulating levels of pro- and anti-inflammatory cytokines by ELISA. The data are expressed as means and SD of 8 mice per group. ¥, P < 0.05
compared with CLP plus mutant antagomiRs; **, P < 0.05 compared with sham operated.

proinflammatory but more anti-inflammatory/immunosuppres-
sive cytokines despite the presence of an ongoing infection, an
indication of immunosuppression (8). We hypothesized that the
mice that survived late sepsis due to miR-21 and miR-181b block-
ade should be immunoreactive, since they cleared peritoneal bac-
teria (Fig. 2). If this was true, then they should respond to a chal-
lenge with the Gram-negative bacterial LPS. Mice that survived
(the antagomiR group) or were moribund (the mutant antago-
miR group) were pooled at days 12 to 21 after CLP (i.e., during late
sepsis) and then challenged (i.p) with a sublethal dose (10 pg) of
LPS. A group of sham-operated mice also received LPS and served
as a positive control. After 6 h, the systemic response to LPS chal-
lenge was determined by measuring the circulating levels of the
proinflammatory (TNF-a and IL-6) and anti-inflammatory/im-
munosuppressive (IL-10 and TGF-f) cytokines. As shown in Fig.
4, the antagomiR mouse group produced significantly larger
amounts of TNF-a and IL-6 but significantly smaller amounts of
IL-10 and TGF- than the mutant antagomiR group. In addition,
the cytokine profiles in the surviving antagomiR mouse group
were similar to those in sham-operated/control mice, suggesting
that they had immunoreactive innate immune systems, whereas
mice without miR-21 and miR-181b inhibition remained immu-
nosuppressed.

The transcription factor NFI-A is increased in sepsis and is a
downstream effector of miR-21 and miR-181b, and its knock-
down in vitro promotes Gr1* CD11b™* cell differentiation. To
gain further insights into the mechanism by which miR-21 and
miR-181b generate MDSCs, we profiled the expression of proteins
implicated in myeloid cell differentiation and maturation and
those known to be a target for regulation by miRNAs (23, 33, 34).
These proteins included transcription factors belonging to the
CCAAT/enhancer-binding protein (C/EBP) family, the NFI fam-
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ily, and SP1. Western blot analysis of bone marrow cells showed
that only the expression of C/EBPR and NFI-A proteins was mark-
edly induced during early sepsis and further increased and sus-
tained in late sepsis (Fig. 5A).

The induction of C/EBP and NFI-A proteins in the bone mar-
row compartment during sepsis was confirmed using purified
Gr1* CD11b™ cells. The results (Fig. 5B) suggest that, because of
the marked increases in their expression, one or both proteins may
playa role in Gr1™ CD11b™ MDSC expansion in sepsis. Next, we
investigated whether these two transcription factors are down-
stream targets of miR-21 and/or miR-181b. Gr1* CD11b™ cells
were purified from the bone marrow of late-septic mice that re-
ceived antagomiRs or their mutants and then analyzed by Western
blotting to measure C/EBP and NFI-A proteins. Figure 6A shows
that miR-21 and miR-181b antagomiRs markedly reduced NFI-A
protein levels but did not affect C/EBP, suggesting that NFI-A is
a downstream target for induction by miR-21 and miR-181. It
should be mentioned that inhibition of either miRNA alone had
no noticeable effect (data not shown).

Because antagomiR administration also enhanced Grl™
CD11b™ cell differentiation and maturation (Fig. 3), we reasoned
that the increase in NFI-A protein during sepsis may prevent
myeloid cell differentiation and maturation and thus expands the
immature Gr1* CD11b™ cell population. To test this possibility,
we knocked down NFI-A in Gr1™ CD11b™ cells purified from the
late-septic mice (without antagomiRs) and then differentiated
them with M-CSF plus rIL-4 for 6 days. Flow cytometry showed
that Gr1* CD11b™" cells with NFI-A knockdown differentiated
readily and gave rise to significantly more macrophages and den-
dritic cells than the control knockdown cells (Fig. 6B), suggesting
that NFI-A upregulation during sepsis is primarily responsible for
MDSC expansion. Finally, we tested the immunocompetence of
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FIG 5 Expression of transcription factors C/EBPP and NFI-A is upregulated
during sepsis. Shown is Western blot analysis of proteins known to affect
myeloid cell differentiation and/or maturation. (A) Whole bone marrow cells
were pooled (n = 5 per group) from normal and septic mice that were mori-
bund and sacrificed at days 3 and 4 (representing early sepsis) and days 10 to 14
(representing late sepsis). (B) Purified bone marrow cells Gr1* CD11b™ cells
from 5 healthy, 7 early-septic, and 5 late-septic mice were pooled. Cell extracts
were prepared and probed for the indicated proteins. Only a sample of B-actin
is shown.

these differentiated cells by measuring their cytokine production
after stimulation with LPS for 6 h. Differentiated cells lacking
NFI-A produced significantly larger amounts of the proinflam-
matory cytokines TNF-a and IL-6 than the control knockdown
cells, which retained an immunosuppressive phenotype, produc-
ing significantly larger amounts of IL-10 and TGF-. These cells
also produced less NO than NFI-A knockdown cells (Fig. 6C).
Together, these results demonstrate that NFI-A is induced down-
stream due to upregulation of miR-21 and miR-181b and suggest
that NFI-A plays a main role in MDSC expansion in sepsis by
blocking Gr1™ CD11b" cell differentiation and maturation.

DISCUSSION

Although the immunosuppressive role of MDSCs in sepsis patho-
genesis is not completely understood, it is evident that their gen-
eration and immature phenotypes underscore dysregulation of
the myeloid cell differentiation and maturation programs (11,
35). The differentiation of innate-immunity cells from myeloid
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FIG 6 NFI-A is a downstream target of miR-21 and miR-181b, and its knock-
down in Gr1™ CD11b™ cells from late-septic mice increases their differentia-
tion. (A) AntagomiRs inhibit NFI-A expression in bone marrow of septic mice.
Sepsis was induced by CLP. After 48 h (to allow sepsis initiation), mice were
injected via the tail vein with a mixture of miR-21 and miR-181b antagomiRs
or their mutants at doses of 80 mg/kg in 100 pl saline. Bone marrow cells were
harvested from the moribund mice that were sacrificed at days 8 to 21 after
CLP (i.e., during late sepsis). Gr1" CD11b™ cells from 6 mice were then puri-
fied and pooled. Proteins were isolated and analyzed by Western blotting. (B)
Knockdown of NFI-A ex vivo in late-septic Grl " CD11b™ cells increases their
differentiation potential. Gr1™ CD11b™ cells were purified from moribund
mice (without antagomiR injection) that were sacrificed at days 8 to 21 and
then transfected with NFI-A-specific or scrambled siRNA. After 24 h, the cells
were differentiated for 6 days with M-CSF and rIL-4 (10 ng/ml each) and
analyzed by flow cytometry for the expression of macrophage (F4/80 and
CD11b) and dendritic cell (CD11¢ MHC-II) markers. The data are expressed
as means and SD of 7 mice (*, P < 0.05). (C) Knockdown of NFI-A ex vivo in
late-septic Gr1™ CD11b ™ cells restores their reactivity to bacterial LPS. Gr1*
CD11b" cells were purified and transfected as for panel B. After 24 h, the cells
were differentiated for 6 days into macrophages with 10 ng/ml of M-CSF. The
cells were then washed and stimulated for 6 h with 1 ug/ml of LPS. The culture
supernatants were collected and analyzed by ELISA for cytokine production.
Production of NO was measured by a nitrite assay using the same superna-
tants. The data are expressed as means and SD of 8 mice (*, P < 0.05).

progenitors is controlled by sequential changes in the expression
of myeloid-specific transcription factors, which often are targets
of regulation by miRNAs (23, 36, 37). Our recent findings show-
ing that MDSCs expand during polymicrobial sepsis in mice and
that they play arole in late-sepsis immunosuppression (8) encour-
aged us to investigate the path leading to their generation. In the
current study, we uncovered a molecular path that leads to MDSC
expansion in the bone marrow during sepsis. We show that
miR-21 and miR-181b are induced by the sepsis inflammatory
reaction to drive MDSC expansion and that they upregulate the
expression of NFI-A, a transcription factor implicated in myeloid
differentiation. Importantly, we show that this negative path can
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be reversed in vivo by inhibiting miR-21 and miR-181b, which
reduced MDSCs and improved late-sepsis survival, thus provid-
ing insight into how changes in miRNA expression can impact
sepsis pathogenesis.

miRNAs are short (20- to 23-nucleotide) noncoding, single-
stranded RNA molecules that are transcribed from introns of pro-
tein-coding genes or exons of unique noncoding genes (38, 39).
miRNAs bind to complementary sequences within the 3" untrans-
lated region (UTR) of their target mRNA as part of a protein
complex known as the RNA-induced silencing complex (RISC),
which induces degradation and/or inhibits translation of the tar-
get mRNA, resulting in downregulation of the target protein (38,
40). Several miRNAs have been implicated in the regulation of
innate and adaptive immune systems under normal and patholog-
ical conditions by targeting myeloid cell proliferation, differenti-
ation, and maturation (reviewed in references 23 and 37), but
none has been linked to MDSC generation in sepsis. In most cases,
miRNA expression is regulated by signals and transcription fac-
tors induced by inflammatory changes (39). Our study demon-
strated that miR-21 and miR-181b are induced in Gr1* CD11b*
cells during sepsis, and their in vivo inhibition by antagomiRs
significantly improved late-sepsis survival. Importantly, we
showed that simultaneous inhibition of both miRNAs eliminated
Gr1* CD11b* MDSCs and enhanced peritoneal bacterial clear-
ance, indicating restoration of the innate immune response.

We previously showed that the majority of Gr1* CD11b*
MDSCs detected in the bone marrow of late-septic mice were
immature myeloid progenitors that also coexpressed the CD317"
marker and were unable to differentiate ex vivo into macrophages
and dendritic cells (8). We attributed the expansion in Grl™
CD11b" MDSCs to the increases in this CD31" cell subset (8).
The current study showed that the CD317" subset within the total
Gr1* CD11b™ cell population in the bone marrow of late-septic
mice was reduced from 75% to 16% after miR-21 and miR-181b
inhibition (Fig. 3). In particular, the decline in this CD317 pro-
genitor subset was associated with increased ability of the remain-
ing Gr1* CD11b™ cells to differentiate ex vivo into macrophages
and dendritic cells. These results clearly demonstrate that miR-21
and miR-181b disrupt myeloid progenitor differentiation and
maturation and thus suggest that they underlie the Gr1* CD11b™
expansion we observe during late sepsis.

The finding that NFI-A expression was induced in Grl™
CD11b" cells during sepsis with a pattern similar to that of
miR-21 and miR-181b is particularly important. NFI-A maintains
the myeloid progenitors in an undifferentiated state, and its
downregulation is required for normal monocyte and granulocyte
differentiation and maturation (33, 34, 36). Recent studies have
reported that ectopic expression of NFI-A in human myeloid pro-
genitors counteracts their monocytic differentiation (34), whereas
silencing its expression promotes their granulocytic differentia-
tion (41). Interestingly, we showed that in vivo inhibition of
miR-21 and miR-181b reduced NFI-A expression and Grl™
CD11b" cell numbers and that the Gr1™ CD11b™ cells with
NFI-A knockdown by siRNA were able to differentiate readily into
macrophages and dendritic cells (Fig. 6). While these findings
clearly demonstrate that NFI-A is a downstream effector of
miR-21 and miR-181b upregulation, they do not explain how the
blockade of miR-21 and miR-181b could inhibit NFI-A expres-
sion. Bioinformatic analysis revealed that both miR-21 and miR-181
have no complementary sequences (i.e., binding sites) within the 3’

September 2014 Volume 82 Number 9

miR-21 and miR-181b Promote Late Sepsis

UTR of NFI-A, making it unlikely that they directly induce NFI-A
expression. However, our results indicate that both miRNAs con-
verge on NFI-A, as its expression was reduced only by the concurrent
inhibition of both miRNAs. In addition, the notion that the vast ma-
jority of miRNAs repress rather than activate expression of their tar-
gets suggests that miR-21 and miR-181b induce NFI-A expression
during sepsis indirectly. In this regard, a recent study reported that the
transcription factor PU.1, which is also implicated in myeloid differ-
entiation, induces miR-424, which in turn inhibits NFI-A expression
in myeloid cells (34). However, in the context of sepsis, we did not
observe changes in PU.1 protein (data not shown). It has also been
reported that miR-223, whose expression is increased with myeloid
differentiation and maturation, represses NFI-A in human myeloid
progenitors, allowing their differentiation (33, 41). It is possible that
miR-21 and miR-181b can induce NFI-A during sepsis by targeting
other factors, like miR-223. In addition, it is unclear from our results
how NFI-A blocks Gr1* CD11b™ progenitor differentiation in sep-
sis. NFI-A has been shown to inhibit the cyclin-dependent kinase
inhibitor p21 (42). It has been suggested that absence of p21 in con-
junction with p27 (another cyclin-dependent kinase inhibitor) in-
creases hematopoietic stem cell and myeloid progenitor cell prolifer-
ation and numbers in response to growth in cytokine stimulation
(43). Because these proteins inhibit cyclin-dependent kinases, they
may ultimately activate NF-kB. Persistent activation of NF-kB has
been associated with myeloproliferation disorder and accumulation
ofthe Gr1* CD11b™ myeloid progenitors in mice (44). Although the
exact mechanism by which NFI-A generates MDSCs in sepsis re-
mains unknown, our study places NFI-A as an important target of
miR-21 and miR-181b in the molecular path that generates Grl™
CD11b" MDSCs and subsequent immunosuppression in sepsis. In
support of this, the in vivo inhibition of miR-21 and miR-181b, sim-
ilarly to the in vitro knockdown of NFI-A, enhanced Gr1™ CD11b™
progenitor differentiation and maturation.

Our previous studies (8) have shown that MDSCs are potently
immunosuppressive, as they produced high levels of the immu-
nosuppressive mediators IL-10, TGF-, and arginase when adop-
tively transferred into mice undergoing the early sepsis hyperin-
flammatory response. This finding is complemented by our
results showing that late-septic mice did not respond to LPS chal-
lenge and instead produced higher levels of IL-10 and TGF-( (Fig.
4). Of note, the miR-21 and miR-181b blockade restored the im-
munoreactivity of these mice to the LPS challenge, as demon-
strated by the significant increases in the levels of circulating
TNF-o and IL-6, a typical inflammatory response that is observed
after infection or bacterial challenge (24, 45, 46). These results
indicate that eliminating MDSCs is necessary for restoring im-
mune cell functions and responses during late sepsis. Consistent
with this, our in vitro experiments showed that Gr1™ CD11b*
cells with NFI-A knockdown not only differentiated into mature
cells, but also responded to LPS stimulation by producing more
TNF-a and IL-6 and less IL-10 and TGEF-f3, similar to the pattern
seen in vivo after the miRNA blockade, suggesting they were im-
munoreactive. IL-10 and TGF- 3 suppress many innate- and adap-
tive-immunity cell functions and can activate MDSCs themselves
(13, 14, 47), thus providing an autocrine loop for amplifying the
immunosuppression we observe in late sepsis.

A few other studies have also shown that MDSCs expand dur-
ing polymicrobial sepsis (21, 22, 48) and that their depletion with
anti-Grl antibody (although nonspecific) improves the immune
response (21, 22). In addition, Sander et al. (22) and Derive et al.

jai.asm.org 3823


http://iai.asm.org

McClure et al.

(48) reported that adoptive transfer of late-septic MDSCs into
mice undergoing early sepsis improved survival and thus de-
scribed MDSCs as “immunoprotective.” This description, how-
ever, may be confusing, given that early sepsis is a hyperinflam-
matory response and is expected to be attenuated by these
“immunosuppressive” MDSCs. Also, in these two studies, the
mice were followed for only 5 to 8 days after the transfer, i.e.,
around the time the late septic phase ensues. Thus, it is reason-
able to describe MDSCs as immunoprotective only in the con-
text of early sepsis. We also observe this immunoprotective
effect on early sepsis, but because our model also develops into
a late septic phase, we did not observe any protective effect
from the MDSC transfer once the mice entered the late immu-
nosuppressive state (8).

Finally, while our study clearly implicates miR-21 and miR-
181b in sepsis immunosuppression, an important question re-
mains: what signal/factor drives their upregulation during sepsis?
It has been suggested that mediators, such as IL-6, IL-10, VEGF,
M-CSF, and granulocyte-macrophage colony-stimulating factor
(GM-CSF), some of which are produced in the tumor or inflam-
matory microenvironment, may generate and expand MDSCs
(14,16).1L-6 and IL-10 can activate STAT3, which has been linked
to dysregulation of myeloid cell differentiation and increases in
immature progenitors (49, 50). Indeed, we observed an increase
in STAT3 activation/phosphorylation during sepsis (data not
shown). Also, IL-6 increases in early sepsis while IL-10 increases in
late sepsis. Whether IL-6 and IL-10 alternately activate STAT3 and
whether STAT3 induces miR-21 and miR-181b during sepsis war-
rant further investigation.

In summary, we have uncovered the molecular path that gen-
erates Gr1™ CD11b" MDSCs during sepsis. This anti-inflamma-
tory path involves miR-21 and miR-181b, which synergize to ac-
tivate NFI-A expression downstream. As a negative factor for
myeloid cell differentiation, NFI-A increases the immature-pro-
genitor pool, thus expanding the Gr1™ CD11b™ MDSC popula-
tion. Because it is becoming evident that most sepsis mortality is
due to late-sepsis immunosuppression, eliminating MDSCs may
hold promise for restoring the immune response during sepsis.
Targeting MDSCs has recently been shown to reduce immune
suppression and improve antitumor immunity in tumor-bearing
animals. Our results suggest that inhibiting miR-21 and miR-181b
eliminates MDSCs and their immunosuppressive effects. Thus,
this study provides an attractive therapeutic approach for the
treatment of sepsis immunosuppression.
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