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Myeloid-derived suppressor cells (MDSCs) are a heterogeneous Gr1� CD11b� population of immature cells containing granulo-
cytic and monocytic progenitors, which expand under nearly all inflammatory conditions and are potent repressors of T-cell
responses. Studies of MDSCs during inflammatory responses, including sepsis, suggest they can protect or injure. Here, we in-
vestigated MDSCs during early and late sepsis. To do this, we used our published murine model of cecal ligation and puncture
(CLP)-induced polymicrobial sepsis, which transitions from an early proinflammatory phase to a late anti-inflammatory and
immunosuppressive phase. We confirmed that Gr1� CD11b� MDSCs gradually increase after CLP, reaching �88% of the bone
marrow myeloid series in late sepsis. Adoptive transfer of early (day 3) MDSCs from septic mice into naive mice after CLP in-
creased proinflammatory cytokine production, decreased peritoneal bacterial growth, and increased early mortality. Conversely,
transfer of late (day 12) MDSCs from septic mice had the opposite effects. Early and late MDSCs studied ex vivo also differed in
their inflammatory phenotypes. Early MDSCs expressed nitric oxide and proinflammatory cytokines, whereas late MDSCs ex-
pressed arginase activity and anti-inflammatory interleukin 10 (IL-10) and transforming growth factor � (TGF-�). Late MDSCs
had more immature CD31� myeloid progenitors and, when treated ex vivo with granulocyte-macrophage colony-stimulating
factor (GM-CSF), generated fewer macrophages and dendritic cells than early MDSCs. We conclude that as the sepsis inflamma-
tory process progresses, the heterogeneous MDSCs shift to a more immature state and from being proinflammatory to
anti-inflammatory.

Sepsis involves a shift from an early systemic proinflammatory
response to a late anti-inflammatory and immunosuppressive

state as the process progresses (15, 28, 38). This shift in the sepsis
inflammatory profile profoundly alters both innate and adaptive
immunity. Important alterations after early sepsis include a re-
duced capacity of septic monocytes/macrophages and neutrophils
to respond to bacterial toxins and to clear microbial infections (3,
4, 11, 16), increased apoptosis of immune effector cells (22, 28,
40), increased T cell suppression, Th2 polarization, and defective
myelopoiesis (10, 14). These perturbations in the inflammatory
and immune phenotypes may impair the ability to clear primary
and secondary (opportunistic) infections and to resolve inflam-
mation.

Recent studies have identified a heterogeneous population of
immature myeloid cells, termed myeloid-derived suppressor cells
(MDSCs), which have immunosuppressive properties and express
the myeloid differentiation markers Gr1 and CD11b (5, 9, 13, 29).
Although MDSCs were first recognized for their role in attenuat-
ing immune surveillance and antitumor immune response in hu-
man and tumor-bearing animals (13, 29), their expansion occurs
under most acute and chronic inflammatory conditions (29). The
heterogeneous MDSC population consists of precursors of gran-
ulocytes, macrophages, and dendritic cells, with a potent ability to
suppress T cell responses through production of large amounts of
nitric oxide (NO) and reactive oxygen species (ROS) (13, 32).
MDSCs may express increased levels of inducible nitric oxide syn-
thase (iNOS), arginase, and ROS, all of which are important for
innate immunity effector cell functions (13, 29). They also can
produce a range of pro- and anti-inflammatory cytokines (10).
Thus, Gr� CD11b� MDSCs are a confusing mixture of myeloid
phenotypes. Moreover, MDSCs morphologically and functionally
differ in various tissues under different inflammatory conditions

(9). Even within the same inflammatory process, phenotypic dif-
ferences in MDSCs occur over time (10). Taken together, data
support that the phenotypes within MDSCs change as the inflam-
matory process progresses (10); this might account for their di-
verse immunological activities under different inflammatory con-
ditions.

Because early sepsis is proinflammatory and late sepsis is anti-
inflammatory with impaired immunoreactivity of innate and
adaptive immune effector cells, we hypothesized that the temporal
shifts in the inflammatory process during sepsis may accompany
shifts in MDSCs. To test this, we used a murine model of polymi-
crobial sepsis that develops into early and late phases and therefore
can be followed over a long period of time (7). We provide con-
firming evidence that the population of Gr1� CD11b� MDSCs
expands dramatically in the bone marrow in late sepsis (9). Using
adoptive transfer into naive mice, we also show that early and late
septic MDSCs differentially modify sepsis responses in vivo and
that early and late MDSCs can be further distinguished ex vivo. We
conclude that important phenotypic shifts evolve in the myeloid
population during sepsis, which may differentially impact clinical
outcomes.
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MATERIALS AND METHODS
Mice. Male BALB/c mice, 8 weeks old (Harlan Sprague Dawley, Indianap-
olis, IN), were used for all experiments. The mice were housed in a patho-
gen-free temperature-controlled room and were acclimated to the new
environment for at least 3 days before surgery. All experiments were con-
ducted in accordance with National Institutes of Health Guidelines and
were approved by the East State Tennessee University Animal Care and
Use Committee.

CLP. Polymicrobial sepsis, which emulates general peritonitis occur-
ring in humans (2, 30, 33), was induced by cecal ligation and puncture
(CLP) as described previously (7). 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. A
small amount of feces was extruded into the abdominal cavity. The ab-
dominal 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. Mice received (intraperitoneally [i.p.]) 1 ml lactated Ringer’s
solution plus 5% dextrose for fluid resuscitation. To create the late sepsis
phenotype, mice were subcutaneously administered antibiotic (imi-
penem; 25 mg/kg body weight) or saline and 1 ml lactated Ringer’s solu-
tion plus 5% dextrose or an equivalent 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 (24), injections of imipenem were given at 8 h after
CLP and repeated once for a total of two doses over a 24-h period. Based
on our experience, these levels of injury and manipulation create pro-
longed infections with high mortality (�60 to 70%) during the late/
chronic phase (7).

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.

For MDSC transfer, survival was reported for 21 days after CLP. Mor-
ibund mice, those suffering deep hypothermia (�34°C), lethargy, and
weight loss (more than 30%), were sacrificed and analyzed. Mice that were
found dead before sacrifice were not included in the analysis.

Isolation and adoptive transfer of MDSCs. Bone marrow Gr1�

CD11b� MDSCs were harvested from day 3 and day 12 septic mice (a
separate group of mice that had undergone CLP-induced sepsis) and pu-
rified using magnetically assisted cell sorting according to the manufac-
turer’s instructions (Miltenyi Biotech, Auburn, CA). Note that blood and
peritoneal lavage specimens were also collected from these mice to con-
firm the presence of early (i.e., day 3) and late (i.e., day 12) sepsis as
described above. Briefly, the bone marrow cells were flushed out of the
femurs with RPMI 1640 medium (without fetal bovine serum [FBS])
under aseptic conditions (7). A single cell suspension was made by re-
peated pipetting and filtering through a 70-�m nylon strainer followed by
erythrocyte lysis. To purify total Gr1� CD11b� MDSCs, bone marrow
cells were incubated with biotinylated mouse anti-Gr1 (clone RB6-8C5)
(eBioscience, San Diego, CA) for 15 min at 4°C. After washing, cells were
incubated with antibiotin magnetic beads (Miltenyi) for 20 min at 4°C
and subsequently applied to a mass spectrometry (MS) column for posi-
tive selection of Gr1� CD11b�cells.

To enrich for CD31� MDSCs (for differentiation experiments), puri-
fied Gr1� cells were incubated with anti-CD31 antibody (eBioscience)
and then selected with magnetic beads (Milteny), after the beads used for
Gr1� selection were washed way with a special buffer. Cell purity was
determined by flow cytometry and was higher than 95%. Cells were then
washed and resuspended in sterile saline.

For the adoptive transfer, mice were injected intravenously (i.v.) (via
tail vein) with 4 � 106 total Gr1� MDSCs or the equivalent (100 �l) of
saline immediately after CLP. Mice were followed for 3 weeks after cell
transfer.

Blood. Blood was collected via cardiac puncture from mice that were
sacrificed at days 2 to 4 (representing early sepsis) and days 14 to 16
(representing late sepsis) after MDSC transfer. Mice were subjected to
deep anesthesia, blood was collected, and sera were separated and used for
cytokine measurements. Also, small volumes (20 �l) of blood were col-
lected in heparinized tubes and used for bacterial culture as described
below.

Blood and peritoneal bacterial culture. Immediately after mice were
sacrificed, the peritoneal 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 Biosciences, Sparks, MD). The plates were incubated for 24 h at
37°C under aerobic conditions. The plates were read by a microbiologist,
and the CFU were determined and multiplied by the dilution factor.

Ex vivo differentiation of MDSCs. Total or CD31�-enriched Gr1�

CD11b� cells were cultured with complete RPMI 1640 medium in the
presence of 10 ng/ml GM-CSF (PeproTech Inc., Rocky Hill, NJ) and 10
ng/ml recombinant IL-4 (rIL-4) (eBioscience). The cell phenotypes were
analyzed by flow cytometry.

Flow cytometry. Total and differentiated MDSCs were analyzed by
flow cytometry. Bone marrow cells or differentiated Gr1� CD11b�

MDSCs were labeled by incubation for 30 min on ice in staining buffer
(PBS plus 2% FBS) with appropriate fluorochrome-conjugated antibod-
ies. After washing, the samples were analyzed by using a FACSCaliber flow
cytometer (BD Biosciences, Sparks, MD). About 15,000 cells were ana-
lyzed using the CellQuest Pro software program (BD Biosciences). The
following antibodies were used: anti-Gr1 conjugated to fluorescein iso-
thiocyanate (FITC), anti-CD11b conjugated to phycoerythrin (PE), anti-
F4/80 conjugated to allophycocyanin (APC), CD11c conjugated to PE,
anti-major histocompatibility complex class II (MHC-II) conjugated to
FITC, and anti-CD31 conjugated to PE57 (eBioscience, San Diego, CA).
An appropriate isotype-matched control was used for each antibody.

Cytokine analysis. Sera were isolated from blood samples as described
above. Levels of tumor necrosis factor alpha (TNF-�), IL-6, IL-10, and
transforming growth factor � (TGF-�) were determined using commer-
cially available enzyme-linked immunosorbent assay (ELISA) kits (eBio-
science) according to the manufacturer’s instructions. Each sample was
run in duplicate.

Nitrite assay. Bone marrow MDSCs were harvested from early (day 3)
and late (day 12) septic mice (a separate group of mice that had undergone
CLP-induced sepsis). Gr1� MDSCs were cultured in RPMI 1640 medium
that was supplemented with 10% FBS, 2 mM L-glutamine, and 1� peni-
cillin-streptomycin (HyClone, Logan, UT). The cultures were incubated
at 37°C in a 5% CO2-humidified atmosphere. Cells were stimulated with
1 �g/ml lipolysaccharide (LPS) (Escherichia coli; 0111:B4; Sigma, St.
Louis, MO) for 24 h. NO production was measured in the culture super-
natants using Griess reagent according to the manufacturer’s protocol
(Molecular Probes, Eugene, OR). Briefly, Griess reagent was made imme-
diately before use by mixing equal volumes of N-(1-naphthyl)ethylenedi-
amine and sulfanilic acid. Samples and sodium nitrite standards (150 �l)
were mixed with 20 �l Griess reagent and 130 �l distilled water (dH2O)
and then incubated for 30 min at room temperature in a 96-well micro-
plate. Absorbance was read at 548 nm by a spectrophotometer. The sam-
ple nitrite concentration was calculated from the NaNO2 standard curve.

Arginase assay. After the culture supernatants were collected for the
nitrite assay, Gr1� CD11b� MDSCs were harvested and arginase activity
was measured in the cell lysate using an arginase assay kit (Abnova, Wal-
nut, CA). Briefly, �1 � 106 cells were lysed in 100 �l of 10 mM Tris-HCl
(pH 7.4) containing 1� protease inhibitor cocktail and 0.4% Triton
X-100. Lysates were cleared by centrifugation for 10 min at 15,000 rpm.
Samples (40 �l) were mixed with 10 �l of 5� substrate buffer (containing

L-arginine) in a 96-well plate and incubated at 37°C for 2 h. The reaction
was stopped by adding 200 �l urea reagent to all wells, including those
containing the urea standard. The plate was incubated at room tempera-
ture for 20 min, and urea production was determined by measuring the
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absorbance at 520 nm. One unit of arginase converts 1 �mol of L-arginine
to ornithine and urea per minute at pH 9.5 and 37°C.

Statistical analysis. The Kaplan-Meier survival curve was plotted us-
ing the GraphPad Prism software program, version 5.0 (GraphPad Soft-
ware), and survival significance was determined by using a log-rank test.
Other data were analyzed using the software program Microsoft Excel 3.0,
and statistical significance was determined by the unpaired Student t test
for two-group comparison or one-way analysis of variance (ANOVA) for
multiple comparisons. All values are expressed as means � standard de-
viations (SD). Statistical significance was set at a P value of �0.05.

RESULTS
Late sepsis induces dramatic expansion in bone marrow Gr1�

CD11b� MDSCs. To study the kinetics and immunological prop-
erties of MDSCs in sepsis, we induced a sepsis response that de-
velops in early and late phases. The early/acute phase of sepsis in
mice is defined as the first 5 days after CLP (17, 31). Our previous
studies showed that the mortality rate in this model is �20 to 30%
during the early phase (days 1 to 5) of sepsis, and mice surviving
the early phase develop late/prolonged bacterial infections and an
immunosuppressive inflammatory phenotype, typical of late/
chronic sepsis (7).

Using this sensitive model of early and late sepsis, we first mea-
sured the numbers of Gr1� CD11b� immature myeloid cells in
the bone marrow. Because the sepsis response involves a shift from
a Th1 to a Th2 immune phenotype (15), which characterizes late
sepsis (15, 28), we used the Th2-skewed BALB/c mice to limit the
impact, if any, of such a shift on the expansion or immunoreac-
tivity of MDSCs.

Mice MDSCs coexpress the myeloid lineage differentiation an-
tigens Gr1 and CD11b (13) and accumulate in the bone marrow
and secondary lymphoid tissue during infection (10, 13). We

sorted Gr1� CD11b� cells from the bone marrow at various times
after CLP to reflect early and late sepsis. The presence of early
sepsis was confirmed by detecting elevated circulating levels of the
proinflammatory cytokines TNF-� and IL-6 and the presence of
bacteria in blood and peritoneal fluid. Late sepsis was confirmed
by lower levels of TNF-� and IL-6 and increased peritoneal bac-
terial growth (data not shown).

Flow cytometry analysis of bone marrow cells at intervals after
CLP revealed that Gr1� CD11b� cells were detected in naive (day
0) mice, but their numbers expanded dramatically after induction
of sepsis, increasing from �40% at day 3 to �88% by day 12 (Fig.
1A and B). Mice sampled between day 16 and day 28 after CLP also
had similar (83 to 90%) proportions (data not shown). Interest-
ingly, cytospin preparations have revealed that Gr1� CD11b� are
heterogeneous phenotypes with ring-shaped nuclei, characteristic
of immature myeloid cells (i.e., MDSCs) (9). We also observed
that the numbers of cells with ring-shaped nuclei were increased
from 28% at day 3 to 55% at day 6 and reached 68% of the GR1�

CD11b� cells by day 12 after CLP (Fig. 1C). These confirmatory
results demonstrate that late sepsis in our model is associated with
dramatic accumulation of Gr1� CD11b� MDSCs, with immature
phenotypes.

Adoptive transfer of Gr1� CD11b� MDSCs from early and
late septic mice differentially affects survival in early sepsis. The
suppressive functions of Gr1� CD11b� MDSCs may owe their
immunomodulatory properties to temporal or environmental in-
fluences (9, 13, 29). Because Gr1� CD11b� cells from early and
late septic mice differed in their morphology, we hypothesized
that they might have different inflammatory phenotypes, and we
therefore, examined their effects on the immune response to sep-
sis. To do this, we adoptively transferred Gr1� CD11b� cells

FIG 1 Accumulation of Gr1� CD11b� cells in bone marrow of septic mice at intervals after CLP. Bone marrow cells were harvested and stained with anti-Gr1
and anti-CD11b antibodies (Abs). (A) Example of flow cytometry of bone marrow cells harvested at intervals and gated on Gr1� CD11b� staining. Numbers
denote doubly positive cells within the gated cell population and represent their percentages in bone marrow. (B) Quantitative analysis of Gr1� CD11b� cell
percentages. Values represent the means �SD for 5 to 7 mice per time point. �, P � 0.05. (C) Photograph of cytospin preparation of purified Gr1� CD11b� cells
stained with Step I Wright-Giemsa stain. Note the increase in the numbers of ring-shaped nuclei, characteristic of immature myeloid cells (MDSCs), for late (days
6 and 12) septic mice. Approximately 400 Gr1� CD11b� cells in each field were counted (n 	 4 mice), and the percentage of cells with ring-shaped nuclei was
calculated (see Results).
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sorted from the bone marrow of day 3 and day 12 septic mice,
representing early and late sepsis, respectively. We chose bone
marrow because MDSCs in spleen might be modified by the T cell
microenvironment (9). About 4 � 106 sorted Gr1� CD11b� cells
were injected i.v. into naive mice immediately after CLP surgery.
As shown in Fig. 2, Gr1� CD11b� cells derived from day 3 septic
mice significantly reduced survival during early sepsis (between
days 2 and 6). By day 5 after CLP, 40% (n 	 12) of mice survived
versus 60% (n 	 12) of CLP controls (P 	 0.002). In contrast,
Gr1� CD11b� cells derived from day 12 septic mice significantly
improved early sepsis (between days 3 and 6) survival (86% [n 	
30] survived versus 60% [n 	 12] of CLP controls by day 5; P 	
0.001). Interestingly, 7 days after cell transfer, no significant im-
pact on survival was observed whether mice received Gr1�

CD11b� cells from day 3 or day 12 septic mice.
Adoptive transfer of Gr1� CD11b� MDSCs from early ver-

sus late septic mice differentially affects the in vivo inflamma-
tory response. The early/acute phase of sepsis is dominated by
excessive inflammation mediated by systemic production of auto-
toxic proinflammatory cytokines (7, 15, 35). In addition, mortal-
ity during the early phase of CLP-induced sepsis is due mainly to
this hyperinflammation (33, 34). Because we observed differences
(Fig. 2) in early deaths (i.e., the first week after CLP) between mice
that received Gr1� CD11b� cells from day 3 and day 12 septic
mice, we measured the circulating levels of the proinflammatory
TNF-� and IL-6 and anti-inflammatory IL-10 and TGF-� cyto-
kines in the moribund mice sacrificed at days 2 to 4 after CLP (i.e.,
representing early sepsis). Levels of TNF-� and IL-6 were signifi-
cantly increased and decreased, respectively, in CLP mice that
received Gr1� CD11b� cells from day 3 and day 12 compared with
CLP control (saline) mice (Fig. 3, left panels). Conversely, IL-10
and TGF-� levels were significantly higher for CLP mice that re-
ceived Gr1� CD11b� cells from day 12 septic mice than for mice
that received saline or cells from day 3 septic mice (Fig. 3, lower
panels). In addition, levels of TNF-� and IL-6 were diminished for
mice (from all groups) that were sacrificed at days 10 to 17 (i.e.,

representing late sepsis), whereas levels of IL-10 and TGF-� ele-
vated further compared with those for all mice sacrificed at days 2
to 4 (Fig. 3, right panels). There were no significant differences
among groups whether mice received saline or Gr1� CD11b� cells

FIG 2 Adaptive transfer of Gr1�CD11b� cells recovered from early septic
mice exaggerate, whereas those from late septic mice attenuate, the early sys-
temic inflammatory response of sepsis. Sepsis was induced by CLP. Bone mar-
row cells were harvested at day3 (D3) and day 12 (D12) after CLP from a
separate group of mice. Gr1� CD11b� cells were purified by magnetic cell
sorting and injected (4 � 106 cells) i.v. into mice that had just undergone CLP.
Control mice received 100 �l saline. Survival was recorded for 21 days. There
were no significant differences in survival after day 7.

FIG 3 Levels of circulating cytokines in CLP mice after adaptive transfer of
Gr1� CD11b� MDSCs. Mice were subjected to CLP and received Gr1�

CD11b� MDSCs or saline as described in the legend for Fig. 2. Sera were
collected from moribund mice that were sacrificed at days 2 to 4 (representing
early sepsis) and days 10 to 17 after CLP (representing late sepsis). Cytokine
levels were measured by ELISA. During early sepsis, levels of TNF-� and IL-6
were elevated in mice that received MDSCs harvested from day 3 (D3) septic
mice, whereas IL-10 and TGF-� levels were elevated in mice that received
MDSCs harvested from day12 (D12) septic mice. During late sepsis, there were
no significant differences among groups. Values represent the means � SD for
6 mice for the group receiving saline, 8 mice for the group receiving MDSCs
from D3, and 4 mice for the group receiving MDSCs from D12. Late sepsis
cytokine measurement included 6 to 7 mice per group. Data from 4 experi-
ments were pooled. �, P � 0.05.
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from day 3 or day 12 septic mice. Thus, adoptive transfer of Gr1�

CD11b� MDSCs from early septic (day 3) mice increases the pro-
inflammatory cytokines, whereas cells from late septic (day 12)
mice increase the anti-inflammatory cytokines during the early
sepsis response. The transferred cells had no additive effects once
the endogenous Gr1� CD11b� cells had expanded (i.e., during
late sepsis).

Adoptive transfer of early and late septic Gr1� CD11b�

MDSCs differentially affects local bacterial growth in early sep-
sis. Defects in the innate immune response to CLP-induced sepsis
may impair bacterial clearance and thus contribute to sepsis-re-
lated mortality (2, 15). We determined blood and peritoneal bac-
terial numbers for CLP mice that were sacrificed at days 2 to 4 and
days 14 to 16 after early and late Gr1� CD11b� cell transfer. All
mice that were sacrificed at days 2 to 4 had low numbers of blood
bacteria, which were not significantly different whether mice re-
ceived saline or Gr1� CD11b� cells (data not shown). However,
these mice exhibited marked differences in the numbers of peri-
toneal bacteria. Mice that received Gr1� CD11b� cells from day 3
and day 12 septic mice had significantly lower (P 	 0.0325) and
higher (P 	 0.0158) numbers of peritoneal bacteria, respectively,
compared with those for control (saline) CLP mice (Fig. 4). In
addition, peritoneal bacterial numbers were significantly higher
(P 	 0.0005) for mice that received Gr1� CD11b� cells from day
12 septic mice than for mice that received cells from day 3. In
addition, all mice sacrificed at days 14 to 16 still had high numbers
of peritoneal bacteria, but there were no significant differences
between any animal group (data not shown). These results indi-
cate that adoptive transfer of Gr1� CD11b� MDSCs from early
(day 3) and late (day 12) septic mice differentially affect local
bacterial growth but only during the early sepsis response.

Gr1� CD11b� MDSCs from early septic mice produce in-
creased amounts of nitric oxide (NO), whereas those from late
septic mice predominantly express higher arginase activity. The
data presented above suggested that Gr1� CD11b� cells can sup-
press or enhance the early hyperinflammatory phase of sepsis,

depending on when they were harvested. The immune-suppres-
sive phenotypic properties of Gr1� CD11b� MDSCs have been
attributed to their upregulated expression of inflammatory fac-
tors, including NO, reactive oxygen species, and arginase activity
(13, 29). We hypothesized that Gr1� CD11b� cells from early and
late septic mice differ in overall phenotype and that this might
account for the differences seen during the early sepsis response.
To test this, we measured NO and arginase activities in ex vivo
cultures from early versus late sepsis-derived Gr1� CD11b� cells.
Cells were sorted from day 3 and day 12 septic mice and cultured
with or without LPS. NO production was measured by determin-
ing the nitrite levels in the culture supernatants and arginase ac-
tivity was assayed in the cell lysate. Gr1� CD11b� cells from day 3
septic mice produced significantly higher levels of NO than cells
from day 12 (Fig. 5A). In contrast, Gr1� CD11b� cells from day 12
had significantly higher arginase activity than cells from day 3. In
addition, all unstimulated cultures (medium alone) exhibited var-
ious background levels of both mediators (data not shown). Both
cell types produced increased amounts of superoxide (H2O2) after
stimulation with PMA, but levels were significantly higher with
Gr1� CD11b� cells from day 3 (data not shown). In addition,
Gr1� CD11b� cells from day 3 septic mice produced significantly

FIG 4 Adaptive transfer of Gr1� CD11b� MDSCs from day 3 septic mice
reduces peritoneal bacteria in early sepsis. Peritoneal lavage fluid was collected
from moribund mice that were sacrificed at days 2 to 5 after CLP and cultured
on 5% sheep blood agar plates. The bacterial CFU were determined after 24 h.
The levels of bacteria were lower in mice that received MDSCs harvested from
day 3 (D3) septic mice. Values represent the means for 7 to 10 mice per group
(pooled from 4 experiments).

FIG 5 Gr1� CD11b� MDSCs harvested from day 3 (D3) septic mice produce
more NO and exhibit lower arginase activity than MDSCs harvested from day
12 (D12) septic mice. Gr1� CD11b� MDSCs were purified from the bone
marrow of a separate group of mice at day 3 and day 12 after CLP. Cells (2 �
106) were cultured with 1 �g/ml LPS for 24 h. (A) Supernatants were collected
and analyzed for NO levels (measured as nitrite). The cells were lysed and
analyzed for arginase activity. (B) Levels of TNF-�, IL-6, IL-10, and TGF-�
were also measured in the culture supernatants. Values represent the means �
SD for 7 mice per group. �, P � 0.05.
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higher levels of the proinflammatory cytokines TNF-� and IL-6
than cells from day 12, which produced significantly higher levels
of the anti-inflammatory IL-10 and TGF-� (Fig. 5B). Thus, Gr1�

CD11b� MDSCs from early and late sepsis have different inflam-
matory activities.

Gr1� CD11b� MDSCs from late septic mice lack the poten-
tial to differentiate ex vivo. Our data thus far suggested that dif-
ferences in the immunomodulatory properties of Gr1� CD11b�

cells might align with differences in maturity. We determined
whether Gr1� CD11b� cells from early and late septic mice are at
the same developmental stage. We postulated that early MDSCs
were more mature than late MDSCs. Purified Gr1� CD11b� cells
were analyzed for the expression of the CD31 marker, which is
expressed on very immature stages of myeloid cells and is lost
during maturation (23). The number of CD31-positive Gr1�

CD11b� cells (i.e., the CD31� subset of total MDSCs) increased
from 34% for day 3 septic mice to nearly 79% at day 12 (Fig. 6D).
Next, we assessed the differentiation potentials of early and late

septic MDSC mixtures, as well as CD3l�-enriched Gr1� CD11b�

cells. CD31� cells were enriched from Gr1� CD11b� cells that
were 98% purified (Fig. 6A). Both total and CD31�-enriched
Gr1� CD11b� cells were cultured for 6 days with GM-CSF, and
cells were then stained for the markers of macrophage (F4/80) and
dendritic cell (CD11c) development. About 38% and 21%, re-
spectively, of total Gr1� CD11b� cells from day 3 septic mice
differentiated into macrophages and dendritic cells, compared
with 17% and 9% of Gr1� CD11b� cells derived from day 12
septic mice (Fig. 6B and C, left panels). Interestingly, CD31�-
enriched Gr1� CD11b� cells from both early and late sepsis had
markedly reduced differentiation capacity. Only 1% and 4% of
cells from day 3 septic mice differentiated into macrophages and
dendritic cells, respectively, compared with 1% and 2% of cells
from day12 (right panels). These results support the hypothesis
that as the septic inflammatory response progresses, a shift occurs
toward a more immature stage of Gr1� CD11b� MDSCs, which
lack the potential to differentiate into immunocompetent innate

FIG 6 Differentiation of Gr1� CD11b� MDSCs ex vivo. Total Gr1� CD11b� MDSCs were harvested from the bone marrows of a separate group of mice at day
3 (D3) and day 12 (D12) after CLP. (A) Flow cytometry of sorted GR1� CD11b� MDSCs recovered from septic mice at day 12 after CLP. Sorted Gr1� CD11b�

MDSCs were enriched for CD31� cells by positive selection. Equal numbers of total and CD31�-enriched (CD31� MDSCs) MDSCs were cultured (1 � 106

cell/ml) for 6 days with 10 ng/ml GM-CSF and IL-4. Cells were stained for the monocyte/macrophage marker F4/80 or the dendritic cell marker CD11c and
phenotypically analyzed. (B) Example of flow cytometry of differentiated MDSCs gated on F4/80� CD11b� or CD11c� MHC II� staining. CD31� subset of
GR1� CD11b� MDSCs markedly lost their differentiation ex vivo. (C) Percentages of differentiated MDSCs. Values represent the means � SD for 7 mice per
group. � and ��, comparison of percentages of macrophages and dendritic cells, respectively, in mice that received total MDSCs with mice that received CD31�

cell-enriched MDSCs (P � 0.05). (D) Percentage of CD31� Gr1� CD11b� MDSCs. Purified Gr1� CD11b� cells from day 3 and day 12 septic mice were enriched
for the CD31� subset using a special bead washing buffer followed by positive selection with CD31 antibody. Selected cells were analyzed by flow cytometry (n 	
5 mice per group). �, P � 0.05.
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effector cells. This further indicates an interruption or arrest of
myeloid differentiation.

DISCUSSION

Postsepsis immune suppression is most evident in chronically
septic humans and late septic animals and involves dysregulated
innate and adaptive immune responses, which result in sustained
primary infection with a predisposition to secondary infections
and increased mortality (15, 25, 28). It is now recognized that a
shift in early sepsis from a proinflammatory to an anti-inflamma-
tory response underlies and sustains a postsepsis immunosup-
pressed state, which correlates with the development and distri-
bution of MDSCs (15, 28). This study used adoptive transfer of the
bone marrow-derived Gr1� CD11b� MDSCs to show that a het-
erogeneous population of these cells both expands and shifts the
overall phenotype from proinflammatory to anti-inflammatory/
immunosuppressive as sepsis progresses from early to late stages.
These changes differentially affect clinical phenotypes during ear-
lier and later sepsis from peritonitis. The initial phenotype in-
creases mortality but improves local bacterial clearance. Con-
versely, the later immunosuppressive phenotype reduces
mortality but limits clearance of local bacteria. Together, these
results emphasize the complexity of the effects of sepsis on bone
marrow progenitor cells and provide insight into effects of sepsis
on the bone marrow.

Our results with the late MDSC phenotype agree with the find-
ings of Delano et al. (10), who described marked expansion of
GR1� CD11b� cells in bone marrow, spleen, and lymph nodes
during murine polymicrobial sepsis and showed that depletion of
MDSCs prevented sepsis-induced T cell suppression and Th2 cell
polarization. That study did not report animal survival. We also
confirmed the dramatic expansion of GR1� CD11b� cells during
late sepsis. Further, we used the CD31 marker of myeloid progen-
itors to identify a more immature subpopulation that increased
from 34% in early sepsis to 79% in late sepsis. The CD31� sub-
population of Gr1� CD11b� cells had less capacity to differenti-
ate, as supported by more cells from day 3 septic mice differenti-
ating ex vivo to macrophages and dendritic cells than did those
from day 12 septic mice. This supports that the dramatic accumu-
lation of GR1� CD11b� cells in late sepsis is not due simply to
their expansion but reflects an early disruption of maturation.
This arrest of differentiation may explain why the number of ma-
ture macrophages and dendritic cells declines during accumula-
tion of GR1� CD11b� cells in sepsis and other inflammatory pro-
cesses (9, 40, 41).

In investigating MDSC differentiation, Kusmartsev et al. (19)
found that GR1� MDSCs from a tumor-bearing mouse can dif-
ferentiate into macrophages and dendritic cells when adoptively
transferred into a healthy mouse. Others found that treatment of
tumor-bearing mice with all-trans-retinoic acid results in differ-
entiation of MDSCs to macrophages and dendritic cells in vivo
and in vitro (1, 19, 21). However, Cuenca et al. (9) were unable to
differentiate MDSCs in vivo in septic mice using GM-CSF, al-
though they could do so ex vivo (10). These investigators postu-
lated that MDSCs retain the potential to differentiate but are
trapped in an immature phenotype within a chronic inflamma-
tory environment, such as in cancer or sepsis (9). Since immature
myeloid cells with a similar GR1� CD11b� phenotype arising
during normal myelopoiesis, are not immunosuppressive (13)
and can quickly differentiate ex vivo (13, 20), it is likely that the

immunosuppressive Gr1� CD11b� MDSCs are reprogrammed in
the bone marrow during septic inflammation by a process that
arrests differentiation. Our results support this in that early MD-
SCs are more responsive to differentiation than late MDSCs, and
the MDSC subpopulation enriched for immature myeloid cell an-
tigen CD31 is almost totally unresponsive to GM-CSF.

A recent study with important implications for understanding
the origin and nature of the differentiation arrest of MDSCs dur-
ing sepsis was reported by Rodriguez et al. (36). These investiga-
tors found that sepsis or bacterial lipopolysaccharide directly
affects the most proximal hematopoietic stem cell through a Toll-
like receptor 4 (TLR4)-dependent process, which increases repli-
cation of the TLR-expressing stem cells but arrests their differen-
tiation into mature myeloid-derived phagocytic neutrophils and
monocytes. This arrest of progenitor cells proximal to MDSCs
might explain the formation of immature CD31� MDSCs.

Transfer of MDSCs provides a good opportunity to study their
immunomodulatory abilities in early versus late sepsis. Transfer
of GR1� CD11b� cells derived from early (day 3) septic mice
exaggerated the early sepsis proinflammatory response in mice, as
manifested by increases in circulating proinflammatory cytokines
and mortality. Unexpectedly, these mice had lower counts of in-
traperitoneal bacteria; this might reflect activation of the more
mature myeloid cells within the Gr1� CD11b� MDSC population
that retain their potential to further generate a protective innate
immune reaction. In contrast, GR1� CD11b� MDSCs from late
(day 12) septic mice generated opposite effects by increasing cir-
culating levels of anti-inflammatory cytokines and reducing mor-
tality. By 8 days after MDSC transfer (i.e., in late sepsis), there was
no further impact on either the cell phenotype assessed by inflam-
matory cytokine production (data not shown) or survival (Fig. 2).
These diminished effects of GR1� CD11b� cell transfer on the late
sepsis response might be explained by the endogenous GR1�

CD11b� cell population of septic mice, which has already ex-
panded enough to overshadow any effect from the transferred
cells. In support of this, an immature CD31� subset of GR1�

CD11b� cells in late (day 12) septic mice represented �79% of the
total GR1� CD11b� cell population. Taken together, the data
identify differences between the host inflammatory reaction and
immune competence.

Two recent studies reported effects of GR1� CD11b� MDSCs
on chronic inflammatory processes. Xia et al. (42) found that
adoptive transfer of bone marrow GR1� CD11b� cells from nor-
mal mice into obese mice decreases inflammation, whereas their
depletion by anti-Gr1 antibody increases inflammation and re-
duces insulin sensitivity. That study further showed that adoptive
transfer of MDSCs skews macrophages toward the alternatively
activated M2 and anti-inflammatory phenotype that expresses ar-
ginase and produces IL-10 and/or TGF-�. Sander et al. (37) used a
murine model of polymicrobial sepsis to show that depletion of
Gr1� CD11b� MDSCs 24 h before and after CLP increases septic
mortality; however, the Gr1 antibody used in this study was not
specific for MDSCs and would also deplete mature Gr1� immu-
nocompetent cells, such as neutrophils. That study—which dis-
covered that the liver acute-phase response and activation of
gp130, the signaling receptor shared by IL-6, are required to gen-
erate MDSCs—also found that adoptive transfer of day 5 postsep-
tic Gr1� CD11b� MDSCs into gp130-deficient mice 24 h after
CLP improves survival. These authors concluded that the Gr1�

CD11b� MDSC response depends on IL-6 interaction with gp130
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as a crucially important protective process during murine sepsis.
The gp130-dificient mice did not accumulate Gr1� MDSCs due to
a lack of STAT3 signaling, which is required for myeloid cell pro-
liferation and Gr1� cell expansion. Our results suggest that during
sepsis, MDSCs are heterogeneous in a time- and inflammation-
dependent context and can either promote or suppress the inflam-
matory response; during late sepsis their immunosuppressive
phenotype is dominant and sustained.

Consistent with our findings of differences in the inflamma-
tory phenotypes between early and late septic GR1� CD11b� cells
were the findings showing that both cell populations had different
inflammatory activities. The immunosuppressive and modula-
tory activities of Gr1� CD11b� MDSCs have been defined by their
upregulated production of inflammatory mediators, such as argi-
nase, NO, and ROS, as well as pro- and anti-inflammatory cyto-
kines (8, 9, 13). Arginase and NO are important components of
the innate immune effector cell functions against infection (9, 13).
The upregulation of arginase activity we detected in late septic
Gr1� CD11b� cells may lead to depletion of L-arginine from the T
cell environment and thus inhibit T cell-mediated responses by
either increasing their apoptosis or inhibiting their proliferation
(6, 8, 18). Our experiments showed that Gr1� CD11b� cells from
early septic mice produced more NO than cells from late septic
mice, which was consistent with the exaggerated proinflammatory
reaction and the reduced bacterial growth we observed during
early sepsis.

In addition, transfer of Gr1� CD11b� cells from early septic
mice increased levels of circulating proinflammatory TNF-� and
IL-6, which were associated with increased mortality and reduced
numbers of peritoneal bacteria during early the sepsis response. In
contrast, cells from late septic mice increased levels of anti-inflam-
matory IL-10 and TGF-�, which was associated with delayed mor-
tality and enhanced bacterial growth. Thus, our results are consis-
tent with those of previous studies showing that Gr1� CD11b�

MDSCs from tumor-bearing animals and patients produce in-
creased amounts of the immunosuppressive IL-10 and TGF-�
(12, 39, 43). While it is not clear from our experiments if these
cytokines were directly produced by the transferred cells or by the
endogenous innate myeloid cells, our results demonstrate that
Gr1� CD11b� cells of late sepsis possess potent immunosuppres-
sive and anti-inflammatory activities consistent with the dramatic
increase in the numbers of the more immature CD31� cell sub-
population. In contrast, Gr1� CD11b� cells that accumulate in
early sepsis have proinflammatory activities, which might have
contributed to the exaggeration of the proinflammatory response
seen in the recipient mice. Also, our results showed that pro- and
anti-inflammatory cytokines were markedly decreased and in-
creased, respectively, to almost similar levels in all CLP mice
(whether they received saline or Gr1� CD11b� cells) once they
entered the late septic phase. Such a shift in the cytokine profile
shows a typical shift from the early to late sepsis response, and it
also suggests that the dramatic expansion of the endogenous
MDSCs at this late phase (see Fig. 1) is responsible for the shift in
the cytokine profile.

Our results showed that Gr1� CD11b� cells from early septic
mice were NO-dependent proinflammatory, whereas those from
late septic mice had arginase-dependent anti-inflammatory phe-
notypes. Also, transfer of Gr1� CD11b� cells from late septic mice
was associated with significantly elevated levels of the immuno-
suppressive IL-10 and TGF-� cytokines. Although TGF-� is not

strictly a Th2 cytokine, it promotes Th2 responses by inhibiting
Th1 macrophage activation (26) and together with IL-10 can steer
the response toward the anti-inflammatory phenotype (26, 27).
Since late sepsis is a Th2-dominated response, our studies suggest
that the undifferentiating late septic CD31� subset of Gr1�

CD11b� MDSCs may be an anti-inflammatory myeloid pheno-
type that mediates the immunosuppressive and anti-inflamma-
tory responses of late sepsis.

In summary, we have shown sequential changes in Gr1�

CD11b� cells during the sepsis response. The kinetics of the ex-
pansion and the immunomodulatory activities of these cells are
governed by the ongoing inflammatory process. Early septic Gr1�

CD11b� cells are proinflammatory, since they produce increased
amounts of proinflammatory mediators and exaggerate the in-
flammatory process of early sepsis. In contrast, late septic Gr1�

CD11b� cells produce anti-inflammatory and immunosuppres-
sive mediators, and they are more immature, suggesting an arrest
at an early stage of myeloid progenitor cell growth and differenti-
ation. Recently, a number of strategies have been developed to use
immunosuppressive myeloid cells for cancer immunotherapy.
Manipulating the numbers and activities of Gr1� CD11b� cells by
eliminating them or inhibiting their expansion or by neutralizing
their immunosuppressive products provides promise for resolv-
ing inflammatory pathologies. Because of their dramatic expan-
sion and immunosuppressive activity in late sepsis, targeting Gr1�

CD11b� cells may represent an attractive therapeutic approach
for the untreatable immune suppression in late/chronic sepsis.
Together, an increasing number of studies support a new concept
that sepsis directly arrests bone marrow progenitor cells and that
novel interventions can be designed to reverse this.
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