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ABSTRACT Myeloid progenitor-derived suppressor cells (MDSCs) arise from myeloid
progenitors and suppress both innate and adaptive immunity. MDSCs expand during
the later phases of sepsis in mice, promote immunosuppression, and reduce survival.
Here, we report that the myeloid differentiation-related transcription factor nuclear
factor I-A (NFI-A) controls MDSC expansion during sepsis and impacts survival. Un-
like MDSCs, myeloid cells with conditional deletion of the Nfia gene normally differ-
entiated into effector cells during sepsis, cleared infecting bacteria, and did not ex-
press immunosuppressive mediators. In contrast, ectopic expression of NFI-A in
myeloid progenitors from NFI-A myeloid cell-deficient mice impeded myeloid cell
maturation and promoted immune repressor function. Importantly, surviving septic
mice with conditionally deficient NFI-A myeloid cells were able to respond to chal-
lenge with bacterial endotoxin by mounting an acute inflammatory response. To-
gether, these results support the concept of NFI-A as a master molecular transcrip-
tome switch that controls myeloid cell differentiation and maturation and that
malfunction of this switch during sepsis promotes MDSC expansion that adversely
impacts sepsis outcome.
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yeloid progenitor-derived suppressor cells (MDSCs) represent a heterogenous

population of immature myeloid cells that includes progenitors and precursors of
monocytes/macrophages, granulocytes, and dendritic cells (1-3). MDSCs are generated
under a variety of inflammatory and infection conditions (1, 2) and are best character-
ized by their immunosuppressive functions (4-6). They may also promote persistent
inflammation and chronic infection with catabolism during chronic sepsis (7). MDSCs
suppress both innate and adaptive immunity via production of immunosuppressive
mediators and inhibition of T cell proliferation and activation (3, 4, 8). Phenotypically,
murine MDSCs coexpress the myeloid differentiation markers Gr1 and CD11b, similarly
to the Gr1* CD11b* myeloid progenitors that arise under normal physiological con-
ditions (2, 9). Unlike the immunosuppressive Gr1+ CD11b* cells (i.e., MDSCs), normal
Gr1+ CD11b* cells can differentiate into competent innate immune cells (3). Elimina-
tion of MDSCs in tumor-bearing mice enhances antitumor immunity (10). Since MDSCs
are “immature” cells that deviate from the standard path of differentiation, it has been
suggested that arrested myeloid cell differentiation and maturation may be responsible
for MDSC generation and immunorepression (2, 6). How immature myeloid cells lose
their ability to differentiate and instead generate MDSCs remains unclear. Some studies,
however, have suggested that MDSCs retain their potential to differentiate and mature
but are trapped in a MDSC phenotype in the environmental milieu of chronic inflam-
mation or growing tumors (1). In support of this, Kusmartsev et al. (10) reported that
MDSCs from tumor-bearing mice could differentiate into macrophages and dendritic
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cells when adoptively transferred into healthy hosts in the presence of all trans-retinoic
acid. In contrast, Cuenca et al. (1) were unable to differentiate MDSCs with all trans-
retinoic acid in the presence of sepsis. Thus, the molecular events that arrest Gr1+
CD11b* cell differentiation and promote MDSC expansion in sepsis are unclear.

Sepsis-induced immunosuppression attenuates both innate and adaptive immunity,
which disrupts microbial clearance of the original infection and increases the risk of
secondary infections (11). Immunosuppression is present during multiple-organ dys-
function, and together, such dysfunctions increase mortality and morbidity in mice and
humans with sepsis (12, 13). Using a murine model of polymicrobial sepsis, which, as a
consequence of administration of antibiotics, briefly develops into an early proinflam-
matory phase followed a late, protracted anti-inflammatory/immunosuppressive phase
(14), we (15) and others (16) observed massive expansion of MDSCs during the late
phase of sepsis.

We discovered that MDSCs isolated from the bone marrow of late-sepsis mice
express increased levels of nuclear factor I-A (NFI-A) protein (17, 18). We further showed
that ex vivo knockdown of NFI-A in MDSCs restored their differentiation/maturation into
macrophages and dendritic cells and diminished their suppressive functions (18),
supporting the concept that NFI-A attenuates myeloid cell differentiation (19, 20).
Recent studies suggested that NFI-A arrests development of myeloid progenitors in an
undifferentiated state. In support of this concept, ectopic expression of NFI-A in human
hematopoietic progenitors counteracts monocytic differentiation (20), whereas inhib-
iting its expression promotes granulocytic differentiation (21).

Here, we used a conditional genetic approach to study NFI-A contributions to MDSC
generation during sepsis. Since global deletion of the murine Nfia gene causes perinatal
lethality (22), we created a conditional knockout mouse model where the Nfia allele is
deleted only in the myeloid-lineage cells. Using this myeloid cell-restricted gene
ablation approach, we investigated how NFI-A affects myeloid cell development in a
mouse model of polymicrobial sepsis induced by cecal ligation and puncture. NFI-A
conditional knockout mice, in contrast to wild-type mice, which suffer profound
immunosuppression (15), did not generate MDSCs or develop immunosuppression, and
they survived sepsis. We conclude that increased NFI-A expression contributes to lethal
sepsis and may be a novel target for sepsis intervention.

RESULTS

NFI-A conditional knockout mice do not modify immune cell numbers. NFI-A
protein levels are increased in septic Gr1+ CD11b* MDSCs, which, unlike Gr1* CD11b™
cells from naive mice, cannot differentiate into mature innate immune cells (18). Our
previous studies implicated NFI-A in the generation and expansion of Gr1™ CD11b*
cells because the knockdown of NFI-A in the Gr1* CD11b™ cell enhanced their
differentiation and maturation into macrophages and dendritic cells (18). To investigate
the in vivo effects of NFI-A on the Gr1* CD11b™* cell development, we generated an
NFI-A conditional knockout mouse model in which the Nfia gene was flanked by loxP
sites (see Fig. 1). To achieve myeloid cell-specific (conditional) deletion, the Nfia floxed
allele was crossed to the Lyz2¢" deletion strain. Mice deficient for the Nfia allele in the
myeloid cells did not display any gross phenotypic abnormalities in terms of develop-
ment, growth, or survival. Because NFI-A is expressed in the Gr1™ CD11b* cell only
after sepsis initiation, we first determined NFI-A protein levels in Gr1™ CD11b™ cells
isolated from the bone marrow of the control (Nfigfox/floxlyz2+/+) and knockout
(Nfigfiox/flox;| yz2cre/*) mice undergoing sepsis. NFI-A conditional knockout resulted in a
complete loss of the NFI-A protein expression in Gr1+ CD11b* cells (Fig. 1D).

Next, we determined whether the Nfia deletion had any effect on the development
of the immune system by measuring numbers of dendritic cells, T and B cells, and Gr1+
CD11b™ cells under steady-state conditions (i.e., in naive mice). Flow cytometry analysis
of the bone marrow cells revealed that numbers of dendritic cells and Gr1+ CD11b™
cells were similar in control and NFI-A knockout mice (Fig. 2), suggesting that NFI-A is
dispensable for steady-state myelopoiesis. Analysis of splenocytes also revealed normal
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FIG 1 Generation of myeloid cell-specific NFI-A knockout model. (A) Schematic representation of gene targeting method used
in the generation of the myeloid cell-specific NFI-A knockout mice. (B) The locations and sequences of the PCR primers used
to confirm the gene targeting and sizes of the expected PCR products are shown. WT, wild type. (C) Nfia genotyping. The DNA
was isolated from tail samples or Gr1+ CD11b* cells and analyzed by PCR using the primers shown in panel B. PCR of the floxed
(wild-type) allele produced a 405-bp product from tail DNA samples or Gr1* CD11b* cells, whereas PCR of the deleted allele
produced a 577-bp product from Gr1+ CD11b* cell DNA from the conditional knockout only, confirming successful deletion
of Nfia in the myeloid lineage. f, flox. (D) NFI-A protein levels. Gr1* CD11b™ cells were isolated from the bone marrow of the
control (Nfighex/flox;[yz2+/+) and NFI-A-deficient (Nfigflox/flox;Lyz2¢<re/+) mice undergoing sepsis, and levels of the NFI-A protein
were measured by Western blotting. The results are representative of two immunoblots from two independent experiments.
cKO, knockout; Flox, floxed allele; Del, deleted allele.

numbers of T and B cells in NFI-A conditional knockout mice (Fig. 2). These results
support the concept that NFI-A deficiency in the myeloid compartment does not affect
immune cell numbers under normal conditions.

NFI-A conditional knockout mice survive sepsis and do not develop immuno-
suppression. Using our sensitive model of polymicrobial sepsis, which develops into
early and late sepsis phases (14), with fluid resuscitation and limited antibiotic treat-
ment, mortality was higher during the late/chronic phase and caused immunosuppres-
sion concomitant with expansion and accumulation of Gr1* CD11b™* MDSCs (15). As an
initial approach to determine the effect of NFI-A deficiency on sepsis-induced immu-
nosuppression, sepsis was induced by cecal ligation and puncture (CLP), and survival
was followed for 4 weeks. Mice moribund during early sepsis (defined as the first 5 days
after CLP) or late sepsis (after day 6) (14) were euthanized and analyzed. A correspond-
ing number of mice that appeared healthy were also sacrificed at the same time but are
reported as “survivors.” As shown in Fig. 3A, nearly 69% of the control knockout mice
died during late sepsis, and none of the mice survived for 4 weeks. In striking contrast,
78% of NFI-A conditional knockout mice survived late sepsis.

The acute phase of sepsis is characterized by blood bacteremia and elevated levels
of proinflammatory cytokines, whereas the late (immunosuppressive) phase is associ-
ated with localized bacterial growth and production of immunosuppressive cytokines
(15). Thus, we measured numbers of bacteria and circulating cytokine levels in control
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FIG 2 NFI-A conditional knockout does not affect immune cell numbers. Bone marrow cells were stained
for Gr1+ CD11b™* cells, and splenocytes were stained for T cells, B cells, and dendritic cells and analyzed
by flow cytometry. Data are expressed as means * SD of results from 5 mice per group and represent
results from two experiments. cKO, conditional knockout.

and NFI-A conditional knockout mice during early and late sepsis. Blood bacteremia in
NFI-A conditional knockout mice was not significantly different from that seen with the
control mice during early sepsis (Fig. 3B). In sharp contrast, local (peritoneal) bacterial
growth was diminished in NFI-A conditional knockout mice during late sepsis but was
significantly higher in control mice. In addition, plasma levels of the proinflammatory
cytokine tumor necrosis factor alpha (TNF-a) were increased in both control and NFI-A
conditional knockout mice during early sepsis, but levels were significantly higher in
control mice (Fig. 4). In late sepsis, TNF-« levels decreased in both control and NFI-A
knockout mice. On the other hand, production of the immunosuppressive cytokine
interleukin-10 (IL-10) was slightly increased in control and NFI-A conditional knockout
mice during early sepsis. During late sepsis, production of IL-10 was further increased
in control mice but was diminished in NFI-A conditional knockout mice (Fig. 4). These
results show that NFI-A deficiency attenuates immunosuppressive cytokine production
and enhances bacterial clearance in late-sepsis mice and improves late-sepsis survival,
and these findings support the concept that NFI-A expression in myeloid cells plays a
critical role in late-sepsis outcomes.

NFI-A conditional knockout mice do not generate MDSCs during sepsis. We
predicted that the NFI-A deficiency would reduce or prevent Gr1* CD11b* MDSC
generation and accumulation in late-sepsis mice, because our previous studies showed
that late-sepsis Gr1™ CD11b™ cells were unable to differentiate ex vivo (15) and that
small interfering RNA (siRNA)-mediated knockdown of NFI-A enhanced their differen-
tiation and maturation (18). Next, we measured numbers of Gr1* CD11b™* cells in the
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FIG 3 NFI-A conditional knockout mice survive late sepsis. Sepsis was induced by cecal ligation and
puncture (CLP) using a 23-gauge needle, and mice were given antibiotics (imipenem) with fluid
resuscitation. With this injury and treatment, sepsis develops into an early phase (defined as days 1 to
5) and a late phase (day 6 and thereafter). (A) Kaplan-Meier survival curve. Mortality was monitored for
28 days, and the death rate (moribundity) data were separated into two categories: early deaths (those
occurring on days 1 to 5) and late deaths (those occurring on days 6 to 28). All moribund mice suffered
significant (>30%) weight loss, hypothermia (<34°C), and loss of righting reflex. The data were collected
from 24 mice per group, pooled from three independent experiments. (B) Diminished levels of peritoneal
bacteria in late-sepsis NFI-A conditional knockout mice. Mice that were moribund during early or late
sepsis were subjected to peritoneal lavage immediately after killing. Blood was collected via cardiac
puncture. A corresponding number of surviving mice that appeared healthy (Nfia cKO group) were
sacrificed and analyzed at the same time and are reported here as “surviving.” The blood or lavage
bacteria were cultured on Trypticase soy agar plates, and the CFU counts were determined 24 h later.
Data in panel B were analyzed by GraphPad Prism 5 and are expressed as means = SD of results from
9 or 10 mice per group pooled from three experiments. cKO, conditional knockout.

bone marrow after sepsis induction at intervals chosen to represent early sepsis (day 3)
and late sepsis (days 6 to 12). Flow cytometry analysis revealed that numbers of the
Gr1+ CD11b™ cells in naive mice (represented by day 0) were approximately 20% of
those of the bone marrow cells in the control mice and 22% in the NFI-A conditional
knockout mice (Fig. 5A and B). During sepsis, the numbers of Gr1™ CD11b™ cells in
control mice increased exponentially from 35% at day 3 (i.e., early sepsis) and reached
85% at day 12 (i.e., late sepsis). In contrast, Gr1* CD11b™ cell levels did not change
significantly in the NFI-A conditional knockout mice during sepsis (Fig. 5B). Since
MDSCs migrate systemically, we measured Gr1+ CD11b* cell numbers in spleens and
blood and observed marked increases in the spleens of control mice but not NFI-A
conditional knockout mice during sepsis; increases were higher in late-sepsis mice (Fig.
5C). These results show that NFI-A expression is needed to prevent Gr1™ CD11b™ cell
generation and accumulation during sepsis.

NFI-A-deficient Gr1+ CD11b* cells from septic mice are not immunosuppres-
sive. The numbers of Gr1* CD11b™" cells were not increased in NFI-A conditional
knockout mice (Fig. 5), and Gr1* CD11b™ levels were similar to those seen with
naive/sham treatment mice (i.e., at the steady-state level). Gr1™ CD11b™* cells not only
increase in number during late sepsis but, unlike cells from naive mice, are immuno-
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FIG 4 Plasma levels of TNF-a and IL-10. Blood was collected and plasma was recovered from moribund
mice that were killed at days 1 to 4 (representing early sepsis) and days 8 to 25 (representing late sepsis)
after CLP. TNF-a and IL-10 levels were measured by ELISA. Data are expressed as means = SD of results
from 5 to 7 mice per group pooled from three experiments. *, P value (control versus cKO, Student’s t
test); #, P < 0.05 (sham treatment group versus CLP group, ANOVA). cKO, conditional knockout.

suppressive, as they produce immunosuppressive mediators such as IL-10 and overex-
press arginase (15). In addition, Gr1™ CD11b™ cells generated during early sepsis are
not immunosuppressive, on the basis of their proinflammatory mediators such as TNF-«
and nitric oxide (NO), upon ex vivo stimulation with the bacterial lipopolysaccharide
(LPS) (15). Therefore, we assessed whether the NFI-A-deficient Gr1+ CD11b™ cells
generated during sepsis are immunosuppressive. Bone marrow Gr1+ CD11b™ cells
were isolated from sham treatment and septic mice and stimulated with LPS for 24 h.
Levels of TNF-a and IL-10 in the culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA), and NO production (measured as nitrite) and arginase
levels were measured in cell lysates. TNF-« and NO are proinflammatory mediators
whose levels are increased during the early/acute phase of sepsis—to activate immune
cells—but their production is decreased during late sepsis (15). These mediators are
also produced upon stimulation of normal, immunocompetent immune cells (23, 24).

As shown in Fig. 6, both control and NFI-A-deficient Gr1™ CD11b™ cells from mice
undergoing early sepsis produced increased amounts of TNF-«, similarly to cells from
sham treatment mice. Importantly, TNF-a production by control cells from late-sepsis
mice was diminished but remained significantly higher in the NFI-A-deficient cells. A
similar pattern was observed for NO production, except that NO production by early-
sepsis cells was much higher (Fig. 6). In contrast, sham treatment and early-sepsis Gr1+
CD11b™ cells from control or NFI-A conditional knockout mice produced small amounts
of IL-10. In late sepsis, IL-10 production was significantly increased in control cells but
remained at low levels in NFI-A-deficient cells (Fig. 6). In addition, arginase expression
(measured by arginase activity) in early-sepsis cells was increased slightly in control and
NFI-A-deficient Gr1™ CD11b™ cells, but its levels were significantly increased in late-
sepsis control cells compared with NFI-A-deficient cells. These results support the
concept that NFI-A-deficient Gr1+ CD11b™ cells generated during sepsis, unlike control
cells, produce proinflammatory but not immunosuppressive mediators.
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FIG 5 Sepsis-induced expansion of Gr1+ CD11b* cells is diminished in NFI-A conditional knockout mice. 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 after sepsis induction and gated by 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. Data are from 5 mice per time point. (C)
Percentages of Gr1+ CD11b™ in spleens harvested from septic mice that were moribund and killed on day 1 to day
4 (early sepsis) or after day 6 (late sepsis). (D) Percentages of Gr1* CD11b* cells in blood of sham treatment and
septic mice. Data are expressed as means * SD of results from 5 mice per group and represent one of two
experiments. *, P value (control versus cKO, Student’s t test); #, P < 0.05 (day O versus other time points or sham
treatment group versus sepsis group, ANOVA). Day 0 (DO) represents sham treatment mice. cKO, conditional
knockout.

One of the important immunosuppressive functions of the Gr1* CD11b* MDSCs is
inhibition of T cell activation/function and proliferation (5). Accordingly, we examined
the effects of Gr1* CD11b* cells on antigen-driven proliferation and activation (mea-
sured by gamma interferon [IFN-vy] production) of T cells. Sham treatment or late-sepsis
Gr1+ CD11b™ cells from control or NFI-A conditional knockout mice were cocultured
with CD4+ T cells isolated from spleens of naive, wild-type mice. T cells were then
activated by cross-linking with anti-CD3 plus anti-CD28 antibodies for 3 days. CD4*+ T
cell proliferation was reduced significantly with the coculture of control Gr1* CD11b™
cells compared with NFI-A-deficient cells (Fig. 7A). Activated CD4™ T cells produced
similar amounts of IFN-vy in coculture with control or NFI-A-deficient Gr1+ CD11b™ cells
from sham treatment mice (Fig. 7B). Interestingly, when late-sepsis Gr1+ CD11b™* cells
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FIG 6 Gr1* CD11b* cells from late-sepsis NFI-A conditional knockout mice exhibit proinflammatory phenotypes.
Gr1* CD11b* MDSCs were isolated from the bone marrow of sham treatment and septic mice. Cells (1 X 10°) were
cultured with 1 pg/ml LPS for 24 h. Supernatants were collected and analyzed for TNF-¢, IL-10, and NO production
(measured as nitrite). The cells were harvested, lysed, and analyzed for arginase activity. Data are expressed as
means =+ SD of results from 5 mice per group and represent one of two experiments. *, P value (control versus cKO,
Student’s t test); #, P < 0.05 (sham treatment group versus sepsis group, ANOVA). cKO, conditional knockout.

from control mice were used, IFN-y production was significantly decreased compared
with that seen with cells from NFI-A conditional knockout mice, whose production
levels were increased similarly to cells from sham treatment mice. Together, the results
presented in Fig. 6 and 7 show that Gr1* CD11b™ cells generated during the course of
sepsis in the absence of NFI-A were unable to repress IFN-y expression in CD4™ T cells
and therefore were not immunosuppressive.

NFI-A-deficient Gr1+ CD11b* cells from septic mice can differentiate ex vivo
into immune-responsive macrophages and dendritic cells, and exogenous NFI-A
represses this differentiation. The inflammation-driven generation and accumulation
of the MDSCs are caused by attenuated differentiation and maturation of the Gr1+
CD11b™ cell population into innate immune cells, and we have shown that this process
becomes more prominent as sepsis progresses from the early phase to the late phase
(15). To directly assess the effects of Nfia deletion on MDSC expansion in sepsis, we
measured Gr1+ CD11b™ cell ex vivo differentiation and maturation into macrophages
and dendritic cells. Bone marrow Gr1+ CD11b™ cells were cultured for 6 days in the
presence of macrophage colony-stimulating factor (M-CSF) plus IL-4, and differentiated
cells were phenotyped by flow cytometry. Gr1+ CD11b™ cells from control septic mice
exhibited decreased differentiation into macrophages and dendritic cells versus sham
treatment mice, and such decreases were significant for cells from late-sepsis mice (Fig.
8). Gr1™ CD11b™ cells from septic NFI-A conditional knockout mice produced more
macrophages and dendritic cells, similarly to cells from sham treatment mice. This
suggests that NFI-A-deficient Gr1+ CD11b* cells generated during sepsis do not
acquire the MDSC phenotype.

Expression of Nfia is highest in Gr1™ CD11b™ cells during late sepsis (17), a time
when differentiation is limited (15). To confirm ex vivo the negative effects of NFI-A on
Gr1+ CD11b™* cell differentiation and maturation, we transfected Gr1* CD11b* cells
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FIG7 Gr1* CD11b* cells from late-sepsis NFI-A conditional knockout mice do not suppress T cell activation
or proliferation. A coculture of Gr1+ CD11b* cells and T cells was used to assess the immunosuppressive
function of Gr1* CD11b™* cells. Spleen CD4* T cells were isolated from naive wild-type mice and labeled
with the fluorescent dye CFSE for 10 min at room temperature. Bone marrow Gr1+ CD11b™ cells isolated
from sham treatment or late-sepsis mice were then cocultured (at 1:1 ratio) with CD4+ T cells, and the
culture was stimulated with anti-CD3 plus anti-CD28 antibodies (1 wg/ml each). (A) After 3 days, CD4* T cell
proliferation was determined by the stepwise dilution of CFSE dye in dividing CD4" cells by flow cytometry.
Histograms of gated T cells (left) and quantitative analysis of cell proliferation (right) are shown. Percent-
ages of cell proliferation were calculated as follows: percent cell proliferation = 100 X (count from CD4+
Tcell + Gr1* CD11b* cell culture/count from CD4* T cell culture alone). (B) The culture supernatants were
analyzed for IFN-y production by ELISA. Data are expressed as means = SD of results from 5 mice per group
pooled from three experiments. *, P value (control versus cKO, Student’s t test); #, P < 0.05 (sham treatment
group versus sepsis group, ANOVA). cKO, conditional knockout.

from late-sepsis, NFI-A conditional knockout mice with an NFI-A expression construct
and confirmed NFI-A protein expression by Western blotting (Fig. 9A). The introduction
of Nfia into the NFI-A-deficient Gr1™ CD11b™* cells (which were able to differentiate)
significantly decreased their differentiation and maturation into macrophages and
dendritic cells compared with cells transfected with an empty vector (Fig. 9B). Not only
did reconstitution of Gr1* CD11b™* cells with NFI-A diminish their differentiation
capacity, but these cells also acquired an immunosuppressive phenotype (Fig. 9C), as
they produced increased amounts of IL-10 in response to stimulation with LPS (com-
pare with Fig. 4). Together, the results presented in Fig. 8 and 9 support the concept
that increased NFI-A expression limits Gr1™ CD11b ™ cell differentiation and maturation.

NFI-A conditional knockout mice survive sepsis and are LPS responsive. The
results described above showed that the NFI-A conditional knockout mouse survivors
do not develop immunosuppression and that Gr1™ CD11b™* cells can differentiate into
immunocompetent macrophages and dendritic cells and likely have immunocompe-
tent CD4* T lymphocytes. Sepsis without infection can be partially mimicked by
systematic administration of Gram-negative bacterial LPS, which, in mice, nonhuman
primates, and humans (25), rapidly activates innate immune cells to generate proin-
flammatory cytokines such as TNF-a and IL-6. After LPS stimulation in vivo, cells and
organs rapidly enter a state of tolerance of endotoxin, with combined organ failure and
immunosuppression (26, 27).
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FIG 8 Normal differentiation of septic Gr1* CD11b* cells from NFI-A conditional knockout mice. Bone marrow
Gr1+ CD11b* cells were isolated from sham treatment and septic mice. Cells were differentiated for 6 days with
M-CSF plus rIL-4 (10 ng/ml each). Percentages of differentiated macrophages (F4/80* CD11b™") and dendritic cells
(CD11c* MHC II*) were determined by flow cytometry. Data are expressed as means * SD of results from 5 mice
per group and represent one of two experiments. *, P value (control versus cKO, Student's t test); #, P < 0.05 (sham

treatment group versus sepsis group, ANOVA). cKO, conditional knockout.

To investigate the effect of NFI-A deficiency in the myeloid lineage on the immune
competency of innate immune cells in acute inflammation, we challenged naive control
(NFI-A-expressing) and NFI-A conditional knockout mice that had recovered from sepsis
with LPS. To do this, we intraperitoneally (i.p.) injected both groups with a sublethal
dose (25 ug) of LPS 2 weeks after presumed sepsis recovery and measured plasma
levels of TNF-a and IL-6 24 h after LPS challenge using ELISA. LPS challenge of the
recovered, NFI-A conditional knockout mice increased TNF-a and IL-6 production to
levels similar to those seen with the control, naive mice (Fig. 10), suggesting that NFI-A
deficiency has no negative effects on innate immunity without sepsis.

DISCUSSION

We previously reported that sepsis-induced generation and accumulation of Gr1*
CD11b™ MDSCs are due mainly to arrested differentiation and maturation of the Gr1+
CD11b* myeloid progenitor population (15). In the present report, we provide genetic
support for the concept that sepsis-induced MDSC generation depends on NFI-A
expression, since conditional Nfia genetic deletion in myeloid cells prevented late-
sepsis MDSC accumulation in bone marrow and spleen and immunosuppression and
improved survival. These new findings are compatible with the notion that NFI-A is an
essential regulator of the innate and adaptive immune repressor state of sepsis and
contributes to poor outcome in murine polymicrobial sepsis.

NFI-A protein is not expressed in the naive Gr1* CD11b™ cells, but its expression is
induced during polymicrobial sepsis in mice (17). Gr1* CD11b™ cells are intermediates
of the myeloid-lineage cell repertoire that arise under normal physiological conditions
and differentiate into competent innate immune cells (5). However, during sepsis (15)
and under other inflammatory conditions (1, 3), Gr1™ CD11b™ cell numbers expand and
are typified by the MDSC phenotype. The increase in Gr1* CD11b™ cell numbers and
suppressive activities has an impact on the later phases of sepsis, during which
suppression of both innate and adaptive immunity becomes profound (15). The
physiological importance of these findings is highlighted by the observation that the
Gr1+ CD11b™* cells from NFI-A conditional knockout mice were able to differentiate
normally and were not immunosuppressive. Moreover, NFI-A conditional knockout
mice had normal numbers of both T and B cells, supporting the concept that NFI-A may
have a global adaptive and innate immunologic impact during murine polymicrobial
sepsis.

Through the repression of the cyclin-dependent kinase (cdk) inhibitor p21, the NFI-A
protein can disrupt Gr1™ CD11b™ cell differentiation and maturation (18). Previous
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FIG 9 Ectopic expression of NFI-A in septic Gr1* CD11b* cells from NFI-A conditional knockout mice
blocks their differentiation and switches them to an immunosuppressive phenotype. Bone marrow Gr1+
CD11b™* cells were isolated from late-sepsis mice (days 8 to 22 after sepsis induction) and transfected
with an NFI-A expression plasmid or an empty vector. After 36 h, cells were differentiated for 6 days with
M-CSF plus rIL-4 (10 ng/ml each). (A) NFI-A expression was confirmed by Western blotting using cells
pooled from 3 mice in each group. Results are representative of two Western blottings. (B) Flow
cytometry analysis of the differentiated cells gated by F4/80* CD11b* or CD11c* MHC II* staining. Data
are expressed as means * SD of results from 5 mice per group and represent one of three experiments.
*, P value (control versus vector Nfia cKO); **, P value (vector Nfia cKO versus NFI-A, Student’s t test). (C)
Differentiated cells were stimulated for 12 h with 1 pug/ml LPS (E. coli serotype 0111:B4), and levels of
TNF-a and IL-10 in the supernatants were determined by ELISA. Data are expressed as means * SD of
results from 5 mice per group and represent one of three experiments. *, P value (vector versus NFI-A,
Student’s t test); #, P < 0.05 (control versus Nfia cKO groups, ANOVA).

studies have shown that p21 acts through the cdk’s to arrest cell cycle progression in
human fibroblasts and breast cancer cell lines (28, 29). Deletion of the p27 gene in
mouse increases levels of the myeloid progenitors by attenuating their differentiation
(30). We have previously shown that p21 expression is lost in Gr1+ CD11b* cells during
murine sepsis due to the induction of Nfia expression (18). We found that the lack of
p21 expression in septic Gr1™ CD11b™ cells enhanced formation of the cyclin D1-cdk4
protein complex, which led to activation of NF-«B p65 (18). The outcome was reduced
differentiation of the Gr1™ CD11b™ cells. Silencing of the Nfia gene in Gr1+ CD11b™*
cells ex vivo restores p21 expression and enhances their differentiation and maturation
(18). In the NFI-A-deficient Gr1+ CD11b™* cells, we observed increased activation of
NF-kB, as measured by the increases in NF-«B protein levels (data not shown). Persis-
tent activation of NF-kB has been linked to myeloproliferative disorders and accumu-
lation of Gr1+ CD11b™* cells in mouse (31).

The immunosuppressive activities of Gr1™ CD11b™ MDSCs are associated with
different inflammatory conditions and cancer (2, 3). MDSCs from tumor-bearing animals
and cancer patients produce increased amounts of the immunosuppressive cytokines
IL-10 and transforming growth factor beta (TGF-B) and also overexpress arginase, which
inhibits T cell activation and proliferation (2, 32). We have shown that the early/acute-
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FIG 10 NFI-A conditional knockout mice that had recovered from sepsis mount a normal inflammatory
response to LPS challenge. A number of the NFI-A conditional knockout mice that had recovered from
sepsis were challenged (i.p.) with a sublethal dose (25 ng) of the Gram-negative bacterial endotoxin
lipopolysaccharide (LPS) (from Escherichia coli serotype 0111:B4; Sigma-Aldrich, St. Louis, MO). Mice were
subjected to the LPS challenge 2 weeks after the end of the 4-week sepsis time course. A group of naive,
control mice were also injected with LPS and served as a positive control. Blood was collected 24 h later,
and plasma levels of TNF-a and IL-6 were determined by ELISA. Data are expressed as means = SD of
results from 5 mice per group and represent one of two ELISAs. cKO, conditional knockout.

sepsis Gr1™ CD11b™ cells from early/acute-sepsis mice are, like naive cells, proinflam-
matory, as they produce increased amounts of TNF-¢, IL-6, and NO, which activate
immune cells (15). However, late-sepsis Gr1+ CD11b™ MDSCs are reprogrammed to
produce immunosuppressive IL-10 and arginase (15). Here, we showed that IL-10 and
arginase levels did not increase in the NFI-A conditional knockout mice but did increase
in control septic mice. NFI-A conditional knockout mice recovering from sepsis
mounted an inflammatory response, similarly to naive mice when challenged with
bacterial endotoxin. These findings demonstrate that NFI-A deficiency in the myeloid-
lineage cells prevents expansion of Gr1* CD11b* MDSCs during sepsis.

We also showed that levels of Gr1™ CD11b™ MDSCs decrease in the spleens of NFI-A
conditional knockout mice during sepsis. Gr1* CD11b™ MDSCs accumulate in the
spleen under different inflammatory conditions in mice (8, 16), and a small postmortem
study showed that spleen harvested at bedside from humans who died from sepsis had
increased numbers of Gr1+ CD11b* MDSCs (33). The source of splenic MDSCs is not
clear, but some studies support the concept that MDSCs originate in the bone marrow
and then are trafficked to the spleen during injury or inflammation (34, 35). Others
support the concept that splenic MDSCs may originate in the spleen as a result of
extramedullary myelopoiesis, which is needed to replace myeloid cells depleted from
bone marrow (1). This report provides strong evidence that splenic Gr1+ CD11b™
MDSCs in septic mice derive from bone marrow, since they were not detected in the
spleen in the NFI-A conditional knockout mouse during sepsis.

Finally, emerging data support the concept that sepsis-associated immunosuppres-
sion of adaptive and innate immunity contributes to high mortality and morbidity
during persistent sepsis (13, 36). For example, septic patients who die show evidence
of unresolved primary infection and acquisition of secondary, opportunistic infections,
including reactivation of latent viruses (11, 13). Studies of newer approaches to
immunoenhancement treatment of sepsis are under way (37). Our findings showing
that sepsis-induced expansion of MDSCs promotes and maintains sepsis immunosup-
pression are relevant to these newer sepsis treatment strategies, since MDSCs suppress
both innate and adaptive immunity (32, 38), and MDSC numbers increase in blood of
patients with sepsis (36, 39) and correlate with either early mortality or prolonged
hospitalization (36). Moreover, elimination of MDSCs in tumor-bearing animals with
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chronic immunosuppression improves immune responses and may be an adjuvant to
cytotoxic cancer treatment (10).

This report, by identifying a control or checkpoint point, potentially informs a new
treatment strategy of targeting NFI-A to control immunosuppressive MDSC expansion.

MATERIALS AND METHODS

Production of BALB/cJ Nfia floxed mice. The BALB/cJ Nfia floxed allele was created by gene
targeting in BALB/cJ embryonic stem (ES) cells (PRX-Balb/cJ 9; Primogenix, Laurie, MO, USA) with a
“knockout first, conditional ready” gene targeting vector (vector PGRS0001-B-F10) from the EUCOMM
project [see http://www.mousephenotype.org/data/alleles/MGI:108056/tm1a(EUCOMM)Hmgul. The re-
sulting Nfia knockout first allele incorporated a FLP recombination target (FRT)-flanked splice-acceptor-
LacZ-Neo cassette and a loxP site in intron 1 and another loxP site in intron 2, thus flanking Nfia exon 2
with loxP sites (see Fig. 1). Targeted ES cells were initially identified by long-range PCR with one primer
outside the vector homology arm and a second primer in the inserted sequence. PCR-positive clones
were validated by Southern blotting using 5" and 3’ probes external to the vector homology arms and
with a neomycin internal probe. A single correctly targeted clone (3E) was electroporated with an Flpe
expression plasmid, and subclones were screened by PCR for removal of the “knockout first” element.
Three subclones were injected into C57BL/6 blastocysts to generate chimeras, which were mated to
BALB/cJ females for germ line transmission of the Nfia floxed allele (see Fig. 1).

Production of BALB/cJ Lyz2-Cre knock-in mice. The structure of the BALB/cJ-Lyz2<"¢ knock-in allele
was similar to that of the allele described by Clausen et al. (40). The allele was constructed as follows. The
coding sequence for nucleus-localized Cre recombinase (NLS-Cre) was inserted precisely at the start
codon of the Lyz2 gene by clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9-
stimulated gene targeting in BALB/cJ ES cells. The targeting vector contained the following: (i) a 1,101-bp
5" homology arm comprising sequences immediately 5’ of the ATG start codon of the Lyz2 gene; (ii) the
NLS-Cre coding sequence (without polyadenylation signal) followed by a FRT-flanked neomycin selection
cassette; and (iii) an 860-bp 3’ homology arm comprising sequences immediately 3’ of the Lyz2 ATG start
codon. The circular targeting vector was electroporated into BALB/cJ ES cells (PRX-Balb/cJ 9; Primogenix,
Laurie, MO, USA) together with a plasmid encoding the Cas9-D10A nickase and two plasmids for
U6-promoter-driven expression of guide RNAs targeting Cas9 nickase to the Lyz2 start codon region. The
guide RNAs and their target sequences were as follows: Lyz2-g1B (5'-CAGAGTCAGGAGAGTCTTCATGG-3')
and Lyz2-g36T (5'-CCTGCTTTCTGTCACTGCTCAGG-3'). Electroporated ES cells were selected on G418, and
the surviving clones were screened by PCR to identify clones with homologous integration of the Cre and
Neo cassette region at the Lyz2 locus. PCR-positive clones were analyzed by Southern blotting with 5’
and 3’ probes external to the targeting vector and a neomycin probe. A correctly targeted clone (2G9)
was subsequently electroporated with an Flpe expression plasmid, and subclones were screened by PCR
for removal of the neomycin cassette. Three correct subclones were injected into C57BL/6 blastocysts to
generate chimeras. Chimeras were mated to BALB/cJ females for germ line transmission of the Lyz2¢re
knock-in allele (see Fig. S1 in the supplemental material).

Generation of BALB/cJ Nfia conditional knockout mice. The myeloid cell-specific NFI-A knockout
mice were generated by breeding the Nfia floxed mice described above with the Lyz2¢¢ knock-in mice.
Nfiafiox/flox;| yz2¢re/+ mice were crossed to Nfiaflo/flox;Lyz2+/+ mice to generate NfiaTex/flox mice with and
without Cre. Genotypes were verified for all mice by PCR. Western blotting was also used to confirm that
the myeloid cells were negative for Nfia expression. The Nfiafo/flox;[yz2¢re/+ mice, where the expression
of the Cre recombinase under the control of the Lyz2 gene promoter inactivates the floxed Nfia allele in
the myeloid-lineage cells, served as our myeloid cell-specific knockout. The Nfigflex/flox[yz2+/+ mice,
which do not express the Cre recombinase (and thus, the floxed Nfia allele is still expressed in the
myeloid-lineage cells), served as controls.

The mice were bred and housed in a pathogen-free facility in the Division of Laboratory Animal
Resources of East Tennessee State University. Wild-type male BALB/cJ littermates (8 to 10 weeks old)
were purchased from the Jackson Laboratory (Bar Harbor, ME) and were acclimated to the new
environment for a week before 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 was induced by cecal ligation and puncture (CLP) as described
previously (14). 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 exteriorized, ligated distal
to the ileocecal valve, and then punctured twice with a 21-gauge needle. A small amount of feces was
extruded into the abdominal cavity. The abdominal wall and skin were sutured in layers with 3-0 silk.
Sham treatment mice were treated identically except that the cecum was not ligated or punctured. Mice
received 1 ml lactated Ringers plus 5% dextrose for fluid resuscitation intraperitoneally (i.p.). This level
of injury creates a prolonged infection with 100% mortality over 4 weeks. To generate late sepsis, mice
were subcutaneously administered antibiotic (imipenem; 25 mg/kg body weight) or an equivalent
volume of 0.9% saline solution. To establish intra-abdominal infection and approximate the clinical
situation of early human sepsis, when there often is a delay between the onset of sepsis and the delivery
of therapy (41), injections of imipenem were given at 8 and 16 h after CLP, a treatment which results in
high (~70%) mortality during the late/chronic phase (14). The presence of early sepsis was confirmed by
transient systemic bacteremia and elevated cytokine levels in the first 5 days after CLP. Late/chronic
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sepsis (after day 5) was confirmed by the presence of enhanced peritoneal bacterial overgrowth and
reduced levels of circulating proinflammatory cytokines.

Isolation of Gr1+ CD11b* cells. Gr1* CD11b™" cells were isolated from the bone marrow immedi-
ately after mice were euthanized by use of magnetically assisted cell sorting according to the manu-
facturer’s protocol (Miltenyi Biotech, Auburn, CA). The bone marrow cells were flushed out of the femurs
with RPMI 1640 medium (without serum) under aseptic conditions (14). A single-cell suspension of the
bone marrow was made by pipetting up and down and filtering through a 70-um-pore-size nylon
strainer, followed by incubation with erythrocyte lysis buffer. After washing, total Gr1+ CD11b* cells
were purified by subjecting the single-cell suspension to positive selection of the Gr1+ CD11b* cells by
incubation with biotin-coupled mouse anti-Gr1 antibody (clone RB6-8C5; eBioscience, San Diego, CA) for
15 min at 4°C. Cells were then incubated with antibiotin magnetic beads for 20 min at 4°C and
subsequently passed over a mass spectrometry (MS) column. Purified Gr1* CD11b* cells were then
washed and resuspended in sterile saline solution. For blood Gr1+ CD11b™ cells, blood was collected via
cardiac puncture, and red blood cells were removed by lysis. After washing, cells were phenotyped by
flow cytometry or subjected to positive selection of the Gr1* CD11b™" cells as described above. The cell
purity was determined by flow cytometry. Typically, ~90% Gr1*+ CD11b™* cells were obtained by this
procedure.

Cell culture. Gr1* CD11b* cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
supplemented with 100 U/ml penicillin, 100 png/ml streptomycin, 2 mM L-glutamine (all from HyClone
Laboratories, Logan, UT), and 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) at 37°C and
5% CO,.

Flow cytometry. Total or differentiated Gr1* CD11b* cells were stained by incubation for 30 min on
ice in staining buffer (phosphate-buffered saline [PBS], 2% fetal bovine serum [FBS]) with the following
antibodies: anti-Gr1 conjugated to fluorescein isothiocyanate (FITC), anti-CD11b conjugated to phyco-
erythrin (PE), anti-F4/80 conjugated to allophycocyanin (APC), anti-CD11c conjugated to PE, and anti-
major histocompatibility complex (MHC) Il conjugated to FITC. CD4* T cells were stained with anti-CD4
antibody conjugated to PE (all antibodies were from eBioscience, San Diego, CA). An appropriate
isotype-matched control was used for each antibody. After washing, the samples were analyzed by the
use of a FACSCaliber flow cytometer (BD Biosciences, Sparks, MD). About 25,000 events were acquired
and analyzed using CellQuest Pro software (BD Biosciences).

Ex vivo differentiation of Gr1+ CD11b+ cells. Gr1* CD11b* cells were cultured for 6 days with
complete RPMI 1640 medium in the presence of 10 ng/ml of M-CSF (PeproTech Inc., Rocky Hill, NJ) and
10 ng/ml recombinant IL-4 (rlL-4) (eBioscience, San Diego, CA). The cell phenotypes were analyzed by
flow cytometry. In some experiments, a portion of differentiated cells was washed and stimulated for 12
h with 1 ug/ml of LPS, and culture supernatants were used for cytokine measurements by ELISA.

ELISA. Cytokine concentrations were determined using specific enzyme-linked immunosorbent assay
(ELISA) kits (eBioscience) according to the instructions of the manufacturer. Each sample was run in
duplicate.

T cell suppression assay. Gr1* CD11b™* cells were cultured with CD4* T cells to determine their
effects on T cell proliferation and IFN-y production. Briefly, spleen CD4* T cells from naive wild-type mice
were isolated by positive selection using biotinylated anti-CD4 magnetic beads (Miltenyi). Cells were
fluorescently labeled with carboxy-fluorosceindiacetate, succinimidyl ester (CFSE) dye using a Vybrant
2',7'-dichlorodihydrofluorescein diacetate (CFDA) SE Cell Tracer kit (Invitrogen/Molecular Probes, Eu-
gene, OR). Cells were incubated for 10 min at room temperature with 10 uM CFSE dye and then
cocultured (at a 1:1 ratio) with Gr1* CD11b* cells. T cell proliferation was induced by stimulation with
an anti-CD3 antibody plus an anti-CD28 antibody (R&D Systems, Minneapolis, MN) (1 ng/ml each). After
3 days, cells were harvested and CD4* T cell proliferation was determined by stepwise dilution of CFSE
dye in dividing, CD3-gated CD4* T cells using flow cytometry. Culture supernatants were collected for
the IFN-y measurement.

NFI-A construct and transfection. Full-length mouse Nfia cDNA was cloned in a pEZ-M07 plasmid
expression vector downstream of the cytomegalovirus (CMV) promoter, and NFI-A protein expression
was verified by Western blotting. An empty pEZ-MO07 vector served as a negative control. Plasmid DNA
was suspended in HiPerFect reagent (Qiagen, Valencia, CA) (final concentration, 0.5 wg/ml) and trans-
fected into Gr1* CD11b™ cells, using a Gene Pulser MXCell system (Bio-Rad, Hercules, CA). After 24 h, cells
were differentiated for 6 days with M-CSF plus rIL-4 (as described above). In some experiments,
differentiated cells were stimulated for 12 h with LPS.

Western blotting. Equal amounts of protein extracts were mixed with 5X Laemmli sample buffer,
separated by the use of an SDS-10% polyacrylamide gel (Bio-Rad), and subsequently transferred to
nitrocellulose membranes (Thermo Fisher Scientific, Waltham, MA). After blocking with 5% milk-Tris-
buffered saline-Tween 20 was performed for 1 h at room temperature, membranes were probed
overnight at 4°C with mouse anti-NFI-A antibody (Santa Cruz Biotechnology, Dallas, TX). After washing,
blots were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody
(Life Technologies, Grand Island, NY) for 2 h at room temperature. Proteins were detected with an
enhanced chemiluminescence detection system (Thermo Fisher Scientific). The developed bands were
visualized using a ChemiDoc XRS system (Bio-Rad), and the images were captured with Image Lab
software V3.0. Membranes were stripped and reprobed with B-actin antibody (Sigma-Aldrich) as a
loading control.

Blood and peritoneal bacterial culture. Inmediately after mice were euthanized, the peritoneal
cavity was subjected to lavage performed with 5 ml PBS. The lavage fluid was cleared by centrifugation
and diluted 6- to 8-fold. Blood was collected via cardiac puncture in heparinized tubes and diluted 5-fold.
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Diluted lavage fluid or blood was plated on 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 microbiol-
ogist, and the CFU counts were determined and multiplied by the dilution factor.

Nitric oxide production. Gr1* CD11b* cells were cultured in RPMI 1640 medium and stimulated

with 1 ug/ml LPS (Escherichia coli [0111:B4]; Sigma, St. Louis, MO) for 24 h. Nitric oxide production (which
reflects inducible nitric oxide synthase [iNOS] activity) was determined by analysis of nitrite concentra-
tions in the culture supernatants using Griess reagent according to the protocol of the manufacturer
(Molecular Probes, Eugene, OR). Briefly, Griess reagent was made immediately before use by mixing equal
volumes of 0.1% N-1-naphthylethylenediamine dihydrochloride and 1% sulfanilamide in 5% phosphoric
acid. Samples and sodium nitrite standards (150 wl) were mixed with 20 ul Griess reagent and 130 ul
double-distilled water (dH,0) and then incubated for 30 min at room temperature in a 96-well
microplate. Absorbance was read at 548 nm using a spectrophotometer. Nitrite concentrations were
calculated from the NaNO, standard curve.

Arginase activity assay. After the culture supernatants were collected for the NO production assay,

Gr1+ CD11b™" cells were collected and arginase 1 activity was determined by measuring urea concen-
tration (a by-product of arginase 1 activity) in the cell lysates using an arginase assay kit (Abnova, Walnut,
CA). Briefly, ~1 X 106 cells were lysed with 100 ul of 10 mM Tris-HCl (pH 7.4) containing 1X protease
inhibitor cocktail and 0.4% Triton X-100. Lysates were cleared by centrifugation for 10 min at 15,000 rpm.
Arginine hydrolysis by arginase was conducted by incubating 40 ul of lysate with 10 ul of 5X substrate
buffer (containing L-arginine) in a 96-well plate at 37°C for 2 h. The reaction was stopped by adding 200
wul of urea reagent to all wells, including those containing the urea standard. The plate was then
incubated at room temperature for 20 min, and the urea concentration was measured at 520 nm. One
unit of arginase 1 converts 1 umol 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 by the use of GraphPad Prism

version 5.0 (GraphPad Software, La Jolla, CA), and survival significance was determined by a log-rank test.
All other data were analyzed by the use of Microsoft Excel, V3.0, and are presented as means =+ standard
deviations (SD). Differences between 2 groups were analyzed by an unpaired Student’s t test. One-way
analysis of variance (ANOVA) was used to analyze differences in comparisons of 3 or more groups. P
values of <0.05 were considered statistically significant.
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