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FIGURE 3. Stat3 CKO mice exhibit a mild ileocolitis. A, Intestinal inflammation was scored on H&E-stained sections (see B) with a four-tiered scale (0,
normal; 1, minimal; 2, mild; 3, moderate; and 4, severe) by a pathologist (G.B.) blinded for age (4, 8, 12, 24, and 36 wk; n =5 for each group except 36 wk,
where n = 3) and genotype. Mice were independently housed. B, Representative H&E-stained sections of the small intestine (original magnification X40),
cecum (original magnification X100), and colon (original magnification X40) from WT and CKO mice. A crypt abscess (original magnification X200) is
shown in the inset. C, Enterocolitis correlates with changes in LPLs. Leukocytes were harvested from 9- to 12-mo-old WT (n = 3) and CKO (n = 5) small
intestine, cecum, and colon. Cells were stained and evaluated by FACS for their distribution of CD4" and CD8" T cells, B cells (B220*/CD11c¢"), and
macrophages (Macs; CD11b*/CD11¢™). Data are presented as percentage of total live LPLs. The data are mean = SEM of tissues from three WT and CKO
mice. D, DC populations in cecum and colon are unchanged in CKO mice. ¢cDCs (CD11c¢™/MHC-II") and pDCs (B220*/CD11¢™) were detected using
cells isolated as in C and are presented as percentage of total live LPLs. The data are mean = SEM of three WT and CKO mice. E, Enterocolitis is
associated with T cell infiltration into lamina propria. Epitopes were retrieved from paraffin sections of WT and CKO cecum as previously reported (36) and
stained with B220 (biotinylated rat anti-CD45R; clone RA3-6B2 [eBioscience, San Diego, CA]; 10 mg/ml), polyclonal rabbit anti-CD3 (BioExpress), or
control Abs and detected with streptavidin-HRP (Jackson ImmunoResearch Laboratories, West Grove, PA) plus 3-amino-9-ethylcarbazole (NovaRed;
Vector Laboratories, Burlingame, CA) or with goat anti-rabbit alkaline phosphatase and NBT/5-bromo-4-chloro-3-indolyl phosphate (dark blue; Sigma-
Aldrich). Representative photographs, taken at magnification X200, as presented. SI, small intestine.

In contrast, MHC-II and CD86 expression was insensitive to IL-10 ically, deletion of Stat3 in hematopoietic progenitors led to a se-
pretreatment in Stat3 CKO DCs (Fig. 54). Similarly, IL-10 failed verely contracted cDC compartment and a substantial block in pDC
to block LPS-dependent cytokine secretion in Stat3 CKO DCs development, with the rapid emergence of a lethal ileocolitis (9,

(see Fig. 5B). A similar autocrine phenomenon may also account 39). Defects in DC development were attributed to impaired Flt3-
for the enhanced levels of cytokines observed in CKO serum and Stat3—dependent signaling (9, 10). Inducible Stat3 deletion has
in CpG-stimulated DCs (Figs. 2, 4A). These observations are been associated with systemic granulocytosis and a comparable
consistent with previous studies on Stat3-deficient macrophages aggressive colitis marked by a neutrophil predominant infiltrate
(16), underscoring an important role for Stat3 in directing the anti- (L. Song and C. Schindler, unpublished observation) (17, 18). This

inflammatory activity of IL-10 on DCs. These studies raise the inflammatory process featured a disrupted epithelial barrier,
possibility that a loss in autocrine IL-10 response, or another reminiscent of the pathophysiology reported for T-bet/RAG2

analogous Stat3-dependent negative regulator, may account for the double-knockout mice (42). Analogously, deletion of Stat3 in
hyperactivity observed in Stat3 CKO DCs. regulatory T cells was associated with an aggressive, albeit Th17-

dependent destructive colitis (19). In contrast, the colitis that de-
Discussion veloped in mice with a myeloid-specific (i.e., LysM-Cre transgene
The development of a more specific CD11c-Cre transgene has targeting polymorphonuclear neutrophils > macrophages DCs),
provided an opportunity to explore the role Stat3 plays in regulating albeit incomplete, Stat3 deletion (L. Song and C. Schindler, un-
DC activity in vivo. Previous efforts, exploiting panhematopoietic published observation) (43) was associated with life spans that

or inducible Stat3 deletion, yielded complex phenotypes. Specif- approached 24 wk and an infiltrate featuring neutrophils,
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FIGURE 4. Functional characterization of Stat3 CKO DCs. A, Stimu-
lated CKO DCs exhibit enhanced capacity to secrete cytokines in vitro.
WT and CKO BMDCs (day 6 GM-CSF; see Supplemental Fig. 1) were
evaluated for cytokine expression after stimulation with TLR agonists,
including D (negative control CpG; 1 uM), D19 (A/D-type CpG; 1 puM),
1668 (K-type CpG; 1 uM), and LPS (1000 ng/ml). Twelve-hour super-
natants were evaluated for cytokine production by ELISA (IL-23 and IL-
10) or bead array (TNF, IL-12, and IL-6). Values of p for WT versus CKO
were as follows: for IL-6, D19 < 0.01, 1668 < 0.007; for TNF, D19 <
0.0001, 1668 < 0.032; for IL-12, 1668 < 0.04, LPS < 0.003; for IL-10,
LPS < 0.19; and for IL-23, LPS < 0.03). Results are representative of
more than three independent experiments. B, Stimulated CKO DCs exhibit
enhanced capacity to secrete IL-12 in vivo. WT (n = 5) and CKO (n = 8)
mice were injected with LPS (WT, n = 3; CKO, n =5) or PBS. Three hours
later, splenocytes were harvested, stained (anti-CD11c-PE and anti—IL-12-
allophycocyanin), and analyzed by FACS (see also Supplemental Fig. 6A).
The increase in IL-12 production was quantified by mean fluorescence
intensity in table at right. C, Increased Th1 polarization by CKO BMDCs.
Day 6 WT and CKO GM-CSF DCs were evaluated for their ability to
present Ag to purified CD4* OT-II splenocytes after loading (16) with
indicated concentrations of OVA. OT-II T cells were then evaluated for
their capacity to proliferate (Supplemental Fig. 6B) or produce IFN-y and
IL-4 (data not shown) by intracytoplasmic staining. Graph shows per-
centage of IFN-y*,CD4* T cells. Data are representative of three in-
dependent experiments and were confirmed by ELISA. Values of p of WT
versus CKO were significant for IFN-y production at 0.5 mg/ml OVA (p <
0.0004) and 1 mg/ml OVA (p < 0.001). D, Increased Th1 polarization by
CKO MLN DCs. OT-II CD4* T cells (10° cells/well) were stimulated with
CD11c" cells isolated from the MLNs of WT (n = 3) and CKO (n = 5)
mice in the presence or absence of the peptide OVA3,3_339 (OVAp) at DC:
T cell ratio of 1:10. After 72 h, T cells were restimulated and evaluated for
IFN-vy production by ELISA (eBioscience). Results are expressed as means
(= SEM) of six independent experiments (xp < 0.05).
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FIGURE 5. Inhibitory activity of IL-10 on Stat3 CKO DCs. A, CKO DC
activation is not sensitive to IL-10 suppression. Day 9 WT and CKO GM-
CSF DCs were stimulated with LPS (100 ng/ml, 12 h) either before or after
a 12-h pretreatment with IL-10 (10 ng/ml). Bar graph quantifies significant
decreases (graphed as percent change) in the LPS-stimulated CD86 and
MHC-II expression in WT (versus CKO) CD11c¢", IL-10—pretreated DCs
(p values of 0.00001 and 0.008, respectively). Results are representative of
greater than three independent experiments. B, CKO DC cytokine secre-
tion is not suppressed by IL-10. Twelve-hour LPS culture supernatants
were collected from DCs treated as outlined in A and evaluated for cyto-
kine production by bead array. Each data point is representative of four
independent samples.

lymphocytes, macrophages, and DCs (15, 16). Although colitis was
ascribed to an enhanced TLR4-dependent IL-12 secretion and lym-
phocyte activation, the considerably more abundant macrophages
appeared to direct this response (15). This contrasted the chronic (i.e.,
nonlethal), neutrophil poor, inflammatory process found in CD11c-
Cre Stat3 CKO mice, suggesting that either the macrophage pre-
dominant IL-12 secretion in LysM-Cre mice was more proin-
flammatory or that activation of the IL-23-Th17 axis may have
accounted for at least some of IL-20p40—dependent inflammatory
response in these mice (15). This axis does, however, not appear to
play a significant role in the CD11c-Cre Stat3 CKO mice.

Studies with the CD11c-Cre transgene have determined that it
directs the efficient deletion in target genes, including Stat3, in cDCs
and pDCs but not in other myeloid or lymphoid lineages (26-28).
Consistent with evidence that this deletion largely occurs after cDC
lineage commitment, cDCs developed normally in Stat3 CKO mice
(26). In contrast, splenic and BM pDC populations were reduced by
50%. These observations underscore the earlier expression of the
CDl11c-Cre transgene during pDC development, as well as a role
for the Flt3-Stat3 axis in pDC expansion (9-11). Defective Stat3
signaling may, however, also perturb hematopoiesis through
a pathway that is independent of Flt3 (44, 45). Despite this 2-fold
reduction, the number of pDCs recovered from LNs, cecum, and
colon was equivalent in WT and Stat3 CKO mice. This observation
highlights a compensatory recruitment of CKO pDCs to lymphoid
tissues, further underscoring the use of a model where potentially
confounding developmental defects are avoided.

Mice with steady-state, DC-specific Stat3 deletion exhibited
several proinflammatory features in addition to their ileocolitis,
including isolated cervical lymphadenopathy (c-LNs drain into the
nasopharyngeal cavity) and increased peribronchiolar infiltration.
This constellation suggested that a DC-specific deletion of Stat3
was associated with an increased proclivity toward mucosal in-
flammation, likely reflecting a loss in mucosal tolerance. Consistent
with this, the lower gastrointestinal tract, with its relatively large
burden of microbes, exhibited the highest level of inflammation.
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Indeed, previous studies have highlighted an important role for
lamina propria DCs in sampling commensal bacterial and food Ags
to promote tolerance (21, 22). Similarly, deletion of the transcrip-
tion factor T-bet in the DCs of RAG2 ™/~ mice was associated with
enhanced DC-dependent TNF secretion (42). Although these mice
developed an aggressive, granulocyte predominant colitis that was
quite distinct from the Crohn’s-like disease found in Stat3 CKO
mice; both studies underscore an important role for DCs in pro-
moting mucosal tolerance. Intriguingly, recent evidence that Stat3
may control DC plasticity (i.e., inflammatory versus tolerogenic
states) through a capacity to regulate the expression of IDO has
provided additional insight into how Stat3 may control mucosal
tolerance (46, 47). In addition, our data support a role for Stat3 as
a negative transcriptional regulator, serving to antagonize aberrant
or exuberant DC activity through ligand(s) from the IL-10 family of
cytokines (see below) (48). This process may also be associated
with changes in regulatory T cell activity (7). Hence, loss of Stat3 is
associated with an increase in inflammatory cytokines, including
TNF (i.e., cachexin), which we speculate is responsible for the
cachexia and infertility observed in CKO mice (21, 35). Although
the number of infiltrating CD8" and not CD4" T cells correlated
most closely with disease, analysis of these CD4" T cells failed to
detect significant differences in their cytokine signatures (e.g., IFN-
v versus, IL-4 versus IL-17; data not shown). The observed lym-
phocytic infiltration may reflect changes in the CKO DC-dependent
CD4* T cell activation, or these CD8" T cells may directly be
modulated by altered DC function. Consistent with the latter pos-
sibility, there was a trend toward higher OT-I-dependent IFN-vy
secretion when these cells were stimulated with SIINFEKL-loaded
CKO MLN DCs (Supplemental Fig. 6E). The current data did not
evaluate the potentially pathogenic, compensatory, or regulatory
roles changing B cell and/or CD8" T cell populations may have
played in the development of enterocolitis. Finally, it seems likely
that malabsorption did not contribute significantly to weight loss in
Stat3 CKO mice, because the onset of small intestinal inflammation
was both relatively modest and post adolescence.

Consistent with a direct effect of a loss in Stat3, CKO DCs
exhibited an augmented proinflammatory capacity. There were
significant increases in TLR dependent IL-12 and IL-23 secretion
in these DCs, supporting recent evidence that Stat3 negatively
regulates the IL-12-p40 promoter (49). Similar results were ob-
served when Stat3 was deleted through a tamoxifen-inducible Cre-
ER™ transgene in BM-derived DCs (Ref. 50; data not shown).
Functionally, the increased IL-12 secretion correlated with a more
robust Thl polarization in vitro and ex vivo. Likewise, the more
modest TLR-dependent IL-23 secretion in CKO DCs was not
associated with a significant increase in T cell-dependent IL-17
expression, either in vitro or in lamina propria lymphocytes
(Supplemental Fig. 6C; data not shown) (51). Notably, there was
only a modest difference between WT and CKO DCs in TLR-
stimulated secretion of IL-6 and IL-10, two Stat3-dependent
negative regulators of DC activity (25, 52, 53). Likewise, although
there was a trend toward enhanced, TLR-dependent upregulation
of DC activation markers in Stat3 CKO mice, this also failed to
reach statistical significance (Figs. 1, 5, Supplemental Fig. 6; data
not shown). Stat3 CKO DCs were, however, resistant to the potent
inhibitory activity of IL-10 in vitro, raising the possibility that
a more modest defective response to IL-10, or a related cytokine
family member, may contribute to the enhanced inflammatory
activity of CKO DCs.
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