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Toll-like receptor 9—-induced type | IFN
protects mice from experimental colitis
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Experimental colitis is mediated by inflammatory or dysregulated immune responses to microbial factors of
the gastrointestinal tract. In this study we observed that administration of Toll-like receptor 9 (TLR9) agonists
suppressed the severity of experimental colitis in RAGI~~ but not in SCID mice. This differential responsive-
ness between phenotypically similar but genetically distinct animals was related to a partial blockade in TLR9
signaling and defective production of type I IFN (i.e., IFN-0/p) in SCID mice upon TLRY stimulation. The
addition of neutralization antibodies against type I IFN abolished the antiinflammatory effects induced by
TLRY agonists, whereas the administration of recombinant IFN- mimicked the antiinflammatory effects
induced by TLRY agonists in this model. Furthermore, mice deficient in the IFN-0/p receptor exhibited more
severe colitis than wild-type mice did upon induction of experimental colitis. These results indicate that
TLRY-triggered type I IFN has antiinflammatory functions in colitis. They also underscore the important
protective role of type I TFN in intestinal homeostasis and suggest that strategies to modulate innate immu-

nity may be of therapeutic value for the treatment of intestinal inflammatory conditions.

Introduction

The study of different animal models of intestinal inflamma-
tion has revealed that the interaction of susceptibility genes
and microenvironmental factors such as intestinal microbiota
leads to dysregulated mucosal immunity (1, 2). In particular,
cytokine imbalance and the production of inflammatory media-
tors, mainly TNF-a, have been implicated in the pathogenesis
of experimental colitis and inflammatory bowel disease (IBD)
in humans (3, 4).

Bacterial DNA and its synthetically derived immunostimulatory
sequence oligodeoxynucleotide (ISS-ODN, also known as CpG-
ODN) contain unmethylated CpG dinucleotide motifs within
consensus sequences and are ligands of Toll-like receptor 9 (TLR9)
(5). Like other TLR ligands such as LPS, ISS-ODN has a broad
range of effects on the mammalian innate immune system. In par-
ticular, ISS-ODN induces the secretion of Th1-type cytokines and
upregulates the expression of costimulatory molecules on antigen-
presenting cells (6). These immunostimulatory characteristics of
ISS-ODN have been utilized to elicit Th1-dependent immune
responses (7) and mucosal immunity (8), leading to an enhanced
host defense against invading pathogens (9).

TLRY agonists (i.e., bacterial DNA or ISS-ODN) effectively pre-
vent or ameliorate the severity of colonic inflammation in CD4*
T cell-dependent (e.g., spontaneous colitis in IL-107~ mice) and
CD4" T cell-independent (e.g., dextran sulfate sodium-induced
[DSS-induced]) models of experimental colitis (10, 11). The
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protective effects of ISS-ODN in the DSS-induced colitis model
were transient, as readministration of DSS without ISS-ODN to
mice previously treated with ISS and given DSS elicited colonic
inflammation similar to that observed in mice injected with
saline and given DSS (10). The transient nature of ISS-ODN-
mediated protection suggests that its administration does not
elicit immunological memory. These protective effects are thus
likely to be mediated by innate rather than adaptive immune
responses (e.g., regulatory T cells).

To better understand the antiinflammatory role of TLR9-acti-
vated innate immunity in colonic inflammation, we initiated
studies in T cell- and B cell-deficient animals, i.e., SCID and
RAGI”~ mice. Surprisingly, our results indicated that while ISS-
ODN administration inhibited colonic inflammation in RAGI~/~
mice, as was observed previously in wild-type animals (10, 11), it
did not affect the severity of DSS-induced colitis in SCID mice.
This differential response to the administration of TLR9 agonists
between genetically distinct but phenotypically similar animals
provided us with an opportunity to explore the cellular and the
molecular events by which the activation of innate immunity can
inhibit colonic inflammation. Our results indicate a major role
for IFN-a/f in this process and reveal its protective function in
intestinal homeostasis.

Results

TLR9 agonist attenuates DSS-induced colitis in RAGI~~ but not SCID mice.
Previous studies demonstrated similar histopathological features
in the colons of WT and SCID mice after the oral administration
of DSS (12), a finding we confirmed in our work (Table 1). RAGI

mice, which resemble SCID mice phenotypically, also showed a
similar degree of colon inflammation after being fed DSS (Table 1).
As expected, administration of ISS-ODN to WT mice attenuated
DSS-induced colitis, as shown by improved disease activity and his-
tological scores and a reduction in colonic myeloperoxidase (MPO)
activity (10, 11). This protection was also observed in RAGI”

mice on a C57BL/6 (B6) background but, interestingly, not in
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Table 1
Effect of administration of TLR9 agonists on DSS-induced colitis
in WT, SCID, and RAG7-- mice

Mouse Intervention DAI MPO (U/g) HS

B6 (WT) DSS 51£0.3 19+0.2 10.3+£0.2
WT DSS +1SS-1 03+02* 05+0.1A 4.4 +£04°
WT DSS + M-ODN 6.6+1.1 2003 10.3+0.5
SCID DSS 5705 17+04 9.6+0.7
SCID DSS +1SS-1 52+05 1504 82+05
SCID DSS +1SS-2 6.5+06 1.3+0.1 9.8+03
RAG1 DSS 71+0.2 21+0.1 8.6+0.6
RAG1~  DSS +1SS-1 08+02* 05+0.1A 3.9+04~
RAG17  DSS +1SS-2 1.9+0.7A 09+0.2° 5.0+0.8*

Mice (B6 background) were treated once s.c. with ISS-1 (1018), ISS-2
(D19), or control ODN (M-ODN) (1019), at a dose of 10 ug/animal, 2
hours prior to the induction of colitis by DSS (1.5%). Colitis was evalu-
ated 7 days later. No mortality was observed in any of the experimental
groups. Results are mean + SEM of at least 8 mice/group. AP < 0.05
versus untreated group. HS, histological score.

SCID mice (B6) (Table 1). Histologically, the extensive ulcerations
with mucosal inflammation induced by DSS were markedly atten-
uated in the colons of WT and RAGI~7~ mice but not in the colons
of SCID mice after the administration of ISS-ODN (Figure 1).
Similar data were obtained in WT, RAGI7/-, and SCID mice on a
BALB/c (B/c) background (data not shown).

Soluble factors from ISS-ODN—stimulated RAG1~/~ splenocytes inbibit
DSS-induced colitis. Because the activation of TLRO by its ligands
has a broad range of effects on the mammalian innate immune
system, the antiinflammatory effect induced by its activation
in WT and RAGI7~ mice could be mediated by soluble factors
secreted from effector cells or by cognate interactions between
effector cells. To explore these possibilities, we generated condi-
tioned medium from ISS-ODN-stimulated RAGI/~ splenocytes
and evaluated its antiinflammatory effect on DSS-induced colitis
in SCID mice, which were unresponsive to the effect of ISS-ODN.
The administration of this conditioned medium attenuated the
severity of DSS-induced colitis in SCID mice, whereas conditioned
medium from ISS-ODN-stimulated SCID splenocytes, as well as
control medium, had no effect on the outcome of colitis in these
mice (Table 2). To determine whether the protective effects of the
conditioned media depended on signaling through TLR, we used
mice that lack the essential adaptor molecule MyD88 required
for TLRY signaling. These mice failed to respond to ISS-ODN
administration when challenged with DSS, yet the administra-
tion of conditioned medium from ISS-ODN-stimulated RAGI 7~

Figure 1

Histological evaluation. (A—F) WT mice (A and B), RAG7-- mice (C
and D), and SCID mice (E and F) were treated with ISS-ODN (DSS +
ISS; A, C, and E) or were injected with saline (DSS; B, D, and F) and
2 hours later were given 1.5% DSS in the drinking water. After 7 days,
paraffin sections of the colon were prepared and stained with H&E. In
WT and RAG7-- mice, ISS treatment markedly attenuated colitis, as
shown by the absence of mucosal ulceration and inflammatory cell
infiltration in the same strain not treated with ISS (A and C). In contrast,
SCID mice exhibited extensive mucosal ulceration and inflammatory
cell infiltration into mucosa, submucosa, and muscle regardless of ISS
treatment (E and F).
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splenocytes resulted in attenuation of colitis in these mice (Table
2). Taken together, these data suggest the presence of soluble and
inducible factors with antiinflammatory properties in condi-
tioned medium from ISS-ODN-stimulated RAGI7~ splenocytes.
These factors appear to bypass the partial or complete blockade
of TLRY signaling in SCID and MyD88~~ mice.

TLR9 triggers divergent type I IFN responses in SCID and RAGI~/~
mice. The data reported above indicate that the transfer of condi-
tioned medium from ISS-ODN-stimulated RAGI~~ splenocytes,
but not SCID splenocytes, to DSS-treated SCID mice is suffi-
cient to inhibit colitis. To identify an inhibitor of colitis in the
conditioned medium, we measured the levels of different soluble
mediators known to be induced by ISS-ODN in splenocyte cul-
ture (6). As presented in Figure 24, the levels of IL-12 (p40), IL-6,
and IL-10 were similar in the supernatants of ISS-ODN-stimu-
lated SCID and RAGI7~ splenocytes. In contrast, conditioned
medium from ISS-ODN-treated SCID splenocytes had lower
levels of IFN-y (2.5-fold), RANTES (2.3-fold), and IFN-o./f (6.3-
fold). To further confirm these differences in vivo, we injected
ISS-ODN i.v. into the tail veins of SCID and RAG17~ mice and
assayed the levels of these cytokines in their serum (Figure 2B).
Although SCID and RAGI~/~ mice produced similar amounts
of IL-6 and IL-12, they differed in their levels of IFN-y (2-fold)
and IFN-a/f (10-fold). The levels of IEN-a,/f were analyzed by
bioassay. We determined in preliminary studies that this assay
was more sensitive by far than a commercially available ELISA
(see Supplemental Figures 1 and 2; supplemental material avail-
able online with this article; doi:10.1172/JC1200522996DS1).
Moreover, the reduced IFN-a/f production in SCID mice was
not due to lower numbers of DCs (CD11c") or plasmacytoid
DCs (PDCs) (CD11c'°/B2207/GR1*), which are the major source
of IFN-a,/f in the mouse, as FACS analysis demonstrated that
their numbers were similar in the spleens of SCID and RAGI~~
mice (data not shown).

Dss

DSS + ISS
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Table 2

Effect of ISS-ODN—conditioned medium on DSS-induced colitis in SCID and
MyD88--mice

Mouse Intervention DAI MPO (U/g)
SCID RAG1- control medium 46+07 2003
SCID RAG1--1SS-1-conditioned medium 14+0.6~0 022014
SCID SCID control medium 58+05 2302
SCID SCID ISS-1-conditioned medium 6.8+04 20+£02
MyD88"~ RAG1-~control medium 44+05 1.6+0.2
MyD88~  RAG1--1SS-1-conditioned medium 05+0.3% 05+0.18
MyD88-"- Saline 47+03 1804
MyD88~ 1SS-1 45+10 1.8+03

Conditioned media were generated by incubation of 2.5 x 108 splenocytes/ml from

RAG1-- or SCID mice with or without 10 ug/ml of ISS-1 for 3 days. SCID or MyD88-- mice
(B6) were treated i.p. with 200 ul/mouse of control medium or ISS-1—conditioned medium 2
hours prior to the induction of colitis (1.5% DSS) and on days 2, 4, and 6 after the induction
of colitis. Colitis was evaluated on day 7 after induction. No mortality was observed in any
of the experimental groups (n = 6 mice per group). Data are mean + SEM and represent

1 of 3 experiments with similar results. AP < 0.05 versus RAG7-- control medium-treated

group. BP < 0.05 versus MyD88-- control medium—treated group.

IFN-a,/ protects from DSS-induced colitis. As IFN-a/B was induced
by ISS-ODN in RAGI7- but not in SCID mice, we hypothesized
that IFN-0/f might play a role in suppressing the colitis elicited
by DSS administration. As presented in Table 3, injection of neu-
tralizing anti-IFN-a,/f was sufficient to abolish the beneficial
effect induced by ISS-ODN on colitis, whereas the injection of
control IgG Abs had no effect.

To further evaluate the protective role of ISS-induced IFN-o/f3
against DSS-induced colitis, we treated mice lacking the common
receptor for IFN-a/p, i.e., IFN-a/BR7~ mice, with ISS-ODN. IFN-0,/
BR~~ mice were extremely sensitive to DSS-induced colitis. The
administration of 4% DSS to IFN-0,/BR7~ mice resulted in 50%
mortality, whereas no mortality was observed for the WT control
mice (P < 0.05). The administration of 2.5% DSS colitis to IFN-o,/
PR~ mice resulted in the same severity of colitis as that induced
by 4% DSS in WT mice, whereas the administration of 2.5% DSS to
WT mice did not induce apparent colitis (P > 0.05 for the disease
activity index [DAI] and MPO). Interestingly, the administration
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of ISS-ODN to IFN-0/BR 7~ mice that had received
4% DSS increased their mortality from 50% to 75%
(P =NS), whereas the administration of ISS-ODN
to WT animals that had received 4% DSS inhibited

HS the severity of the various parameters of colonic
78+0.8 inflammation (Table 4). To test whether IFN-o./3
59106 directly prevents the damage inflicted by DSS in
8.1+06 the colon, we injected recombinant mouse IFN-3
96+04 (mIFN-B) i.p. on days 0, 2, 4, and 6 after DSS
7611 administration. As shown in Table 5, injection
394088 of recombinant mIFN-f3 decreased the disease
g; :‘: ?Z activity and the histological scores of DSS-treated

mice. Taken together, these data indicate that the
antiinflammatory effects of ISS-ODN in this sys-
tem were mediated largely by type I IFN.

Finally, to explore whether the protective role
of IFN-a/f is mediated via the inhibition of
inflammatory cells, such as macrophages, we
adoptively transferred bone marrow-derived
macrophages (BMDMs) from WT or IFN-a,/BR7~
mice i.p. into WT mice prior to challenge of the
recipient mice with DSS. Administration of ISS-
ODN protected WT mice that received adoptively transferred
WT BMDMs from experimental colitis but did not protect WT
mice that received adoptively transferred IFN-0/BR7~ BMDM:s
(Table 6). In another set of experiments, BMDMs from WT and
from IFN-0/BR7~ mice were labeled with CFSE prior to their
transfer into WT mice. The number of CFSE-labeled BMDMs in
the colons of DSS-challenged, ISS-ODN-treated WT mice was
comparable in mice adoptively transferred with either WT or
IFN-0,/BR7~ mice, suggesting that BMDM:s from WT and IFN-o,/
BR7~ mice trafficked equally to the inflamed colon (data not
shown). These results indicate that IFN-o/p inhibits, at least in
part, the severity of DSS-induced colitis by suppressing macro-
phage proinflammatory activity.

Regulation of IFN-0,/B production via TLRY depends on DNA-dependent
protein kinase. As outlined above, IFN-o/f is differentially induced
in SCID and RAGI~~ mice upon TLRY signaling. Previous studies
have demonstrated that NF-kB, MAPK, and members of the inter-
feron regulatory factor (IRF) family control IFN-0./f transcription
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Cytokine production after ISS-ODN stimula- g . > 2, x 2,
tion. (A) Splenocytes (108/ml) from RAG1-- ™ * © 05 ; ©
and SCID mice were stimulated with 1SS-1 (10 z 2 4 z 4 2
ug/ml) and cytokine levels in the supernatants o 0 o4 0
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levels of cytokines 2 hours after i.v. injection € 3 180
of 50 ug of 1SS-1. Results represent 1 of 2 Eﬂ 5 E 100
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Similar results were obtained for ISS-2 (data = o 50
not shown). The cytokine levels in naive mice <Z( :
were below detectable levels (data not shown). o o ~ o0
*P < 0.05 versus RAGT--. RAG17- SCID RAG1* SCID
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Table 3
TLR9-induced type | IFN protects mice from experimental colitis

Mouse Intervention DAI MPO (U/g) HS
RAGT- None 74+02 19+04 91+03
RAGT~- ISS-1 08+02* 05+0.1A 4605~
RAG1 1SS-1 +anti-IFN-o/f 6.8+0.7 1.7+02 9.0:0.3
RAGT1-- ISS-1+control IgG 0.8 +£0.48 0.7+0.28 3.7x0.68

RAG1-- mice (B6) were injected i.v. with 25 ug/mouse of rabbit anti—
mIFN-a/f (8,000 IFN-o/B—neutralizing units) or with control rabbit IgG
(25 ug/mouse) before treatment with ISS-1 (10 ug/animal). Colitis was
induced by 1.5% DSS in drinking water and was evaluated 7 days later.
No mortality was observed in any of the experimental groups

(n = 6 mice per group). Data are mean + SEM and represent 1 of 2
experiments with similar results. AP < 0.05 versus untreated group.

BP < 0.05 versus anti—IFN-o/B—treated group.

(13). Since deletion of the kinase domain of the catalytic subunit
of DNA-dependent protein kinase (DNA-PK) is responsible for
the SCID phenotype, we investigated the role of DNA-PK in TLRY-
mediated type I IFN induction. To do so, we incubated bone mar-
row-derived myeloid dendritic cells (BM-MDCs) from RAGI7~
mice with various concentrations of NU7026, a DNA-PK inhibi-
tor (Calbiochem), with or without ISS-ODN. This compound
selectively inhibited IFN-o/p without affecting IL-12 (p40) pro-
duction by ISS-ODN (Supplemental Figure 3), suggesting selec-
tive involvement of DNA-PK in the induction of type I IFN by
TLRY triggering. Similarly, BM-MDCs from RAGI7~ but not from
SCID mice produced high levels of IFN-o./f3 upon ISS-ODN stim-
ulation (Figure 3A). Comparable results were obtained for bone
marrow-derived plasmacytoid dendritic cells (BM-PDCs; data
not shown). This divergent induction of IFN-o/p was paralleled
by nuclear translocation of IRF-1 and IRF-8 in RAGI~~ but not
in SCID mice (Figure 3B). In contrast, the activation of NF-kB,
MAPK, IRF-3, and IRF-7 was similar in BM-MDCs obtained from
either RAGI~~ or SCID mice (Figure 3B), indicating a specific sig-
naling blockade downstream of TLR9 in SCID but not in RAGI~/~
BM-MDCs. Furthermore, as assessed by the phosphorylation
of GST-p53, DNA-PK was rapidly activated by ISS-ODN in BM-
MDCs from RAGI7- but not from SCID mice (Figure 3B). In
contrast to the activation by the TLRY agonist, the stimulation
of BM-MDCs with the TLR4 agonist LPS resulted in IFN-a/f
production (Figure 3C) and activation of NF-kB, MAPK, and IRF
molecules (Figure 3D) that was similar in BM-MDCs from SCID
and RAGI7~ mice. We also observed defects in activation of IRF-1
and IRF-8 in BM-PDCs from DNA-PK 7/~ mice (Figure 4A) as well
as very low levels of IFN-a,/f after ISS-ODN stimulation in BM-
PDCs and BM-MDCs from DNA-PK~~ mice (Figure 4, B and C,
and Supplemental Tables 1 and 2). Thus, the data obtained with
the DNA-PK inhibitor with the SCID and the DNA-PK/- BM-
MDCs and BM-PDCs indicate the necessary involvement of DNA-
PK in the induction of IFN-0,/f via TLR9 signaling.

DNA-PK is positioned downstream of MyD88. As TLRY signaling
depends on MyD88 (S) and TLR9-mediated IFN-a/p production
depends on DNA-PK (Figures 3 and 4), we evaluated the potential
relationship between MyD88 and DNA-PK in the TLR9 signaling
pathway. DNA-PK was selectively activated by ISS-ODN but not
by LPS in WT-derived BM-MDCs, but ISS-ODN did not activate
DNA-PK in MyD887/-derived BM-MDCs (Figure 4D). Recently, it
was suggested that the induction of IFN-0,/f via TLRO requires the
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formation of a complex consisting of MyD88, TRAF, and IRF-7,
as well as TRAF6-dependent ubiquitination of IRF-7 (14, 15). As
shown in Figure 4D, we could detect ubiquitination of IRF-7 in
RAGI7~ but not SCID BM-MDCs. Taken together, these data fur-
ther indicate the involvement of DNA-PK in the translocation of
IRF-1/IRF-8 and in the ubiquitination of IRF-7 upon TLRY signal-
ing and indicate that DNA-PK activation occurs downstream of
MyD88 in this signaling pathway (Figure 4E).

Discussion

TLRs function as sentinels of innate immunity (16). By recog-
nizing signature microbial compounds they trigger the tran-
scriptional activation of proinflammatory cytokines (e.g.,
IL-12 and TNF-a) and chemokines (e.g., RANTES), as well as
costimulatory molecules (e.g., CD40) (17). The activation of this
proinflammatory program initiates defense mechanisms that
are vital for host survival (16, 17). Indeed, various TLR/~ mice
as well as mice deficient in TLR-related adaptor proteins (e.g.,
MyD88) fail to mount protective responses and succumb to vari-
ous microbial infections (18).

In contrast to the currently accepted paradigm regarding the
proinflammatory role of TLR-activated innate immunity (16,
17), our previous data indicated that TLR signaling results in
the activation of an antiinflammatory program that attenuates
inflammation in different models of experimental colitis (10,
11). In our studies presented here, we found that 2 genetically
distinct but phenotypically similar strains of mice responded dif-
ferently to ISS-ODN administration. While DSS-induced coli-
tis in RAGI7/~ mice was responsive to ISS-ODN, colitis in SCID
mice was not. Here we utilized those ISS-responsive and ISS-
resistant phenotypes to better understand the antiinflammatory
role of TLRY signaling in colonic inflammation. Analysis of the
response to ISS-ODN of these 2 mouse strains revealed defec-
tive TLR9-induced IFN-a/f production in SCID mice, which
together with the IFN-a,/f neutralization data indicated that
type I IFN plays a major role in the inhibition of DSS-induced
colonic inflammation. In addition, the lack of inhibition of
DSS-induced colitis in ISS-ODN-treated WT mice that received
adoptively transferred BMDMs from IFN-o/BR7~ but not in
those that received BMDMs from WT mice (Table 6) also sug-
gests that TLR9-induced type I IFN inhibits the inflammatory
response of activated macrophages. Finally, we observed that

Table 4
IFN-o3 R~ mice are hypersensitive to DSS administration

Mouse Intervention DAI MPO (U/g) HS
WT DSS 54+05 20zx02 8.8+1.1
WT DSS +185-1 0.1+01~ 02+£0.01A 1.7:04~
IFN-o.3 R~ DSS 7203 2001 104zx04
IFN-o/BR- DSS + 1SS-1 78+02 17+01 107:04

WT and mutant mice were treated once s.c. with ISS-1 (10 ug/animal)
2 hours prior to the induction of colitis by 4% DSS. Colitis was evalu-
ated 7 days later. n = 8 animals per group for WT mice and n = 16 per
group for mutant mice. No mortality was observed in ISS-1-treated or
—untreated WT mice. In contrast, ISS-1-treated mutant mice displayed
mortality of 75%, whereas 1SS-1-untreated mutant mice displayed mor-
tality of 50%. The analysis was performed on surviving mice. Data are
mean = SEM and represent 1 of 2 experiments with similar results.

AP < 0.05 versus untreated group.
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Table 5
Type | IFN protects from DSS-induced colitis

Mouse Intervention DAI MPO (U/g) HS
SCID DSS 77+03 15x05 11.1:02
SCID DSS + IFN-B 46+09% 1.2+041 6.8 +£1.28

SCID mice (B6) were treated i.p. with 1,000 U of recombinant mIFN-$
2 hours prior to and on days 2, 4, and 6 after the induction of colitis with
1.5% DSS. Colitis was evaluated 7 days after induction. No mortality
was observed in any of the experimental groups. n = 8 mice per group.
Data are mean + SEM and represent 1 of 2 experiments with similar
results. AP < 0.05 versus untreated group.

IFN-0,/BR~~ mice were extremely sensitive to colitis inflicted by
DSS (Table 4) and that the administration of ISS-ODN to these
mice increased their mortality. These data indicate that type I
IFN has a physiological and protective role in colonic injury and
that it also cross-regulates the other proinflammatory activi-
ties induced by TLRY triggering. Indeed, in preliminary studies
we observed that basolateral administration of IFN-a. to polar-
ized monolayers of intestinal epithelial cells protected the cells
against apoptosis and disruption of the epithelial tight junctions
(data not shown). Thus, type I IFN may protect against colonic
inflammation by preventing epithelial barrier dysfunction.

As our results indicated that the SCID mutation confers resis-
tance to the antiinflammartory effects of ISS-ODN on experi-
mental colitis, we explored the signaling pathway that leads to
the impaired production of IFN-a,/f. As presented in Figure
3, TLRY stimulation of BM-MDCs from RAGI7~ but not from
SCID mice resulted in the activation of IRF-1 and IRF-8. Fur-
thermore, we could detect ubiquitination of IRF-7, which is
required for IFN-a production, in RAGI~~ but not in SCID BM-
PDCs (Figure 4). This signaling defect was specific for TLR9 acti-
vation, as TLR4 triggering resulted in a similar signaling profile
and comparable IFN-0/p production in both RAG17~ and SCID
BM-PDCs (Figures 3 and 4). Our findings are supported by 2
recent studies that indicated an essential role for IRF-8 in the
production of IFN-a,/f after TLRY stimulation. In those stud-
ies, the genetic deletion of IRF-8 resulted in impaired IFN-a/f
production by TLR9-triggered BM-MDCs and BM-PDCs (19,
20). Our results add to other previous observations indicating
a role for DNA-PK in the activation of innate immunity
(21-23) and demonstrate the involvement of DNA-PK after
TLRY triggering in the translocation of IRF-1/IRF-8 and in
the ubiquitination of IRF-7 (15). Our results also position
DNA-PK downstream of the adaptor protein MyD88 in the
TLROY signaling pathway (Figures 4). However, in contrast
to the data presented here, previous studies did not iden-
tify differences in IFN-a production after TLR9 stimula-
tion in DNA-PK7~and WT mice (24, 25). Although we have
no definitive explanation for these differences, they may be
related to qualitative and quantitative differences in the
specificity and sensitivity of detection of type I IFN, which
consists of large family of related proteins, by bioassay used
in our study versus the ELISA kit (IFN-a) (24, 25).

Type I IFN (IFN-0/B) was first described as an antiviral
protein that exerts many regulatory effects on the immune
response (26). Recent data support the concept of cross-
regulation of IFN-a/p and TNF-a in various inflammatory
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settings (27). This cross-regulation has been implicated in the
aggravation (by TNF-a)) and the suppression (by IFN-f) of exper-
imental allergic encephalitis (EAE), an animal model of multi-
ple sclerosis. IFN-B~~ mice are more susceptible to EAE (28), and
the administration of IFN-f to mice with EAE inhibits disease
progression (29). On the other hand, TNF-a inhibits whereas
TNF-o antagonists enhance IFN-a/f production by PDCs
after viral exposure (27). Thus, it is conceivable that TNF-o/
IFN-a,/f cross-regulation may also play a major role in the regu-
lation of intestinal inflammation. Based on the data presented in
our study here, we propose that the beneficial effects of TNF-a.
antagonists in patients with IBD (3, 30) are due in part to an
increase in responsiveness to IFN-o0,/p in these patients. Inter-
estingly, initial clinical studies have recently confirmed the ben-
eficial effects of IFN-a,/f in IBD; however, its therapeutic effect
in this setting requires further validation (31).

A recent study documented the protective effect of TLR
ligands in colonic injury (32). Our previous studies identified the
antiinflammatory effects of TLR9 agonists in experimental colitis
(10, 11). The results of our study here demonstrated that TLR-
induced type I IFN mediates these protective effects on colonic
inflammation. These findings and the hypersensitivity to DSS
observed in IFN-a,/BR7~ mice expand the already known range
of activities of type I IFN and indicate an important role for type
IIFN in intestinal homeostasis. Finally, our results suggest that
strategies designed to trigger an IFN-a/p response may be of thera-
peutic value in intestinal inflammatory conditions.

Methods

Reagents

The following materials were obtained from commercial sources: DSS
(molecular weight, 30-50 kDa), from ICN; Hemoccult, from Beckman
Coulter; rabbit anti-mIFN-o and rabbit anti-mIFN-f}, from PBL Biomedi-
cal Laboratories; rabbit IgG, from Jackson ImmunoResearch Laboratories;
recombinant mIFN-f, from Chemicon International; LPS (Salmonella min-
nesota R595), from Alexis.

ODNs

The ODN5s used in this study were LPS-free, HPLC-purified, single-stranded
ODN:Ss. Phosphorothioate-stabilized ISS-1 (class B, 1018) (5-TGACTGT-
GAACGTTCGAGATGA-3'), M-ODN (1019) (5'-"TGACTGTGAAGGTTC-
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Table 6
ISS-ODN affects the severity of DSS-induced colitis by BMDMs

Mouse BMDMs Intervention DAI MPO (U/g) HS
WT WT DSS 52+06 24+05 98z:02
WT WT DSS + 1SS-1 07+04~ 08+02% 3.0£047
WT IFN-o0/BR~~ DSS 45+08 22:04 96zx03
WT IFN-o3R7-  DSS+ISS-1 33+£13 19205 85x05

ISS-ODN administration does not affect the severity of DSS-induced coli-

tis in WT mice adoptively transferred with BMDMs from /FN-o/BR~- mice.
BMDMs (5 x 108/mouse) from WT or from /FN-o/BR~- mice were adoptively
transferred i.p. into WT mice (129) and recipient mice were treated once

s.c. with ISS-1 (10 ug/animal) 2 hours prior to the induction of colitis by DSS
(4%). Colitis was evaluated on day 7 after DSS administration. n = 8 mice per
group. No mortality was observed in any of the experimental groups. Data are
mean + SEM and represent 1 of 2 experiments with similar results. AP < 0.05
versus untreated group.
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CAGATGA-3') (7),and the phosphodiester- and phosphorothioate-modified
ISS-2 (class A, D19) (5'-GgtgcatcgatgcaGGGGGg-3') (24, 25) were purchased
from TriLink BioTechnologies. Underlining indicates the differences
between the sequences. Uppercase and lowercase letters indicate a base with

a phosphorothioate- or a phosphodiester-modified backbone, respectively.

Mice

The SCID mice are homozygous for a mutation (scid) in DNA-PK (33).
Specific pathogen-free B6, SCID (B6), and RAGI”/~ (B6) mice and B/c,
SCID (B/c),and RAGI~/~ (B/c) mice 6-8 weeks of age were purchased from
Jackson Laboratory. 129/SvEv (129) and A.129 (IFN-0o/BR7") mice were
purchased from B&K Universal Ltd. MyD88/~ mice were kindly provided
by S. Akira (Osaka University, Osaka, Japan), and are currently bred in
our vivarium. Six- to eight-week-old DNA-PK~~ mice (B6) (34) were gener-
ated and bred at Memorial Sloan Kettering Cancer Center. All experimen-
tal procedures were approved by the institutional committee for animal
care and use of UCSD.

Cell cultures and adoptive transfer
BMDMs from WT and IFN-0,/BR~ mice were prepared and allowed to dif-
ferentiate in macrophage medium supplemented with 30% L-cell medium
for 7 days as described (35). BM-MDCs were cultured from the long bones
of WT, RAG1~/~ SCID, and DNA-PK~/~ mice in the presence of murine GM-
CSF (BD Biosciences — Pharmingen) and were characterized as described
(36). BM-PDCs were cultured similarly in the presence of 100 ng/ml of
human Flt3 ligand (PeproTech Inc.), as described (24, 25).

For adoptive transfer-based experiments, BMDMs (5 x 10° cells per
mouse) were transferred i.p. into WT mice just prior to ISS-ODN injection
and 2 hours before DSS administration.

Induction and evaluation of experimental colitis
In a previous study we identified the concentration of DSS required to
induce a similar severity of colitis in the different mouse strains used in
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this study (11). Mice on the B6 background were given 1.5% (weight/vol-
ume) DSS, mice on the 129 background were given 4% DSS, and mice on
the B/c background were given 3.5% DSS; for all, the DSS was dissolved
in sterile, distilled water and was provided ad libitum for 7 days (11).
Groups of mice were treated with 10 ug/mouse of ODN s.c. 2 hours
before DSS administration. The DAI (the combined score of weight
loss and bleeding) was determined as described (10, 11). Briefly, scores
are defined as follows: for loss in body weight, 0 = no loss, 1 = 5-10%,
2 =10-15%, 3 = 15-20%, 4 = over 20%; for hemoccult, 0 = no blood,
2 = positive, and 4 = gross blood.

Determination of MPO activity

Colon tissues were opened longitudinally and a 50-mg portion was homog-
enized in hexadecyltrimethyl-ammonium bromide (0.5%) in 50 mmol/I phos-
phate buffer, pH 6.0. The homogenate was sonicated for 10 seconds, frozen
and thawed 3 times, and centrifuged for 15 minutes. An aliquot of the super-
natant was used for determination of enzyme activity as described (10, 11).

Histological scoring

After 7 days of DSS administration, mice were killed and the entire
colon was excised, opened longitudinally, rolled onto a wooden stick,
fixed with Bouin’s Solution (Sigma-Aldrich), and embedded in paraffin.
Tissue sections (5 wm) were prepared, deparaffinized, and stained with
hematoxylin and eosin. Histological scores were assigned by experi-
menters “blinded” to sample identity. Colonic epithelial damage was
assigned scores as follows: 0 = normal; 1 = hyperproliferation, irregular
crypts, and goblet cell loss; 2 = mild to moderate crypt loss (10-50%);
3 = severe crypt loss (50-90%); 4 = complete crypt loss, surface epithe-
lium intact; 5 = small- to medium-sized ulcer (<10 crypt widths); 6 =
large ulcer (210 crypt widths). Infiltration with inflammatory cells was
assigned scores separately for mucosa (0 = normal, 1 = mild, 2 = modest,
3 = severe), submucosa (0 = normal, 1 = mild to modest, 2 = severe), and
muscle/serosa (0 = normal, 1 = moderate to severe). Scores for epithelial
Volume 115
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Antiinflammatory
effects

TLR9-activated DNA-PK mediates activation of IRFs and type | IFN via MyD88. (A) BM-PDCs were treated with ISS-1 (10 ug/ml) and nuclear
extracts were prepared. NF-kB was detected by EMSA,; activation of IRFs, pSTAT1, and pERK, by Western blotting. Results represent 1 of 2
experiments. (B) BM-PDCs (10%/ml) from RAG17-- and DNA-PK-- mice (B6) were stimulated with ISS-1 (10 ug/ml). Cytokine levels in the super-
natants were measured 24 hours later. (C) BM-MDCs (108/ml) from RAG7-- and DNA-PK-- mice (B6) were stimulated with ISS-1 (10 ug/ml).
Cytokine levels in the supernatants were measured 24 hours later. (D) BM-MDCs (108/ml) from WT and MyD88-- mice were stimulated with
10 ug/ml ISS-1 (ISS) or 50 ng/ml LPS. Activation of DNA-PK was measured by an in vitro kinase assay using GST-p53 as a substrate, as
described in Methods. Lysates from BM-MDC from RAG7-- and SCID mice were stimulated with ISS-1 (10 ug/ml) and then were subjected to
immunoprecipitation with anti-ubiquitin, SDS-PAGE, and immunoblotting with anti—IRF-7. Ub-, ubiquitinated. (E) Proposed localization of DNA-PK

in the TLR9 signaling pathway. Ub, ubiquitin.

damage and inflammatory cell infiltration were added, resulting in a
total scoring range of 0-12.

Determination of cytokine levels

ELISA kits were used to determine the levels of IFN-y, IL-6, IL-12 p40,
IL-10 (BD Biosciences — Pharmingen), and RANTES (R&D Biosystems).
To measure type I IFN levels, we initially compared an ELISA kit (PBL)
with a bioassay that is based on an antiviral protection assay (37). As the
bioassay was much more sensitive than the currently available mIFN-o
ELISA (see Supplemental Figures 1 and 2), we used it in the various stud-
ies described here to determine type I IFN levels. Recombinant mIFN-f3
(Chemicon International) was used in the bioassay as a standard.

Signaling assays

Electrophoretic mobility-shift assay. Nuclear extracts were prepared from
BM-MDCs and BM-PDCs that had been stimulated with ISS-ODN or
LPS. Activation of NF-kB was measured by electrophoretic mobility-shift
assay as described (38).

Activation of IRF molecules. Levels of different IRFs in the nuclei were
measured before and after stimulation with TLR9 and TLR4 agonists
using nuclear extracts of BM-MDCs and BM-PDCs. IRFs were detected
by Western blotting (39) using antibodies specific for IRF-1, IRF-3, IRF-7,
and IRF-8 (Santa Cruz Biotechnology Inc.). IRF-7 ubiquitination status
was detected by immunoprecipitation with anti-ubiquitin (Santa Cruz
Biotechnology Inc.) followed by immunoblotting with anti-IRF-7 (Santa
Cruz Biotechnology Inc.).
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Activation of ERK and STATI. Activation of ERK and STAT1 were
assayed with antibodies specific for phosphorylated ERK or STAT1 (40)
(Cell Signaling). Levels of B-actin (Sigma-Aldrich) were used for normal-
ization of protein loading.

DNA-PK activity. The kinase activity of DNA-PK induced by ISS-ODN or
LPS was measured by an in vitro kinase assay using GST-p53 as a substrate
(20,41). DNA-PK from BM-MDCs and BM-PDCs was immunoprecipitated
using anti-DNA-PK (NeoMarkers) before and after ISS-ODN or LPS
stimulation, and immune complexes were incubated for 30 minutes with
GST-p53 and 32P-y-ATP. The reaction samples were then separated by
electrophoresis (SDS-PAGE) and were analyzed by autoradiography.

Statistical analysis. Data are expressed as mean + SE. Statistical analysis for
significant differences was performed according to the Student’s ¢ test for

unpaired data. A Pvalue less than 0.05 was considered significant.
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