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FIGURE 5. Neutrophils and monocytes are the major IL-10 producer during infection with Y. enterocolitica. WT, ITIG, and ITIB mice were infected i.p.
with 5 X 10* Y. enterocolitica and sacrificed after 5 d. Splenic single-cell suspensions from ITIB mice were loaded with CCF4-AM and subjected to
immunofluorescence staining against the indicated markers for specific cell types. A, CD45" splenic leukocytes were gated on CCF4-blue. B, CD45" splenic
cells from infected WT and ITIG mice were gated on FITC (EGFP). C, The Bla* splenic leukocyte population in A was gated on the indicated cell-type
specific markers to determine the percentage of different cell types. D, ITIB mice were infected i.p. with 5 X 10* Y. enterocolitica and sacrificed after 1 d.
CD45" splenic leukocytes were gated on Ly6G and CD49b. One day postinfection, the percentage of Ly6G" neutrophils increased approximately three
times (left panels). CD45" splenic leukocytes were gated on CCF4-blue and Ly6G (right panels). E, ITIB mice were infected i.p. with 1 X 10* 5.
Typhimurium and sacrificed after 5 d. CD45" splenic leukocytes were gated on Ly6G and CCF4-blue. The data shown are representative of results obtained
by using three to five mice.

T cells with therapeutic potential for the treatment of autoimmune
diseases (32).

ITIB mice were injected i.p. with 400 pg CD28 superagonist,
and 4 d after the injection, splenocytes were analyzed for Bla
production. Although there was no major change in the number of
CD4* T cells in the spleen after a single treatment with CD28
superagonist, the frequencies of CD4*CD25" as well as Bla*CD4"*
CD25" T cell populations each increased to up to ~2.5 times
compared with nontreated mice (Fig. 7). Thus, the ITIB reporter
mouse is a valuable tool for in vivo screening of cell type-specific
IL-10-inducing agents.

Discussion

IL-10 is one of the key cytokines involved in immune regulation
and tolerance, and thus is a promising therapeutic agent, for ex-
ample, for autoimmune diseases and cancer. However, systemic
administration of recombinant IL-10 to treat, for example, immune-
mediated inflammatory diseases showed no or only modest ther-
apeutic benefits (33). Thus, the localization and timing of IL-10
production/activities may determine its effectiveness. Further-
more, cell type-specific inactivation of the ///0 gene revealed a
critical nonredundant role of different IL-10—producing cell types
in immune homeostasis and in control of particular immune

FIGURE 6. Characterization of IL-10—producing TILs. ITIB mice and WT littermates were s.c. injected into the lower dorsal quadrant with 2 X 10°
B16-F10 melanoma cells. Two weeks later, tumors were removed, from which single cell suspensions were prepared, loaded with CCF4-AM, stained with
Abs against immune cell surface markers, and analyzed by flow cytometer. Whole single-cell suspensions from tumors were gated on CD45 and CCF4-blue
(left panel). The Bla* TIL population was gated on the indicated cell-type specific markers to determine the percentage of different cell types. The data
shown are representative of results obtained by using three mice.
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responses (34-37). Thus, a successful therapeutic use of IL-10 has
also to take into account the IL-10—producing cell types under
given physiological and immunological conditions; for example,
by developing drugs that specifically control, temporally and lo-
cally, IL-10 production by a given cell type.

For this reason, there is a need to know the type and implication
of cells that produce IL-10 in the steady state and under immune
activating conditions in vivo. However, because of the low ex-
pression level of IL-10 and its rapid secretion, it is difficult to
directly identify IL-10—producing cells in vivo or ex vivo.

Alternative, widely used, experimental tools to identify the
in vivo cellular sources of a cytokine of interest offer reporter mice
using autofluorescent proteins, such as EGFP (6).

Correspondingly, in an attempt to identify IL-10—producing cells
in vivo, we first generated an IL-10-EGFP reporter (ITIG) mouse
model. However, the ITIG mice allowed tracking IL-10 expression
only in activated T cells. Furthermore, the ITIG mice did not
enable to clear whether and which cell type produces IL-10
in vivo. In contrast to our results, in a recently published IL-10
reporter tiger mouse that is similar to our ITIG mouse model,
Kamanaka et al. (38) could also detect GFP expression in BMDCs
after stimulation with zymosan. The cause of this discrepancy is
probably related to the stimulation protocol and the type of
BMDCs used by us and by Kamanaka et al. (38). Whereas we
generated BMDCs by incubating bone marrow cells 9 d with
a defined concentration of recombinant GM-CSF, Kamanaka et al.
(38) obtained BMDCs by culturing bone marrow cells 5 d in 3%
supernatant of a GM-CSF-producing 1929 cell line. However,
fresh DCs from the spleen and Peyer’s patch of figer mice that
were stimulated in vitro with zymosan showed only a marginal
GFP expression (38). Furthermore, in accordance with our results
using the present ITIG mice, no significant GFP signals could be
identified in macrophages, B cells, or DCs after in vivo stimula-
tion of tiger mice (38).

Thus, IL-10-EGFP reporter mice (such as the present ITIG
mice) are not suitable to track IL-10 production in cells with high
autofluorescence (such as macrophages, DCs, and B cells) and/or
low amount of IL-10.

The low expression of IL-10 is not due to its weak promoter
activity alone, rather IL-10 expression, like many other cytokines,
is strongly controlled by posttranscriptional regulation. Sequences
in the 3’ UTR that contain mRNA destabilizing motifs confer
a short t;,, to the 1110 mRNA (39-42). Powell et al. (41) showed
that the #,, of RNA containing the 3" UTR of IL-10 was short in
both nonstimulated (¢, of 1 h) and PMA-stimulated (¢, of 3 h)
cells, and significant IL-10 protein production was shown only
after stimulation. In contrast, when the 3" UTR of IL-10 was

exchanged for SV40 polyadenylation signals that ensure mRNA
stability, the #1,, of 1110 mRNA was longer than 12 h, and the IL-
10 protein level was much higher (41). Previously, we also con-
firmed with two different reporter genes, luciferase and EGFP, that
the 3’ UTR of IL-10 negatively regulates the protein production
(19). The rapid degradation of I//0 mRNA is mediated, for ex-
ample, by binding of AU-rich element binding factor 1, triste-
traprolin, or microRNA (hsamiR-106a) to the 3" UTR (40, 43, 44).
Taken together, this intrinsic instability of ///0 mRNA results in
low and transient expression of IL-10 protein and consequently
restricts the sensitivity of a reporter gene like EGFP that is known
to have a high limit of detection (~105 molecules/cell) (7). Re-
cently, IL-10 reporter mouse models, 10BiT, Vert-X, and //10¥*"*
mice, have been reported in which the authors tried to overcome
this limitation by exchanging the mRNA-destabilizing 1/10-3’
UTR for the SV40 early intron-polyA (SV40 polyA) that ensures
mRNA stability of the corresponding reporter genes (37, 45, 46).
Although these reporter mouse models indeed showed improved
reporter activity, they lack a decisive posttranscriptional regulating
element, the 7/10-3" UTR. Thus, these reporter mouse strains re-
port only the transcription of the 1//0 gene but not its expression at
protein level.

In this study, we presented a more suitable and powerful al-
ternative to efficiently track IL-10 protein expression using for the
first time, to our knowledge, the reporter enzyme Bla and the
fluorescence resonance energy transfer substrate CCF4. The ad-
vantage of Bla, compared with other reporter enzymes such as
luciferase, is the ability to combine Bla analysis with multicolor
immunostaining, which enabled us to perform a detailed analysis
of IL-10—producing cell populations.

In contrast to the ITIG mouse line, the ITIB mouse model
enables tracking of the expression of IL-10 in all myeloid and
lymphoid cell types.

Strikingly, ITIB mice revealed that macrophages represent the
major IL-10 producer population in the peripheral lymphoid organ
spleen and in the nonlymphoid organs liver and lung of naive mice
examined in this study. This phenomenon is especially important in
the case of the spleen, where macrophages constitute a relatively
small percentage (5—10%) of splenic leukocytes. In contrast, in the
previously described Vert-X mice, B cells were the dominant
population of IL-10—expressing cells in the spleen of naive mice
(37). How can this controversy be explained? The expression of
the reporter genes, bla and eGFP, in the ITIB and Vert-X mice,
respectively, are differently regulated at the posttranscriptional
level; bla is under the control of the endogenous 3’ UTR of
1110, whereas eGFP under the control of the exogenous mRNA-
stabilizing SV40 polyA. Thus, a likely explanation for the in-
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consistent cellular expression profiles of IL-10 in the spleen of
naive ITIB and Vert-X mice may be that the expression of /10
is cell type-specific differentially regulated at posttranscriptional
level. It seems that, at least in the steady state, the ///0-3" UTR
mediates ///0 mRNA instability more profoundly in B cells
than in macrophages and thus confers stronger suppression of
IL-10 protein production in the former cell type. Recently, post-
transcriptional regulation of ///0 gene expression has been shown
to control specifically IL-10 secretion by NK cells (47). Further-
more, it has been shown that, compared with normal melanocytes,
the melanoma cell line MNT1 exhibits reduced cytoplasmic levels
of AU-rich element binding factor 1, an AU-rich element binding
protein that mediate mRNA instability, resulting in IL-10 over-
expression and tumor escape (40). Thus, a possible mechanism
that may underlie a cell type-specific posttranscriptional expres-
sion regulation of 7/10 could be that proteins and microRNAs that
bind to the 3" UTR and regulate the stability of /170 mRNA dis-
play cell type-dependent differential expression/activation level.

It is noteworthy that the ITIB mouse developed in this study
combined with the previously described IL-10 transcriptional re-
porter mice, such as Vert-X and /170¥*™® mice (37, 46), may form
an interesting basis of further works investigating the cell type-
specific expression regulation of IL-10 at the transcriptional and
posttranscriptional level and thus may help elucidating the various
mechanisms that determine the amount of IL-10 production by
a given cell type.

Resident macrophages are present in several organs where they
perform several functions in steady-state tissue homeostasis in-
cluding, among others, tissue repair, vascularization, and removal
of apoptotic cells, aged erythrocytes, and cellular debris (48, 49).
Macrophages display remarkable heterogeneity and adapt their
physiology in response to environmental signals in the tissues
where they reside (49, 50). Depending, for example, on the type of
cytokines they produce, macrophages can be divided into two
different functional subpopulations: classically activated (M1)
macrophages (inflammatory and microbicidal activities) and reg-
ulatory macrophages (referred also as alternatively activated [M2]
macrophages) (anti-inflammatory, wound healing, and tissue re-
pair activities) (49, 51, 52). As IL-10 is considered as an important
functional marker for regulatory macrophages, we suggest that the
identified splenic, hepatic, and lung F4/80"Bla* macrophages may
perform homeostatic immune regulatory functions. M2 macro-
phages have been shown, among others, to induce immunological
tolerance in the lung by protecting it from unwanted environ-
mentally induced inflammation (53). Furthermore, a recent study
has shown that IL-10—producing intestinal macrophages play an
important role in the maintenance of gut homeostasis (54). Pos-
sible mechanisms underlying the induction of IL-10 production by
tissue-resident macrophages may be associated, for example, with
their function to phagocyte apoptotic cells and to uptake immune
complexes. These processes have been shown to induce IL-10
production by macrophages (49, 55-57). Taken together, we sug-
gest ubiquitous interdependence between homeostatic functions
of resident macrophages and IL-10 production.

Interestingly, freshly recruited F4/80* macrophages represented
also the major IL-10—producing population in the microenviron-
ment of an s.c. B16-F10 tumor. This raises the question about the
relationship between processes inducing IL-10 production by
macrophages in different organs and tumors. Healing wounds and
developing tumors have long been described to share many sim-
ilar features with repairing tissues (58-60). Furthermore, organs,
like spleen, liver, and lung, are usually in continuous renewing,
repairing, and/or remodeling processes of their tissues and cells.
Consequently, as M2 macrophages play an essential role in wound

repair and tissue remodeling, tumors, and organs share processes
that provide a common reason for accumulation of IL-10-producing
(regulatory) macrophages.

Neutrophils and monocytes are the first leukocytes to infiltrate
infected tissue, where they contribute an essential role in defending
many bacterial and fungal infections (61, 62). For instance, mice
depleted of neutrophils/monocytes were more susceptible to sys-
temic infection with Yersinia (63, 64), and Nod2-deficient mice
showed increased production of the neutrophil chemoattractant,
keratinocyte chemoattractant, accompanied with stronger neutro-
phil infiltration and improved killing of Yersinia (65). Strikingly,
in systemic infection of ITIB mice with Y. enterocolitica, in-
filtrating CD11b"Ly6G™ neutrophils followed by CD11b*Ly6G ™~
(F4/80 CD11c ) monocytes represented major IL-10-producing
cell populations in the spleen (5 d after inoculation). Y. enter-
ocolitica is known to disseminate, among other locations, to the
spleen, where they replicate predominately extracellularly and
form microcolonies consisting primarily of extracellular residing
Yersinia-bacteria and neutrophils (66). In contrast, S. Typhimur-
uim is an intracellular living pathogen that has been recently
shown to specifically target splenic neutrophils and to survive and
replicate inside them (67). However, despite the different life
styles of Yersinia and Salmonella, Ly6G* neutrophils represented
also a major IL-10-producing population in the spleen of Sal-
monella-infected ITIB mice. Moreover, an increase of the pro-
portion of Bla™ neutrophils has been also shown at an early time
point (24 h) postinfection. Thus, IL-10 production seems to belong
to the response program of activated neutrophils/monocytes, as
early as they are recruited in the site of infection. Further work
will be required to elucidate in more detail the contributions of
IL-10 producing neutrophils and monocytes to systemic bacterial
infections.

Since the discovery of the so-called innate immune receptors
(e.g., TLRs and nucleotide-binding oligomerization domain-like
receptors), the missing link between innate and adaptive immu-
nity was established (68), and the cells of the innate immune
system have moved from being an evolutionary remnant to a
powerful and decisive player in all immune-response events. In
accordance with this revised view, the present ITIB mice revealed
that cells of the innate immune system that are involved in im-
mune homeostasis or in immune responses are substantial source
of the important immune regulatory factor IL-10.

For this reason, to gain accurate and complete insightful in-
formation about cytokine-mediated immune regulation, the efforts
that are made to track and investigate cytokine-producing cells
in vivo should not be predominantly concentrated on adaptive
immune cells, like T cells. However, the current focus on T cells is
partly due to the limited sensitivity of intracellular immunostaining
and reporter mice (particularly those using autofluorescent proteins
as reporter) that do not enable the detection of weakly expressed
cytokines. In this study, we showed that the use of Bla as a reporter
gene for mice helps to overcome these limitations and open up
unique possibilities to study the expression of weakly expressed
genes in all immune cell types that, all together, compose our
immune system.

Finally, it is noteworthy that by developing new substrates
for Bla, other yet-unrecognized uses of the ITIB mouse can be
established.
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Data Supplement

Supplemental Figure 1: Generation of the ITIG reporter mouse

(A) Wild type (WT) genomic locus of the 1110 gene, targeting constructs, and the knock-in
1110 allele in the reporter mouse are shown. The targeting construct is consisting of a 7.1 kb
genomic fragment of 1110 (5’ homology arm), followed by an IRES-eGFP cassette at the end
of the last exon (exon 5) of the 110 gene and upstream of its 3’-untranslated region (3’UTR),
a loxP-flanked neomycin resistance gene (neo), and a 2.2 kb genomic fragment of 1110 (3’
homology arm). The locations of the genotyping primers are indicated by arrows. The neo
resistance gene was removed after crossing the chimeric mice to a general Cre-expressing
“deletor” mouse strain. (B) Genotyping of ITIG mice by PCR. (C) The expression of I110-
eGFP hybrid mRNA from liver of ITIG mice was analyzed by RT-PCR using primers for
[110-eGFP hybrid mRNA (targeting exon4 of 1110 and eGFP). The locations of the primers are
indicated. As a loading control, RT-PCR of the housekeeping gene, hypoxanthine-guanine-
phosphoribosyltransferase (HPRT), was used.

Supplemental Figure 2: Generation of the ITIB reporter mouse

(A) The targeting construct is consisting of a 7.1 kb genomic fragment of [110 (5° homology
arm), followed by two IRES-B-lactamase (bla) cassettes at the end of the last exon (exon 5) of
the 1110 gene and upstream of its 3’-untranslated region (3’UTR), a loxP-flanked neomycin
resistance gene (neo), and a 2.2 kb genomic fragment of 1110 (3’ homology arm). A Cre
recombinase gene (Cre) was inserted outside the 3’ homology arm as a negative selection
marker. The locations of the genotyping primers are indicated by arrows. The neo resistance
gene was removed after crossing the chimeric mice to a general Cre-expressing “deletor”
mouse strain. (B) Genotyping of ITIB mice by PCR. (C) The expression level of 1110 mRNA
or I110-bla hybrid mRNA from liver of WT mice (WT/WT) and ITIB mice was analyzed by
RT-PCR using primer for 1110 (targeting exonl and exon5 of 1110), or primer for I110-bla
hybrid mRNA (targeting exonl of I110 and bla). As a loading control, RT-PCR of HPRT was
used.

Supplemental Figure 3: Stability, fidelity and specificity of Bla-reporter activity in vitro
and in vivo.

(A) BMDCs from ITIB mice were stimulated with 500 ng/ml LPS in or without combination
with Polymyxin B (PMB), an agent known to neutralize the activity of LPS. (4) After 7 h
supernatants were collected at the indicated time points, and BMDCs were loaded with CCF4-
AM and analyzed by FACS. (B) The amount of IL-10 in the collected supernatants of ITIB
BMDCs in panel A was measured using a CBA kit. (C) BMDCs from ITIB mice were
stimulated with 50 pg/ml Zymosan and 40 ng/ml TGFB. After 3 hours, medium was
exchanged with another one containing 100 ug/ml cycloheximide and cells were further
incubated for the indicated time. Supernatants were collected at the indicated time points, and
BMDCs were loaded with CCF4-AM and analyzed by FACS. (D) The amount of IL-10 in the
collected supernatants of ITIB BMDCs in panel C was measured using a CBA kit. ITIB mice
were infected intraperitoneally (i.p.) with 5x10° Y. enterocolitica and sacrificed after 1 day or
4 days. (E) 2x10° splenic cells from the homogenized spleens of each naive and infected ITIB
mouse were loaded with CCF4-AM and analyzed by FACS. (F) Serial dilutions of the spleen
homogenates were plated on LB agar plates to determine the bacteria loads. 2x10° splenic
cells from each naive and infected ITIB mouse in panel E were resuspended in 100 ul RPMI-
medium (containing 5% FBS, penicillin (100 U/ml) and streptomycin (100 mg/ml)), and were
incubated at 37°C for 5 hours. Supernatants were then collected and the amount of secreted
IL-10 was measured using a CBA kit. The amounts of secreted IL-10 were plotted against the
bacteria loads (Logjo CFU of Yersinia enterocolitica per spleen).
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Supplemental Figure 4: Cellular sources of IL-10 in the spleen of naive and Yersinia-
infected ITIB mice.

(A) ITIB splenic leukocytes from naive WT and ITIB mice were loaded with CCF4-AM and
subjected to cell surface immunostaining against cell type specific markers. The indicated cell
types were gated on CCF4-blue to determine the percentage of Bla" cells. The data shown are
representative of more than six experiments. (B-C) WT and ITIB mice were infected i.p. with
5x10* Y. enterocolitica and splenocytes. 5 days post infection, splenocytes were loaded with
CCF4-AM and subjected to immunofluorescence. (B) The indicated cell types were gated on
CCF4-blue to determine the percentage of Bla" cells. (C) CD45" splenocytes were gated on
the indicated cell-type specific markers to determine the percentage of different cell types.
The data shown are representative of results obtained by using 3-5 mice.
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