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Lyn kinase deficient mice represent a well established genetic
model of autoimmune/autoinflammatory disease that resembles
systemic lupus erythematosus. We report that IL-10 plays a crucial
immunosuppressive role in this model, modulating the inflamma-
tory component of the disease caused by myeloid and T-cell
activation. Double-mutant lyn~'~IL-10"'~ mice manifested severe
splenomegaly and lymphadenopathy, dramatically increased proin-
flammatory cytokine production, and severe tissue inflammation.
Single-mutant lyn~'"mice showed expansion of IL-10-producing
B cells. Interestingly, WT B cells adoptively transferred into lyn~/~
mice showed increased differentiation into IL-10-producing B cells
that assumed a similar phenotype to endogenous lyn~'~ IL-10-pro-
ducing B cells, suggesting that the inflammatory environment pres-
ent in lyn™'~ mice induces IL-10-producing B-cell differentiation.
B cells, but not T or myeloid cells, were the critical source of IL-10
able to reduce inflammation and autoimmunity in double mutant
lyn™'~IL-10~'~ mice. IL-10 secretion by B cells was also crucial to
sustain transcription factor Forkhead Box P3 (Foxp3) expression in
regulatory T cells during disease development. These data reveal a
dominant immunosuppressive function of B-cell-derived IL-10 in
the Lyn-deficient model of autoimmunity, extending our current
understanding of the role of IL-10 and IL-10-producing B cells in
systemic lupus erythematosus.

signal transduction | tyrosine kinase | B regulatory cells

ystemic lupus erythematosus (SLE) is a complex autoimmune
disorder that involves many facets of the immune system
and is thought to result from the interaction between genetic
and environmental factors (1). Conventional models consider
SLE to be primarily caused by B-cell hyperactivity, production of
autoantibodies, and immune complex deposition (2). However,
mounting evidence has indicated an important pathological role
of T cells (3) and, more recently, myeloid cells (4, 5) in this
disease. Impaired cytokine production and deregulated inflam-
mation, including altered responses to Toll-like receptor ligand
stimulation, have also been shown to be major contributors to
tissue injury and end-organ damage in this disease (6-8).
Several murine models of human SLE have been developed (9).
The Lyn-deficient model of SLE-like disease is a single gene defect
model that results in hyperactive intracellular signaling responses
(10, 11). Mutations in the LYN gene have been associated with
SLE in humans (12). Lyn kinase is expressed mainly in B and
myeloid cells, and its deficiency in mice leads to progressive au-
toimmunity characterized by autoantibody production, lympho-
cyte activation, immune complex deposition, and nephritis (10).
Lyn™~ B cells are hyperactive to antigen receptor stimulation,
which leads to abnormal B-cell selection and/or tolerance,
resulting in the production of self-reactive antibodies (10, 13).
Lyn™~ myeloid cells are also hyperresponsive to various stimuli,
and recent evidence suggests that these cells are major contrib-
utors to disease development (11, 14, 15). In particular, over-
production of B-cell-activating factor of the TNF family (BAFF)
by lyn ™~ myeloid cells is fundamental in this model to sustain not
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only B-cell, but also T-cell activation. It is clear that the SLE-like
disease in this model is characterized not only by autoantibody
production and hyperactivated B cells, but also by pathogenic
interactions between myeloid cells and T cells that sustain in-
flammation, disease progression, and nephritis development (14).
IL-10 is an antiinflammatory cytokine with a crucial role in
controlling inflammatory responses that cause tissue damage.
IL-10 exerts its suppressive role primarily by limiting innate ef-
fector functions of macrophages and dendritic cells (DCs; in-
cluding proinflammatory cytokine production by the latter cells
in response to Toll-like receptor ligands) and their subsequent
activation of T cells. The potent role of IL-10 as immunosup-
pressive/antiinflammatory cytokine has been proven by the fact
that IL-10 deficiency strongly exacerbates certain types of auto-
immune diseases, such as inflammatory bowel disease and mul-
tiple sclerosis (which are typically considered as T-cell-mediated
autoimmune diseases) (16-18). On the contrary, besides its im-
munosuppressive functions, IL-10 is also known to boost B-cell
proliferation and Ig class switching, resulting in enhanced anti-
body secretion. As a consequence, the contribution of IL-10 to
SLE pathogenesis is less clear (16, 19, 20). An important role of
IL-10 in T-cell-mediated immune regulation has been linked to
CD4" CD25* Forkhead Box P 3 (Foxp3)™ regulatory T cells
(Tregs) (21). The importance of IL-10 production by Tregs as
a mechanism for their suppressive functions is controversial and
dependent on the experimental system (21, 22). However, IL-10
has recently been found to play a crucial role in maintaining
Treg-suppressive function under inflammatory conditions by
preventing the down-regulation of Foxp3 expression (23). A re-
duction in Foxp3 levels is associated with loss of Treg-suppres-
sive function, generation of pathogenic Tregs that may express
IL-17 and/or IFN-y, and increased susceptibility to autoimmunity
(24-26). A protective role of CD4* CD25%Foxp3* Tregs in
murine models of SLE has also been reported (27, 28).
Recently, B cells with regulatory suppressive activity, also
known as regulatory B cells (Bregs), have been discovered in
several mouse models of inflammation and autoimmunity, such
as contact hypersensitivity, inflammatory bowel disease, experi-
mental autoimmune encephalomyelitis, collagen-induced ar-
thritis, and type I diabetes (29-31). This conclusion was derived
from the paradoxical observation that depletion of B cells leads
to exacerbation of disease processes in some of these models.

Author contributions: P.S., Q.T., A.L.D., and C.A.L. designed research; P.S., C.L., Y.H., and
K.L. performed research; P.S., Q.T., A.L.D., and C.A.L. analyzed data; and P.S., C.L,, and
C.A.L. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
See Author Summary on page 16873.

'To whom correspondence may be addressed. E-mail: clifford.lowell@ucsf.edu or patrizia.
scapini@univr.it.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1107913108/-/DCSupplemental.

PNAS | October 11,2011 | vol. 108 | no.41 | E823-E832

>
(L
=]
=
[=]
=
>
=
=



http://www.pnas.org/content/108/41/E823/1
mailto:clifford.lowell@ucsf.edu
mailto:patrizia.scapini@univr.it
mailto:patrizia.scapini@univr.it
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107913108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107913108/-/DCSupplemental

L T

/

1\

BN AS  PNAS D)

Accumulating evidence suggests that B cells exert their regula-
tory role mainly through the production of IL-10. Various sub-
sets of B cells have been found to produce IL-10, and the
number of these cells is increased in the aforementioned models,
but generally they represent less than 10% of the total B-cell
population (29-31). B-cell-derived IL-10 has also been impli-
cated in balancing immune responses to pathogens (32). Recently,
immunosuppressive subsets of B cells have been implicated in
modulation of SLE-like disease in mice; however, it is unclear if
this is a result of IL-10 production (33-35). Clearly, the concept
that B cells have important regulatory functions in immune
responses, beyond just antibody production, is an emerging theme.

In the present study, we used the Lyn-deficient model of au-
toimmunity to further elucidate the role of IL-10, and IL-10-
producing cell subsets, in the modulation of SLE. We found that
IL-10 plays a crucial role in modulating the inflammatory com-
ponent of the disease caused by myeloid and T-cell activation in
this model. Surprisingly, despite the well characterized patho-
logical role of B cells in Lyn-deficient autoimmunity, we identi-
fied the latter cells as the critical IL-10-producing cell type
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Fig. 1. Lyn™

capable of restraining inflammation and disease progression in
yn™"IL10™~ mice.

Results

IL-10 Deficiency Dramatically Increases Splenomegaly and Lymph-
adenopathy in lyn—'~ Mice. With age, lyn~'~ mice develop an inflam-
matory and autoimmune disease that is characterized by increased
production of proinflammatory cytokines such as BAFF, IFN-y,
and IL-6 (14, 36). Serum levels of the anti-inflammatory cytokine
IL-10 were also elevated in lyn ™~ mice at 2 mo of age and pro-
gressively increased, reaching a plateau at approximately 4-6 mo
of age (Fig. 14). We therefore decided to investigate the effect of
IL-10 deficiency on the inflammatory/autoimmune disorder de-
veloped by lyn™~ mice by generating animals deficient for both
Lyn and IL-10 (yn~""IL-107~ mice). Whereas lyn~'~ mice are
long-lived, lyn~""IL-10"~ double-mutant mice showed a striking
increase in mortality compared with control animals; the survival
rate at 6 mo was only 25% for lyn™"IL-10~'~ mice, compared
with 75% for IL-10~"~ mice and 100% for WT and lyn~'~ mice.
Furthermore, the birth rate of the double-mutant mice was much
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~ mice have increased IL-10 serum levels and manifest dramatic splenomegaly and lymphadenopathy as a consequence of IL-10 deficiency. (A) ELISA

of IL-10 serum levels in 2-, 4-, and 6-month-old WT or lyn™"~ mice. Each symbol represents the IL-10 serum level of an individual mouse. Data are pooled from
two independent time-course experiments. (B) Representative images of spleen and lymph nodes from 5- to 6-mo-old WT, lyn™", IL-107~, or lyn™""IL-107"~
animals. Data are representative of 10 to 12 mice for each genotype analyzed at end-point experiments. (C) Each symbol represents the weight of an individual
spleen (Left) or lymph node (Right) from 2-, 4-, and 6- month old WT, lyn™~, IL-107"~, or lyn™~IL-10~'~ mice. Data are pooled from two independent time-course
experiments. (D) Single-cell suspensions of spleens (Left) and lymph nodes (Right) from 6-mo-old WT, lyn™~, IL-107~, and lyn~""IL-107'~ mice were prepared,
counted, and stained for flow cytometric analysis. The absolute number of total, myeloid (CD11b*), total B (CD19* p/us CD1 9/B220'°"'-CD138* cells),and T (TCRB*)
cells is reported. Data are pooled from two separate time-course experiments and are expressed as mean + SEM (n = 8-12 mice per time point). Statistical
differences of lyn™'"IL-107'~ double-mutant versus lyn~"~ or IL-107"~ single-mutant mice are reported (*P < 0.05; **P < 0.01; ***P < 0.001).
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lower, and the animals had to be bred by using IL-10 heterozygous
parents. Lyn ™/ "IL-10"'~ mice manifested dramatic splenomegaly
and lymphadenopathy starting at a young age, which were
markedly more severe than in WT, lyn’/ =, or IL-107~ control
animals (Fig. 1 B and C). The splenomegaly and lymphadenop-
athy were primarily caused by a large expansion in the numbers of
myeloid (CD11b™) and T (TCRB™) cells (Fig. 1D). The B-cell
lymphopenia normally observed in lyn™~ mice was not signifi-
cantly altered in the spleen by IL-10 deficiency, whereas the total
number of B cells was significantly increased in the lymph nodes
of the double-mutant mice compared with the lyn ™ single-mutant
mice (Fig. 1D). Overall, these data suggest that IL-10 is an
important negative regulator of myeloid and T-cell prolifera-
tion in in~~ mice, and lack of this cytokine severely exacer-
bates the development of splenomegaly and lymphadenopathy in
these animals.

Finally, histological analysis of several tissues revealed
a dramatic increase in inflammatory leukocyte infiltration in the
kidneys, the liver, and the lungs of Lyn~"IL-10~"~ animals com-
pared with WT, lyn™"~, or IL-10”~ control animals (Fig. S1A4).
These data suggest that the increased mortality observed in
lyn™"IL-107'~ mice, compared with lyn~'~ or IL-107~ single-
mutant mice, is likely caused by an increased systemic in-
flammatory response that affects multiple organs and tissues.
However, the development of spontaneous colitis, typically caused
by IL-10 deficiency, was not significantly increased in fyn™"IL-
107~ compared with IL-107"~ mice (Fig. S14, Bottom, and Fig.
S1 B and C).
IL-10 Deficiency Increases T-Cell, but Not B-Cell, Activation in lyn~'~
Mice. The hyperactivated phenotype of lyn™~ B cells and the
contribution of these cells to autoimmunity in yn~~ mice have
been well described (10). Even though T cells do not express
Lyn, lyn™"~ mice have increased numbers of activated effector T
cells expressing pathogenic cytokines, such as IFN-y, and an
expansion of Tregs (14, 37). Despite the positive role of IL-10 in
supporting B-cell activation and antibody Production (17, 18,
20), we found that the phenotype of lyn™~ B cells was only
minimally affected by IL-10 deficiency in terms of B-cell phe-
notype, activation, and serum levels of autoreactive and total
antibodies (Fig. S2 A-D). Furthermore, although IgG levels were
increased, IL-10 deficiency did not significantly affect glomerular
IgG immune complex and complement factor 3 (C3) deposits in
the kidneys (Fig. S2E). However, the number of activated
(CD69™) and effector (CD44 "&"CD62L7) T cells (both CD4™*
and CD8™") was strongly increased in the spleens of lyn ™" IL-107'~
compared with lyn ™~ mice (Fig. 24). The double-mutant animals
also had a significantly increased number of IFN-y " T cells, as well
as IL-17" T cells, compared with single-mutant or WT mice (Fig.
2A4). Importantly, although the frequency and total number of
Tregs was increased in the spleens of lyn~'"IL-107~ compared
with lyn ™'~ mice, the expression level of Foxp3 in these cells was
significantly reduced compared with single-mutant lyn~'~ or IL-
107~ mice (Fig. 2 B-D). Taken together, these data demonstrate
that IL-10 plays a fundamental role in restraining T-cell activation
and maintaining Foxp3 expression levels in CD4" CD25*Foxp3™
Tregs in lyn™~ mice. In contrast, IL-10 deficiency did not signifi-
cantly affect B-cell activation in the Lyn-deficient model of
autoimmunity.

Production of Proinflammatory Cytokines Is Increased in lyn—'~IL-10~'~
Mice. IL-10 is a well known suppressor of proinflammatory cy-
tokine production by several cell types, including myeloid cells
(17, 18). Deregulation of cytokine production plays an important
role in the inflammatory/autoimmune disease developed by lyn™'~
mice (14, 36). We therefore investigated whether IL-10 deficiency
caused increased proinflammatory cytokine production in fyn ™~
mice by affecting, in particular, the hyperactivated iyn ™~ myeloid
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Fig. 2. IL-10 deficiency increases T-cell activation in lyn™"~ mice. (A-C) Sin-
gle-cell suspensions of spleens from 5- to 6-mo-old WT, lyn™"", IL-107~, and
lyn~""IL-107"~ mice were counted and stained for flow cytometric analysis.
(A) The absolute number of TCRF*CD69*, TCRP*CD44MINCD62L™ (effector
cells), TCRB*IFNy*, and TCRB*IL-17* cells is reported as evidence of T-cell ac-
tivation. (B) The frequency (Left) and absolute number (Right) of splenic
CD4*CD25*Foxp3* Tregs are reported. Data are pooled from three in-
dependent end-point experiments and are expressed as mean + SEM (n = 8-
12 mice per group). (C) Each symbol represents the mean fluorescence
intensity (MFI) of Foxp3 expression in splenic CD4*CD25*Foxp3* Tregs (cal-
culated as percentage of MFI expression relative to WT levels for each ex-
periment) from individual lyn™"~, IL-107~, or lyn™"IL-107~ animals. Data are
pooled from two independent end-point experiments. (D) Representative
FACS histograms showing the MFI expression of Foxp3 in splenic
CD4*CD25*Foxp3* Tregs from mice of the indicated genotype. Data are
representative of five to 10 mice for each genotype. Statistical differences of
lyn~""IL-107"~ double-mutant versus lyn™"~ or IL-107"~ single mutant mice are
reported (*P < 0.05; **P < 0.01; ***P < 0.001).

cells. Serum levels of all of the proinflammatory cytokines tested
(e.g., TNF-a, IL-6, IL-12, IFN-y, IL-1a/p, BAFF) were strongly
elevated in the serum of lyn™~IL-10~'~ compared with lyn =~ mice
(Fig. 3 A and B). Although T cells were the likely source of the
increased IFN-y and IL-17 in the lyn/"IL-10~~ mice (Fig. 24),
the dramatic expansion of the hyperactivated ln~~ CD11b*
myeloid cell subtypes (including granulocytes, monocytes, DCs,
and macrophages; Fig. 3C) could account for the overproduction
of other cytokines. In line with this hypothesis, the mRNA ex-
pression levels of cytokines such as BAFF and IL-6 were increased
in macrophages and DCs purified from the spleens of lyn™"IL-
107"~ mice compared with lyn™~ or IL-107"~ animals (Fig. 3D).
Similarly, myeloid cells from lyn~"~IL-107~ mice produced in-
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Fig. 3. IL-10 deficiency exacerbates the production of proinflammatory cytokines in lyn™

= mice. Serum levels of the indicated cytokines (A) and BAFF (B) in 5-

to 6-mo-old WT, lyn™, IL-107~, or lyn~""IL-107"~ mice, assessed by fluorescent bead-based Luminex assays or ELISA, respectively. Data are pooled from three
independent end-point experiments and are expressed as mean + SEM (n = 8-12 mice per group). (C) Single-cell suspensions of spleens from 5- to 6-mo-old
WT, lyn™=, IL-107", and lyn™~IL-10"~ mice were counted and stained for flow cytometric analysis. The absolute number of the different subsets of CD11b*
myeloid cells was obtained by analyzing the expression of the following markers: CD11b"9"7/4™GR-1"9" (granulocytes), CD11b"9"7/4"9"GR-1'"" (mono-
cytes), CD11b*F4/80* (macrophages), and CD11b*CD1 1chigh (myeloid DCs; mDGCs). Data are from one end-point experiment and are expressed as mean + SEM
(n = 4-5 mice per group). (D) Each symbol represents BAFF or IL-6 mRNA expression in splenic macrophages and DCs purified from the spleens of individual 5-
to 6-mo-old WT, lyn"‘, IL-107"-, and Iyn"‘IL—10"‘ mice as described in Methods. Data are pooled from two end-point experiments. (E) The absolute number
of IL-6*, TNF-a*, IL-12 p40*, and IL-10* CD11b* myeloid cells in the spleen of 5- to 6-mo-old WT, lyn~"~, IL-107"~, or lyn™"~IL-10~~ mice was determined by FACS
analysis as described in Methods. Data are pooled from two end-point experiments and are expressed as mean + SEM (n = 4-5 mice per group). Statistical
differences of lyn™"IL-10~~ double-mutant vs. lyn™"~ or IL-10”~ single mutant mice are reported (*P < 0.05; **P < 0.01; ***P < 0.001).

creased amounts of proinflammatory cytokines after LPS stimu-
lation, as revealed by intracellular staining (Fig. 3E). These data
suggest that IL-10 deficiency causes an increase in the production
of proinflammatory cytokines and that lyn ™~ myeloid cells are im-
portant contributors to the inflammatory phenotype in lyn™/"IL-
107"~ animals.

IL-10-Producing B Cells Are Increased in Spleen of lyn™'~ Mice. Sev-
eral cellular sources of IL-10, including B cells, T cells, and
myeloid cells, have been identified in mouse models of in-
flammatory and autoimmune disease (17, 18). To detect IL-10
production in vivo, we crossed lyn™'~ animals with the IL-10
reporter GFP knock-in “figer” mice, which, as previously shown
by Kamanaka et al.,, are a valuable tool for following IL-10
production as GFP expression fairly reports the IL-10 expres-
sion, but with much higher sensitivity than intracellular staining
and without the necessity of performing ex vivo restimulation of

E826 | www.pnas.org/cgi/doi/10.1073/pnas.1107913108

the cells (38). Consistent with the increased IL-10 serum levels
observed in lyn ™'~ mice, we found that the frequency of IL-10—
GFP" splenic leukocytes was significantly higher in 2-mo-old
lyn™"tiger mice than in control tiger mice and further increased
over time, reaching a plateau at approximately 4 to 6 mo of age
(Fig. 44). We also found an increased frequency of IL-10-GFP™*
cells in the peripheral blood, lymph nodes, bone marrow, and
peritoneal cavity of lyn™'"tiger mice compared with control tiger
animals, but the overall frequency of IL-10-GFP™ cells in these
tissues was less than 2%. We therefore decided to focus our
attention on the characterization of splenic IL-10-GFP* cells, as
the spleen is the earliest tissue affected by the inflammatory/
autoimmune process in this model. B cells were the main cell
type expressing IL-10-GFP* (both as frequency and absolute
number) in the spleens of 2-mo-old control tiger as well as lyn™'~
tiger mice (Fig. S3 A and B), consistent with previous observations
made in a different IL-10 reporter mouse (39). The remaining
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course experiments and are expressed as mean + SEM (n = 6-8 mice per group). Statistical differences of lyn™'"tiger vs. control tiger mice are reported (*P <
0.05; **P < 0.01). (C) Resting CD19" B cells were sorted from single-cell suspensions of spleens and lymph nodes from control tiger (CD45.2*) mice, and 10 x 10°
were injected i.v. into 6-mo-old congenic CD45.1* WT or lyn™~ mice. Representative flow plots of the frequency (of total CD45.2* CD19* plus CD19/B220'°"/~
CD138* donor B cells) and the phenotype (expression of CD138, CD21, and CD23) of the donor CD45.2*IL-10-GFP~ B cells or CD45.2*IL-10-GFP* B cells detected
in the spleen of host CD45.1* WT (Left) or lyn~"mice (Right) 1 mo after the adoptive transfers. Data are representative of four mice for each condition. (D)
IL-10 protein release, assessed by ELISA, by CD19* B cells isolated from spleen and lymph nodes of 2-mo-old WT or lyn™~ mice and stimulated for 72 h in the
presence or absence of 5 pg/mL LPS, CpG oligonucleotide, or anti-CD40 Abs.

splenic IL-10-GFP™ cells were mainly T cells in control figer mice,
whereas they were both T cells and myeloid cells in lyn ™ tiger mice.
However, whereas, in tiger mice, the distribution of IL-10-GFP*
cells remained unchanged over time, as lyn ™ tiger mice aged, the
absolute number of splenic IL-10-GFP* B, T, and myeloid cells
increased, correlating with the overall expansion of the T and
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myeloid cell compartments (Fig. S3B). We then analyzed the
percentage of IL-10-GFP™ cells in a given splenic cell population
and found that the frequency of IL-10-GFP* B cells present in
Iyn™"tiger mice was much higher than in control tiger mice: greater
than 10% of B cells were IL-10-GFP™, and this increased to more
than 20% by 6 mo of age (Fig. 4B). The absolute number of IL-10-
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GFP* B cells was also significantly increased in lyn ™ figer mice
compared with control tiger mice, even though, similar to regular
yn™" mice, lyn~"tiger mice have a lower B-cell frequency (Fig.
S3B). Among the total splenic B-cell population (gated on CD19*
plus CD19/B220"°Y~CD138" cells; Fig. S3C), the majority of IL-
10-GFP™* B cells in control figer mice were follicular (Fo) B cells
and plasma cells/plasmablasts (Table 1 and Fig. S3C, Left). In
contrast, in lyn - ~tiger mice, the majority of the IL-10-GFP™" B cells
were plasma cells/plasmablasts, transitional type 1 and 2 (T1,2) B
cells, and Bla/b B cells (Table 1 and Fig. S3C, Right). Within the
IL-10-GFP* B1 cell subsets, there was a significant reduction of
CD5" IL-10-GFP™* Bla cells (and parallel increase in CD5~ IL-
10-GFP* Bl1b cells) in 2-mo-old lyn~"tiger compared with tiger
mice (percentage of CD5" IL-10-GFP™ Bla cells in tiger was
58% + 3 vs. 39% + 4 in lyn~""tiger mice; P < 0.03; n = 3). The
percentage of IL-10-GFP™ B cells with a Fo or marginal zone
(MZ) phenotype was significantly reduced in the spleens of lyn ™/~
tiger mice (Table 1), in agreement with the lower frequency of these
B-cell types in lyn”'~ mice (10).

The frequency and the number of splenic IL-10-GFP* T cells
and myeloid cells was also elevated in lyn ™ "tiger compared with
control tiger mice (Fig. 4B and Fig. S3 B, D, and E). Among T-
cell subpopulations, CD4* T cells were the most representative
IL-10-GFP* T cells in the spleens of control figer and lyn ™' "tiger
mice (Table 1 and Fig. S3D). Surprisingly, among the splenic IL-
10-GFP™* T cells, only approximately 10% were CD4*CD25*
Tregs in both control figer and lyn~'"tiger mice (Table 1 and Fig.
S3D). Among the myeloid cell population tested, neutrophils and
monocytes/macrophages were the most representative IL-10-
GFP* CD11b" in both control tiger and lyn™"tiger mice (Table 1).

The fact that B cells represented the largest population of IL-
10-GFP™ splenic cells in yn~"tiger mice at an early stage of
disease development was of particular interest to us. We first
investigated whether this increased frequency, as well the dif-
ferent phenotype, of IL-10-GFP™ B cells present in lyn™tiger
mice was a result of intrinsic effects caused by the lack of Lyn in
these cells or was caused by the overall inflammatory environ-
ment present in these animals. To address this question, we
purified WT CD19* B cells (carrying the CD45.2 congenic
marker) from control tiger mice and adoptively transferred these

Table 1. Phenotype of IL-10-GFP* cells in fyn~'~ mice

cells into 6-mo-old congenic B6 or lyn™~ animals carrying the
CD45.1 allele. Interestingly, we found that the frequency of
splenic IL-10-GFP* CD45.2" B cells, generated out of the total
CD45.2% donor B cells, was significantly higher following
transfer into congenic lyn~~ versus B6 mice (percentage of IL-
10-GFP* CD45.2" B cells in B6 was 3% + 0.3 vs. 12% + 2.6 in
lyn™™ mice; P < 0.02; n = 4; Fig. 4C). Unexpectedly, the
transferred total donor CD45.2% B cells (IL-10-GFP~ and IL-
10-GFP*) assumed a phenotype that resembled the Lyn-de-
ficient B-cell phenotype, manifesting a reduced frequency of Fo
and MZ B cells and an increased frequency of plasma cells/
plasmablasts (Fig. 4C). Consistently, the majority of donor WT
IL-10-GFP* B cells recovered from the spleens of host iyn ™/~
mice were plasma cells/plasmablasts, T1,2 B cells, and Bla/b B
cells, and they showed a phenotype similar to the splenic lyn ™/~
IL-10-GFP* B cells present in lyn™' tiger mice (Fig. 4C and
Table 1). Splenic donor WT IL-10-GFP™ B cells developed in
host B6 mice showed the same phenotype as splenic IL-10—
GFP™* B cells present in control tiger mice (Fig. 4C and Table 1).
These data suggest that the inflammatory environment present
in lyn™~ mice dramatically affects the frequency and the phe-
notype of B cells, including the differentiation of IL-10-pro-
ducing B cells.

Consistent with the increased frequency of IL-10-GFP* B
cells observed in the spleens of lyn™""tiger mice, we found that
lyn™~ B cells released increased amounts of IL-10 compared
with WT B cells after stimulation with LPS, CpG oligonucleo-
tide, or anti-CD40 Abs (Fig. 4D), stimuli that have been pre-
viously described to induce IL-10 production by B cells (29, 30).

B Cells, but Not T or Myeloid Cells, Are the Crucial Source of IL-10 Able
to Reduce Disease Development in Double-Mutant lyn~'"IL-10~'"~
Mice. In view of the early expansion of IL-10—-producing B cells
in lyn ™~ mice, we investigated whether adoptive transfer of WT
or lyn™~ IL-10-sufficient B cells could reduce the inflammatory
and autoimmune disease developed by lyn~"IL-107~ mice. We
first adoptively transferred 10 x 10° WT CD19* B cells, isolated
from the spleen and lymph nodes of 2-mo-old sex-matched
congenic WT animals, into 2-mo-old yn~'"IL-107~ mice. Ex-
perimental animals were then killed and screened for disease

2 mo 4 mo 6 mo

Genotype WT lyn="= WT lyn="= WT lyn™"=
Phenotype of IL-10-GFP* B cell, %

Follicular (CD19*CD23*CD21"™) 41 +3 6+08* 47+4 10 + 1* 45 + 6 7 + 1.5%

Mz (CD19*CD23-CD21M9") 8+18 1x+04" 1222 1+05% 10+06 1+02*

Transitional T1+T2 (CD19*AA4/CD93") 12+08 19+2° 14 +2 23+ 17 7+13 19+14"

Plasma cells/plasmablasts (CD19/B220'°"/~CD138*) 19 +5 49 + 4* 18+ 4 55 + 2* 25+ 3 56 + 3*

B1 a/b (CD19* CD138CD21-CD23~CD43*CD5*") 1M1 +2 23 + 4" 9+1 17 + 27 7+08 16+1"
Phenotype of IL-10-GFP* T cells, %

CD4* (TCRB*CD4Y) 83 +2 70+ 6 85+ 4 59 + 5" 73+22 58+5"

Treg (TCRB*CD4*CD25*FoxP3*) 14+14 12+16 11 +1 9+ 1.1 9+2 8+23

CD8*(TCRB*CD8Y) 17 £ 1 29+ 4 15+15 38+5" 27+23 39+6"
Phenotype of IL-10-GFP* myeloid cells, %

Neutrophils (CD11b*Ly6G™) 24 + 4 24 + 3.2 23 +2 20+ 1 23+ 6 26 + 1

Monocytes/macrophages (CD11b*F4/80%) 26 + 8 30+ 4 33+2 35+2 35+ 8 32+4

mDC (CD11b*CD11c¢ Mioh) 8+09 15+27" 941 14 + 27 85+ 1 13+ 16"

Single-cell suspensions of spleens from 2-mo-old control tiger or lyn~""tiger mice were prepared and stained for flow cytometric

analysis as described in Methods. The gates designed to analyze GFP expression were set by using regular WT or lyn

'~ mice as GFP~

controls. The phenotype of IL-10-GFP* B cells (out of total CD19* p/us CD19/B220'*""CD138*IL-10-GFP* B cells), IL-10-GFP* T cells (out of
total TCRB*IL-10-GFP* T cells) and IL-10-GFP* myeloid cells (out of total CD19"TCRB~CD11b*IL-10-GFP* myeloid cells) was detected by
analysis of the expression of the indicated markers. Data are representative of 5-6 mice for each genotype and are expressed as mean +

SEM. mDC, myeloid DC.
*P < 0.01, TP < 0.05.
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development 2 to 3 mo after the transfer. At this time point, 5%
to 10% of the total B-cell population present in the spleen and
lymph nodes of the host lyn™"IL-107~ mice were transferred
WT donor B cells. The development of splenomegaly, myelo-
proliferation, T-cell expansion, and T-cell activation was signif-
icantly reduced in lyn"IL-107"~ mice that received WT B cells
compared with untreated control lyn~"IL-10~'~ mice (Fig. 5 4-
C). Adaptive transfer of WT B cells was also able to significantly
reverse the down-regulation of Foxp3 expression in IL-107~
Tregs present in lyn™~IL-10""" mice (Fig. 5D). Adoptive transfer
of WT B cells did not alter the autoantibody titers in the lyn ™" IL-
107"~ mice. In contrast, lyn_/ ~IL-10""" mice that received adoptive
transfers of IL-107~ B cells developed similar levels of disease
compared with untreated lyn~"IL-10~'~ mice, indicating that the
protective effect obtained with adoptive transfers of WT B cells
was IL-10-dependent (Fig. 5).

We next performed adoptive transfers of 5 x 10° CD19™ lyn™/~
B cells into yn/"IL-107"~ mice. Despite technical difficulties
with this experiment as a result of the reduced number of B cells
present in the donor lyn™'~ mice, lyn™'~ B cells were also able
to significantly reduce disease development in kn~'"IL-107~
recipients (Fig. S4 A-C).

CD4" Tregs represent another major source of IL-10 (21),
and might also modulate the inflammatory/autoimmune disease
in this model. Thus, we performed adoptive transfers of these
cells into lyn~"IL-10~'~ mice. WT CD4* Tregs were isolated
from CD8* T-cell-deficient congenic mice, expanded in vitro
(28, 40), then transferred into lyn™'"IL-10~"" mice (10 x 10° cells
per mouse). WT CD4" Tregs were unable to suppress disease
development in the lyn™"~IL-10~'~ mice, despite the fact that 5%
to 8% of the CD4™ Tregs were expressing the congenic marker
of the transferred donor WT Tregs in the recipients (Fig. S4 D-
F). A similar down-regulation of Foxp3 expression was observed
in the donor WT Tregs and the host IL-10~~ Tregs present in
lyn™"IL-107~ mice. Moreover, adoptive transfers of total
TCRB* WT or IL-107~ T cells isolated from the spleen and
lymph nodes of WT or IL-107~ mice, respectively, did not re-
duce disease development in lyn™"IL-10~'~ mice (Fig. S4 G-I),
further excluding a possible role of other T-cell subsets as an
important source of IL-10 in /yn ™~ mice.

Finally, we investigated whether myeloid cells are an important
source of IL-10 in our model. For this purpose, we generated
chimeric mice by reconstituting, as previously described (14), the
hematopoietic system of lethally irradiated WT or IL-1 07" ani-
mals with bone marrow from lyn~"rag™~ mice mixed, in a ratio of
75% to 25%, with WT or IL-10"~ bone marrow. With this ex-
perimental approach, we obtained lyn~"rag”"~+WT chimeras (in
which the majority of myeloid cells were Lyn-deficient and every
cell type, including myeloid cells, were IL-10-sufficient) or lyn ™/~
rag™'~+IL-107"~ chimeras (in which the majority of myeloid cells
were Lyn-deficient and IL-10-sufficient, whereas all other cell
types were IL-10—deficient). As previously demonstrated, the lyn ™'~
rag”'~+WT chimeras developed, at approximately 6 to 8 mo of age,
a lupus-like disease that strongly resembled the disease developed
by regular lyn™~ mice (14); however, the lyn™ “rag”~+IL-107~
chimeras developed much more severe and accelerated disease
than the lyn™"rag”~+WT control chimeras (Fig. S4 J-L). These
results indicate that IL-10 secretion by iyn~'~ myeloid cells alone
was not sufficient to reduce disease exacerbation caused by the lack
of IL-10 in the lymphoid and stromal compartments in the Lyn-
deficient model of autoimmunity.

Discussion

The role of IL-10 in the pathogenesis of SLE remains controversial
(20, 41). In the present study, we use lyn '~ mice as a model of SLE
and demonstrate that IL-10 plays a crucial role down-regulating
the inflammatory component of the disease caused by myeloid
and T-cell activation, while minimally affecting autoantibody

Scapini et al.

production by B cells. Because of increased myeloid and T-cell
activation/proliferation, lyn™'"IL-107'~ double-mutant mice de-
veloped dramatic splenomegaly and lymphadenopathy, increased
proinflammatory cytokine production, and tissue inflammation
leading to severe end-organ damage and early mortality. We found
that B cells were the main IL-10-producing cells in the spleen of
Iyn™"~ mice especially at the initial stage of disease development.
Interestingly, the expansion and the phenotype of IL-10—pro-
ducing B cells in lyn ™'~ mice seemed to be a compensatory re-
sponse to the inflammatory environment rather than an intrinsic
effect of the lack of Lyn kinase in these cells. This conclusion is
based on the observation that WT B cells adoptively transferred
into lyn ™"~ hosts manifested an increased differentiation into IL-
10—producing B cells that assumed a similar phenotype to en-
dogenous lyn '~ IL-10-producing B cells. Adoptive transfer of IL-
10-sufficient, but not IL-10-deficient, WT or lyn_/ ~ B cells was
able to reduce the disease development inlyn ™'~ IL-10~'~ mice. IL-
10 secretion by B cells was also crucial to sustain Foxp3 expression
in Tregs during disease development. In contrast, IL-10 pro-
duction by T cells (including purified Tregs) or myeloid cells was
not sufficient to reduce disease development in this model. To-
gether these data suggest a dominant role of IL-10-producing B
cells over Tregs (or other IL-10-producing cells) as critical source
of IL-10 required to limit disease progression in the Lyn-deficient
model of autoimmunity.

There are several possible mechanisms for the immunosup-
pressive effect of IL-10 on disease development in yn™/~ mice.
IL-10 is crucial for inhibition of IFN-y— and IL-17-producing T
cells, which are known to promote inflammation and autoim-
mune diseases (42). Furthermore, IL-10 deficiency also results in
a dramatically increased production of proinflammatory media-
tors, such as IL-6 and IL-1, which can induce down-regulation of
Foxp3 expression in CD4" Tregs (23, 43, 44). The latter phe-
nomenon can lead to the loss of Treg function (25), so it is likely
that an important immunosuppressive role of IL-10 is to main-
tain the ability of the expanded CD4™ Tregs to restrain disease
development in lyn™~ mice (37). IL-10 also clearly limits the
expansion of hyperactivated myeloid cells producing elevated
amounts of proinflammatory cytokines that promote the estab-
lishment of pathogenic cross-talk between myeloid cells and T
cells (14). Our data are consistent with a protective role of IL-10
observed in other mouse models of SLE-like disease, including
IL-10—deficient MLR-Fas™" mice (45) and IL-10-overexpressing
B6.Slel.Sle2.Sle3 mice (46), but disagree with the pathogenic role
of IL-10 demonstrated after administration of neutralizing anti—
IL-10 antibody in New Zealand Black/White F1 hybrid mice
(47). Several hypotheses attempted to explain these discrep-
ancies, including the possibility that the positive and negative
regulatory effects of IL-10 might differ depending on the timing
of IL-10 overproduction, the levels of expression, or the cell
source of IL-10 (45, 46). Our data suggest that mouse models
with a strong T-cell pathogenic component are more likely to
develop worse disease following IL-10 reduction.

A surprising finding of this study is the dominance of B cells
over T cells (in particular Tregs) and myeloid cells as a crucial
source of IL-10 able to suppress disease in lyn~"IL-10~"~ mice.
There could be several explanations for this, including better
migration of IL-10—producing B cells to inflammatory niches (e.g.,
in the myeloid cell-rich bone marrow), more effective “pre-
sentation” of IL-10 by B cells, or a better ability of the latter cells,
compared with other cell subsets, to produce this cytokine in re-
sponse to the inflammatory environment present in lyn ™~ mice.
It is also possible that B-cell-derived IL-10 is needed for sub-
sequent development of other IL-10-producing cells, including
Tregs. B-cell-derived IL-10 may be especially important in
maintaining Foxp3 expression in Tregs, which explains why Treg
transfers into the lyn~"IL-107"~ model failed to restrain disease
but such transfers are effective in limiting SLE-like disease in
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Fig. 5. B-cell-derived IL-10 is sufficient to reduce disease development in lyn™"~
IL-107~ mice. Two-month-old lyn™~IL-107"~ mice were injected with WT or IL-
107" B cells (10 x 10° CD19* B cells per mouse) isolated from spleen and lymph
nodes of 2-mo-old WT or /L-107~ animals. Two to 3 mo after the adoptive
transfer, mice were killed and analyzed for signs of disease development. (4)
Each symbol represents the weight of an individual spleen from lyn™"IL-107~
mice untreated or treated by adoptive transfer of WT or IL-107~ B cells. (B-D)
Single-cell suspensions of spleens were prepared, counted, and stained for flow
cytometric analysis. (B) The absolute number of total myeloid (CD11b*), total B
(CD19* plus CD19/B220'°"~CD138" cells), and T (TCRB™) cells is reported. (C) The
absolute number of CD19*CD69* and CD19/B220'°"~CD138* (plasma cells/plas-
mablasts), TCRB*CD69*, and TCRE*CD44"9hCD62L™ (effector cells) is reported as
evidence of B- and T-cell activation. Data from WT B-cell transfers are pooled
from three independent end-point experiments, whereas data from /L-107~ B-
cell transfers were pooled from two end-point experiment. Data are expressed
as mean =+ SEM (n = 4-15 mice per group). (D) Each symbol represents the MFI of
Foxp3 expression in splenic CD4*CD25*Foxp3* Tregs (calculated as percentage of
MFI expression relative to WT levels for each experiment) from individual lyn™~
IL-107~ mice untreated or treated by adoptive transfers of WT or IL-107~ B cells.
Data are pooled from three independent end-point experiments. Statistical
differences of untreated lyn™"IL-107~ mice vs. lyn™"IL-107~ mice treated with
adoptive transfers of WT or IL-107~ B cells are reported (*P < 0.05).
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other autoimmune models, such as New Zealand Black/White F1
hybrid mice, in which IL-10 is present (28). This function of IL-10-
producing B cells on Tregs could be direct or indirect through the
inhibition of proinflammatory cytokine production by other T cells
or myeloid cells.

Our data are consistent with the emerging picture of a nega-
tive regulatory role of Breg subsets in the modulation of auto-
immunity, including, more recently, SLE (29-31, 33-35, 48).
Nevertheless, besides the general agreement on the ability of
Bregs to produce IL-10, the categorization of these cells into
specific subsets is complicated by the heterogeneous cell markers
identified so far by different research groups (29-31, 48). Among
the best characterized Breg subsets (found to date mainly in
mouse spleen), CD1d"€"CD5" Bregs (also known as B10 cells)
have been identified by IL-10 intracellular staining following
stimulation ex vivo with phorbol myristate acetate (PMA)/ion-
omycin/LPS in the presence of brefeldin A (49), and
CD1d"e"CD23 IgM"e"CD21"" “transitional” type 2 (T2)-MZ
Bregs have been mainly identified by IL-10 intracellular staining
following stimulation ex vivo with anti-CD40 followed by PMA/
ionomycin/brefeldin A stimulation (50). Other IL-10-producing
B-cell subsets have also been described, such as CD1d™&"C-
D23 IgM"€"CD21"¢" MZ B cells and CD5" Bla cells (29-31).
In control tiger and lyn™'~tiger mice, we found that splenic IL-10—
producing B cells were distributed within several different sub-
sets, including follicular, plasma cells/plasmablasts, Bla/b, and
transitional T1 and T2 B cells, although the frequency of the
different subsets was different in WT vs. lyn ™'~ mice. As we did
not identify a specific “Breg” subset, we decided to refer these
cells “IL-10-producing B cells” rather than Bregs, as this latter
term defines these cells as a distinct lineage. Our data were
consistent with the variety of splenic IL-10-producing B-cell
subsets observed with another IL-10-GFP reporter system (39).
We were surprised, however, to observe that WT B cells trans-
ferred into lyn™'" recipient mice differentiated into B cells
resembling endogenous subsets and showed an expansion of
IL-10-producing B cells compared with WT hosts. These data
suggest that the host environment has a significant effect on B-
cell maturation/activation, including skewing the differentiation
of IL-10-producing B cells resulting in different cell surface
marker expression. Even though it is not clear which are the
specific inflammatory mechanisms or cytokines that are driving
the differentiations of B cells in different IL-10—-producing cell
subsets, we tend to exclude an important role of IL-10 itself in
this function as the deficiency of this cytokine did not signifi-
cantly affect the overall B-cell phenotype in lyn~'"IL-107~
double-mutant mice compared with lyn™"" single-mutant mice.
Therefore, the ability to produce IL-10 is likely a general prop-
erty of activated B cells that may not be restricted to a defined
lineage. Indeed, the dramatic expansion of IL-10-producing B
cells in lyn™™ mice (even in the face of overall lower B-cell
numbers, with a skewed distribution of immature cells and
plasmablasts) may be a compensatory response to attempt to
limit the myeloid/T-cell-driven inflammation. However, as the
relative expansion of IL-10-producing B cells in yn~'~ mice
begins at 2 mo of age, before the onset of obvious disease [which
occurs at 4—6 mo (14)], it is also possible that the deregulated
signaling pathways intrinsic to lyn™"= B cells may favor IL-10—
producing B-cell development (to the same extent they con-
tribute to the overall lyn™~ B-cell phenotype). Dissecting the
molecular details of how the intracellular signaling disruption in
lyn™~ B cells may favor IL-10-producing B-cell development
remains a goal of future work.

In conclusion, our data suggest that IL-10, and in particular IL-
10—producing B cells, plays an important role in suppressing in-
flammation and establishing anti-inflammatory networks that are
crucial to maintain the balance between pathogenic T-cell subsets
and beneficial Treg cells in inflammation associated with SLE-like
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disease (51, 52). Caution should be used when interpreting the
elevated levels of IL-10 (including elevated production of IL-10 by
B cells) observed in patients with SLE (19, 20), as these may be
a reflection of disease activity, i.e., a compensatory function of B
cells during an inflammatory state, rather than an underlying cause
of systemic autoimmunity. Despite the paucity of data on the ex-
istence of IL-10-producing B-cell subsets in humans, the existence
of IL-10-producing B-cell subsets in healthy donors and in
patients with autoimmune disease, including SLE, has been re-
cently described (53, 54). Furthermore, altered Treg functions,
including Foxp3 down-regulation, have also been described in
patients with SLE (27, 55). In view of the fact that Treg cellular
therapies are entering clinical trials, our data suggest that, in au-
toimmune diseases with a strong inflammatory component and
high levels of proinflammatory cytokines, the transfer of IL-10—
producing B cells might need to be considered as an additional/
alternative therapeutic approach.

Methods

/- /-

Mice. Lyn™~ and lyn~"rag™’~ mice were previously established and back-
crossed onto the C57BL/6 (B6, carrying the CD45.2 allele) background for 15
generations (14, 56). Lyn™'~ mice on the B6 background but carrying the
CD45.1 allele were generated by cross-breeding with congenic WT mice
carrying the CD45.1 allele on the B6 background (Taconic Farms). Age-
matched WT B6 mice and IL-107"~ (carrying the CD45.2 allele) were pur-
chased from Charles River Laboratories and Jackson Laboratory, respectively.
Lyn™"IL-107"~ double-mutant mice were generated by cross-breeding lyn™~
mice with IL-107~ mice. Lyn™'"tiger mice were generated by cross-breeding
lyn™= mice with IL-10 reporter GFP knock-in tiger mice [gift from R. A. Flavell,
Yale University, New Haven, CT (38)]. Bone marrow-derived chimeras were
generated as previously described (14). To generate sufficient numbers of
recipient animals to perform the adoptive transfer studies, we generated
lyn™"IL-107"~ bone marrow chimeric mice (lyn~""IL-107"~ chimeras) by
reconstituting the hematopoietic system of /L-10~~ mice with bone marrow
isolated from Ilyn~"IL-107~ animals. Lethally irradiated B6 mice recon-
stituted with 100% WT or Iyn™~ cells and lethally irradiated IL-10~/~ mice
reconstituted with 100% IL-107"~ cells were also generated as controls. The
overall inflammatory/autoimmune disease developed by lyn™"IL-107~ chi-
meric mice was comparable to the disease developed by regular lyn™"IL-107~
mice, although we did observed some variability in the severity of the dis-
ease between different experimental sets of chimeras. However, despite this
variability, the dramatic exacerbation of disease development in the lyn™~IL-
107"~ chimeric mice was always evident compared with lyn™~ and IL-107~
single chimeric mice. Finally, lyn™"rag”~+WT chimeras (in which the ma-
jority of the myeloid cells were Lyn-deficient and every cell type, including
myeloid cells, were IL-10-sufficient) were generated by reconstituting le-
thally irradiated B6 mice with a “pool” of bone marrow cells containing 75%
cells from lyn”"rag™~ mice mixed with 25% cells from WT mice, whereas
lyn~"rag™~+IL-107~ chimeras (in which the majority of myeloid cells were
Lyn-deficient and IL-10-sufficient, whereas every other cell type was IL-10-
deficient) were generated by reconstituting /L-10~~ mice with a pool of
bone marrow cells containing 75% cells from lyn~"rag™'~ mice mixed with
25% cells from /L-10~~ mice. All host and donor mice used to generate the
bone marrow chimeras were 8 to 12 wk old. All animals were kept in a spe-
cific pathogen-free facility at University of California, San Francisco, and used
according to protocols approved by the University of California, San Fran-
cisco, committee on animal research.

Flow Cytometry (FACS). Single-cell suspensions from spleens and/or lymph
nodes were prepared and stained as previously described (14) with the fol-
lowing additional anti-mouse FITC-conjugated, allophycocyanin-conjugated,
phycoerythrin-conjugated, or allophycocyanin-Cy7-conjugated Abs: CD25
(PC61.5) CD4 (GK1.5) CD8 (53-6.7) CD5 (53-7.3) CD43 (S7), CD93 (AA4.1), Ly6G
(1A8), CD5 (53-7.3), all from eBiosciences or BD Pharmingen. Foxp3 detection
in CD4*CD25* Tregs was performed by intracellular staining by using the
Foxp3 Fixation/Permeabilization kit according to the manufacturer’s in-
struction and anti-Foxp3 Abs (FJK-16.s; eBiosciences). For intracellular anal-

1. Crispin JC, et al. (2010) Pathogenesis of human systemic lupus erythematosus: Recent
advances. Trends Mol Med 16:47-57.

2. Jacob N, Stohl W (2010) Autoantibody-dependent and autoantibody-independent
roles for B cells in systemic lupus erythematosus: Past, present, and future.
Autoimmunity 43:84-97.
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ysis of cytokine production by flow cytometry, splenocytes were stimulated
as follows: 4 h with PMA (50 ng/mL) and ionomycin (1 pg/mL; Sigma-Aldrich) in
the presence of 3 ug/mL brefeldin A (eBiosciences) for IFN-y and IL-17 pro-
duction by TCRB* T cells; and 6 h with 5 pg/mL LPS in the presence of 3 pg/mL
brefeldin A (eBiosciences) for IL-6, TNF-q, IL-10, and IL-12/IL-23 p40 production
by CD11b* myeloid cells. The following Abs were used for the intracellular
cytokine staining: IFN-y (XMG1.2), IL-17 (17B7), IL-10 (JES5), IL-6 (MP5-20F3),
TNF-a (MP6XT22), and IL-12/IL-23 p40 (C17.8; all from eBiosciences).

Cell Isolation and Culture. Total mouse splenocytes or splenic DCs and mac-
rophages were isolated and cultured as previously described (14). B cells were
isolated by sorting with a MoFlo High-Speed Sorter (purity of >98%; Dako),
suspended in RPM1-1640 complete medium, plated as described earlier, and
incubated at 37 °C in 5% CO, in the presence or absences of 5 pg/mL LPS,
CpG oligodeoxynucleotide 1826 containing a phosphorothioate backbone
(CpG; Integrated DNA Technologies), or anti-CD40 Abs (3/23; BD Pharmin-
gen) for 24 h. Cells were then collected and centrifuged at 350 x g for 5 min,
and the resulting supernatants stored at a temperature of —20 °C or lower.

Tissue Histological Analysis and Kidney Immunofluorescence Staining. H&E or
immunofluorescence staining of kidney, liver, lung, and colon tissues were
performed as previously described (14).

Cytokine Assays. BAFF concentrations in sera were measured by ELISA as
described before (14). All other indicated cytokine concentrations were
detected in sera by using Cytokine Multiplex Kits for the Luminex technol-
ogy according to the manufacturer’s protocol (Millipore). IL-10 in cell-free
supernatants was also measured by ELISA by using cytokine-specific paired
Abs (BD Pharmingen) according to the manufacturer’s protocol.

RNA Extractions and TagMan Real-Time PCR Analysis. RNA extractions from
purified cells or total spleen, retrotranscription and quantitative real time-
PCR were performed as previously described (14). BAFF and HPRT primer
pairs and probes were described previously (14). IL-10 and IL-6 primers pairs
and probes used were from Applied Biosystems. Values of BAFF, IL-6, or IL-10
mRNA were normalized to the values of HPRT mRNA in each sample.

Serum Ig and Autoantibody Measurement. Levels of total serum Ig, anti-
dsDNA, and anti-RNA Ig ELISA were performed as previously described (14).

Adoptive Cell Transfers. CD19*TCRB™ B cells and TCRB*CD19™ T cells were
purified by sorting from single-cell suspensions of spleens and lymph nodes
of 2-mo-old congenic WT (CD45.1) or IL-10~'~ (CD45.2) mice as described in Cell
Isolation and Culture. Purified WT or IL-107~ B or T cells (10 x 10°) were sus-
pended in a total of 200 L of saline solution and injected i.v. into lyn™~IL-
10~ mice (CD45.2). Thanks to the expression of the CD45.1 congenic marker,
we could analyze at the time the animals were killed the number/frequency of
the surviving WT B and T donor cells transferred into lyn™~IL-10~"~ host mice.
As we have not crossed the IL-107~ mouse onto the CD45.1 genetic back-
ground, we could not perform a similar follow-up for the transferred donor IL-
107~ B and T cells. However, it is unlikely that these cells have an intrinsic
survival defect, as they expand and function normally in /L-7107~ mice.
Adoptive B-cell transfers of 5 x 10° CD19*TCRp™ B cells isolated from spleens
and lymph nodes of 2-mo-old lyn™~ (CD45.1) or lyn™""IL-10~'~ (CD45.2) mice
were also performed. For adoptive Treg transfers, sorted CD4*CD25*CD62L"9"
Tregs, purified from CD8* T-cell-deficient congenic mice (CD45.1), were cultured
by using the protocol described previously (28). After 10 d of culture, expanded
Tregs were assessed for Foxp3, washed, suspended in saline solution, and
injected i.v (10 x 10%200 pL) into lyn™""IL-107"~ animals. Two to 3 mo after
adoptive transfers, animals were killed and analyzed for disease development.

Statistical Analysis. Statistical significance was determined with the unpaired
two-tailed Student t test.
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