Downloaded at European Institute of Oncology on September 1, 2020

Check for
updates

Evidence for a pathogenic role of extrafollicular,
IL-10—producing CCR67B helper T cells in systemic
lupus erythematosus

F. Facciotti*'2, P. Larghi®’, R. Bosotti®', C. Vasco®', N. Gagliani®“®, C. Cordiglieri’®, S. Mazzara?, V. Ranzani?,

E. Rottoli", S. Curti9, A. Penatti’, B. Karnani?, Y. Kobayashi¢, M. Crosti®, M. Bombaci', J. P. van Hamburg-*!, G. Rossetti?®,
R. Gualtierotti’, M. Gerosa', S. Gatti™, S. Torretta™", L. Pignataro™", S. W. Tas**!, S. Abrignani*"@®, M. Pagani®®,

F. Grassi™®P, P. L. Meroni“9, R. A. Flavell, and J. Geginat®™*

aAutoimmunity Laboratory, National Institute of Molecular Genetics “Romeo ed Enrica Invernizzi,” 20122 Milan, Italy; ®Section of Molecular Inmunology
and Gastroenterology, Center of Internal Medicine, |. Department of Medicine, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Germany;
‘Department of Immunobiology, School of Medicine, Yale University, New Haven, CT 06520; dDepartment of General, Visceral and Thoracic Surgery,
University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Germany; *immunology and Allergy Unit, Department of Medicine, Solna, Karolinska
Institute and University Hospital, 17176 Stockholm, Sweden; 'Immunology Laboratory, National Institute of Molecular Genetics “Romeo ed Enrica
Invernizzi,” 20122 Milan, Italy; ®Integrative Biology Laboratory, National Institute of Molecular Genetics “Romeo ed Enrica Invernizzi,” 20122 Milan, Italy;
PInstitute for Research in Biomedicine, 6500 Bellinzona, Switzerland; ‘Azienda Socio Sanitaria Territoriale Gaetano Pini, 20122 Milan, Italy; '‘Department of
Rheumatology and Clinical Immunology, Amsterdam University Medical Center (UMC), University of Amsterdam, 1105 AZ Amsterdam, The Netherlands;
Department of Experimental Inmunology, Amsterdam UMC, University of Amsterdam, 1105 AZ Amsterdam, The Netherlands; 'Amsterdam Rheumatology
and Immunology Center, Academic Medical Center, 1007 MB Amsterdam, The Netherlands; "Fondazione Istituto di Ricovero e Cura a Carattere Scientifico
(IRCCS) Ca Granda Ospedale Maggiore Policlinico, 20122 Milan, Italy; "Department of Clinical Science and Community Health (DISCCO), University of Milan,

20122 Milan, Italy; °Department of Medical Biotechnology and Translational Medicine, University of Milan, 20122 Milan, Italy; Plmmunometabolism
Laboratory, National Institute of Molecular Genetics “Romeo ed Enrica Invernizzi,” 20122 Milan, Italy; 9Istituto Auxologico Italiano, 20145 Milan, Italy;
and "Howard Hughes Medical Institute, School of Medicine, Yale University, New Haven, CT 06520

Edited by Marco Colonna, Washington University School of Medicine in St. Louis, St. Louis, MO, and approved February 20, 2020 (received for review October

11, 2019)

Interleukin 10 (IL-10) is an antiinflammatory cytokine, but also
promotes B cell responses and plays a pathogenic role in systemic
lupus erythematosus (SLE). CD4*CCR6¥IL-7R*T cells from human
tonsils produced IL-10 following stimulation by naive B cells, which
promoted B cell immunoglobulin G (IgG) production. These tonsil-
lar CCR6'B helper T cells were phenotypically distinct from follic-
ular helper T (Tgy) cells and lacked BCL6 expression. In peripheral
blood, a CCR6™T cell population with similar characteristics was
identified, which lacked Th17- and Tgy-associated gene signatures
and differentiation-associated surface markers. CD4*CCR6™T
cells expressing IL-10, but not IL-17, were also detectable in the
spleens of cytokine reporter mice. They provided help for IgG pro-
duction in vivo, and expanded systemically in pristane-induced
lupus-like disease. In SLE patients, CD4"CCR6¥IL-7R*T cells were
associated with the presence of pathogenic anti-dsDNA (double-
stranded DNA) antibodies, and provided spontaneous help for au-
toantibody production ex vivo. Strikingly, IL-10-producing CCR6*T
cells were highly abundant in lymph nodes of SLE patients, and
colocalized with B cells at the margins of follicles. In conclusion, we
identified a previously uncharacterized population of extrafollicu-
lar B helper T cells, which produced IL-10 and could play a prom-
inent pathogenic role in SLE.
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nterleukin-10 (IL-10) is a tolerogenic cytokine, since it inhibits

myeloid cells from producing proinflammatory cytokines and
up-regulating MHC (major histocompatibility complex) and
costimulatory molecules, which mediate T cell activation (1, 2).
For this reason it is considered to be a characteristic cytokine of
regulatory T cells, in particular of type 1 regulatory (Trl) T cells
(3, 4). Notably, Trl cells inhibit B cell responses, but this in-
hibitory effect is independent of IL-10 (5, 6). IL-10 production is
not unique to regulatory T cells but is also secreted by helper
T cells, where it exerts, however, also mainly regulatory functions
(7-11). Despite its tolerogenic effects on myeloid cells and
T cells, IL-10 is a well-known B cell growth and differentiation
factor. Thus, it can promote survival, proliferation, isotype
switching, and differentiation of human B cells to plasma cells (1,
12). Indeed, IL-10 is also produced by follicular helper T (Tgy)
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cells (13), an effector T cell subset that is specialized to provide
B cell help in B cell follicles for antibody production (14, 15).

Significance

Systemic lupus erythematosus (SLE) is an autoimmune disease
characterized by pathogenic autoantibodies. CD4*T cells are
involved, but the identity of the pathogenic B helper T cells is
unclear. Notably, the antiinflammatory cytokine interleukin 10
(IL-10) might promote autoantibody production in SLE. Here,
we identified a T cell population that expressed CCR6 and
promoted antibody production in a partially IL-10-dependent
manner. These CCR6'T cells were distinct from previously identi-
fied B helper T cells and expanded in mice developing lupus-like
disease and in SLE patients, where they spontaneously induced
autoantibodies. They were abundant in lymph nodes of SLE pa-
tients, but were excluded from B cell follicles. These findings
suggest that extrafollicular, IL-10-producing CCR6*T cells play a
pathogenic role in SLE.
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Tgy cells are characterized by the expression of the transcription
factor BCL6, the chemokine receptor CXCRS, the coreceptors
ICOS and PD1, and the cytokine IL-21 (13, 14, 16-20). Notably,
these canonical CXCRS5TICOS Ty effector cells are absent
from peripheral blood, but some circulating memory T cells ex-
press CXCRS and possess superior B helper capacities. They are
thus considered Tgy-like cells, and can be subdivided according
to chemokine receptor expression into subsets of CXCR3 Ty,
CCR6*Tgp17, and CXCR3™CCR6 Ty, (20, 21). Notably, also
Th17 cells have been reported to provide B cell help (22, 23),
and splenic “natural” Th17 cells from naive mice induce in-
testinal IgA production upon homing to Peyer’s patches (24).

SLE is a systemic autoimmune disorder characterized by a
breakdown of B cell tolerance and the production of pathogenic
autoantibodies (25). In particular, many SLE patients harbor
anti-dsDNA (double-stranded DNA) antibodies (26), which
form immune complexes, induce interferon (IFN)-a production
from plasmacytoid dendritic cells (DCs), and can deposit in the
kidney and cause nephritis (27). Importantly, IL-10 has a path-
ogenic role in SLE in humans and mice (28-30), presumably
because it promotes autoreactive B cell responses (28, 31). The
identity of pathogenic cells that produce IL-10 and induce B cell
autoantibody production in SLE is a field of intense research
(32). Tgp cells are obvious candidates, given their potent B
helper capacities (33), but also other B helper T cell populations
were proposed to be involved in lupus (34-36).

We previously showed that CCR6" memory T cells in human
blood were autoreactive and could selectively produce IL-10
upon suboptimal T cell receptor (TCR) stimulation, and spec-
ulated that they might have context-dependent regulatory/helper
functions (37). Here, we analyzed the role of IL-10-producing
CCR6'T cells in B cell responses and lupus. We found that
CCR6'T cells in tonsils provided B cell help via IL-10 and ac-
cumulated in lupus-like disease in mice and in SLE patients, where
they promoted the production of pathogenic autoantibodies.

Results

CCR6IL-7R*T Cells from Human Tonsils Produce IL-10 upon Stimulation
with Naive B Cells. CCR6'IL-7R*CD25°T cells (abbreviated
CCR6'IL-7R™) could be identified at low frequencies in human
tonsils (Fig. 14 and SI Appendix, Fig. S14). They were pheno-
typically distinct from CXCR5*ICOS ™ Tgy cells, since the latter
were IL-7R™° (38) and lacked CCR6 expression (SI Appendix,
Fig. S1B). Moreover, CXCRS- and ICOS-coexpressing cells were
hardly detectable among CCR6*IL-7R*T cells (SI Appendix, Fig.
S1C). The few tonsillar T cells that coexpressed CCR6, CXCRS,
and ICOS were enriched for FOXP3" cells (SI Appendix, Fig.
S1D), indicating that they contained follicular regulatory T cells,
and were excluded from further analysis.

As previously reported for CCR6™T cells from peripheral
blood (37), also tonsillar CCR6*IL-7R*T cells could produce IL-
10 after suboptimal stimulation with anti-CD3 antibodies, whereas
tonsillar CCR6 TL-7R™ control T cells required CD28 costimulation
(ST Appendix, Fig. S1E). We analyzed here if CCR6*IL-7R*T cells
could produce IL-10 upon TCR activation by naive B cells, which
express only low levels of MHC class II and costimulatory molecules
(39) and provide thus also only low levels of T cell stimulation. IL-10
was indeed detected in coculture supernatants of superantigen-
loaded naive B cells and tonsillar CCR6"IL-7R*T cells or Ty
cells, but was low or undetectable in control cocultures with
CCR67IL-7R*T cells (Fig. 1B). Similar results were obtained with
CCR6'IL-7R*T cells from peripheral blood (SI Appendix, Fig.
S1F). Notably, IL-10 protein in B-T cocultures could be detected
by immunofluorescence in a major fraction of CCR6"IL-7R*T
cells, but not in CCR67IL-7R* control T cells (Fig. 1C and SI
Appendix, Fig. S1G).

7306 | www.pnas.org/cgi/doi/10.1073/pnas.1917834117

In summary, CCR6*IL-7R*T cells were present in human
tonsils, were distinct from Tgy cells, and produced IL-10 upon
stimulation by naive B cells.

IL-10 Produced by Tonsillar CCR6'IL-7R*T Cells Promotes B Cell
Responses. Tonsillar CCR6'IL-7R*T cells induced naive B cells
to produce immunoglobulin G (IgG) (Fig. 1D), indicating that
they possessed B helper functions. Tgy cells induced IgG pro-
duction as expected very efficiently, whereas CCR6 1L-7R™ con-
trol T cells failed to do so (Fig. 1D). Interestingly, while Ty cells
consistently induced mainly IgG1, the effect of CCR6"IL-7R*T
cells on IgG isotypes was more variable, and IgG1 contributed on
average <50% of total IgG (Fig. 1D). Importantly, IgG induction
by CCR6™IL-7R™T cells was significantly reduced when IL-10 was
neutralized (Fig. 1E). Conversely, IgG induction by Tgy cells in-
creased when IL-10 was neutralized (Fig. 1E), consistent with a
regulatory role of IL-10 produced by Tgy cells (11). CCR6'IL-
TR*T cells and Ty cells expressed similar levels of IL-10R (ST
Appendix, Fig. S1H), suggesting that different T cell sensitivities
for IL-10 were unlikely to play a role. Both tonsillar CCR6™IL-
TR*T cells and Tgy cells efficiently up-regulated CD40L and
produced high amounts of IL-21 (Fig. 1F), consistent with their B
helper functions. CCR6MIL-7R™T cells and Tgy cells produced,
however, different levels of IL-2 and IL-4 (Fig. 1F), which also
stimulate B cells. Importantly, only Tgyy cells expressed high levels
of BCL6, but both subsets expressed elevated levels of the in-
tracellular adaptor SAP (Fig. 1G), which promotes stable inter-
actions of T and B cells (40). CCR6"IL-7R*T cells produced also
lower amounts of the B cell-attracting chemokine CXCL13 than
Try cells, and were inefficient in inducing IgA (Fig. 1H). How-
ever, both subsets induced some IgE (Fig. 1H).

In conclusion, although tonsillar CCR6*IL-7R*T cells and
Tgy cells both possess B helper functions, they have nevertheless
different phenotypes and characteristics. In particular, only IL-
10 produced by CCR6'IL-7R*T cells promoted B cell IgG
production.

Mouse CCR6¥IL-10*T Cells Provide B Cell Help In Vivo. We next an-
alyzed if cells with the same characteristics were also present in
mice. IL-10-secreting CCR6™T cells could indeed be detected in
the spleen of IL-10°“"PFoxp3®F? double-reporter mice (Fig.
2A4). Analysis of naive IL-106G]‘TPXF0XIPBRFPXIL—17AKata triple-
reporter mice revealed that IL-10°C*"*CCR6'T cells did not
produce IL-17 in the steady state (Fig. 2B), indicating that they
were distinct from the previously described natural Th17 cells (24,
41). Consistently, RORyt expression in IL-10°***CCR6* T cells was
low in the steady state. However, RORyt increased rapidly upon anti-
CD3 injections, a treatment that also induced IL-17 production
(Fig. 2B).

We then investigated whether IL-10-producing CCR6™T cells
in mice could provide B cell help. Purified CD4*CCR6'IL-
10°CFP+T cells as well as CXCR5YPD1*Tgy cells induced by
anti-CD3 injections in spleens of TL-10°“**xFoxp3RF" double-
reporter mice up-regulated CD40L expression (SI Appendix,
Fig. S24) and induced B cells to secrete IgG in vitro (Fig. 2C). In
order to understand if IL-10-producing CCR6'T cells also
provided B cell help in vivo, we reconstituted T cell- and B cell-
deficient mice with B cells together with purified splenic CD4™T
cells from OTIIXIL-10°" xFoxp3®™ double-reporter TCR
transgenic mice and immunized with ovalbumin (OVA). Nota-
bly, the majority of CCR6*IL-10°“***T cells maintained IL-10
reporter and/or CCR6 expression following transfer to Rag™~
mice (Fig. 2D). Importantly, CCR6*IL-10°“FP*T cells isolated
from untreated mice induced OVA-specific IgG1, IgG2a, and
IgE upon cotransfer with B cells (Fig. 2E) but induced only low
levels of IgA, similar to CCR6"IL-7R*T cells from human ton-
sils (Fig. 1H). Moreover, in vivo help by CCR6IL-10°C"P+T
cells was partially IL-10-dependent, since they induced higher
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Fig. 1. Human tonsillar CCR6*IL-7R*T cells are distinct from Tgy cells and promote B cell responses via IL-10. (A) Frequencies of CXCR5*ICOS*Tgy cells and
CCR6"IL-7RMCD25'~ T cells in human tonsils (n = 5). (B) IL-10 production in cultures of naive B cells and SEB in the absence or presence of tonsillar
CCR6™CXCR5"ICOS™ Try, CD4*CCR67IL-7RY, and CCR6'IL-7R*T cell subsets was assessed after 8 d by ELISA (n > 5). (C) Immunofluorescence analysis of IL-10 expression in
cocultures of circulating CCR67IL-7R*T cells or CCR6*IL-7R*T cells and naive B cells (n = 3). (D) IgG production in tonsillar T-B coculture supernatants was measured by
ELISA (n > 5). (D, Left) Concentrations of total IgG (day 8). (D, Right) Relative contributions of IgG1 to 4 to total IgG (day 10). (E) IgG concentrations in cocultures of
naive B cells and tonsillar CD4*CCR67IL-7R*T cells (n = 10) or Tgy cells (n = 5) in the absence or presence of IL-10 neutralization (“anti-IL-10"). (F) CD40L up-regulation
(n = 3) and production of IL-21 (n = 6), IL-2 (n = 4), and IL-4 (n = 6) by purified tonsillar CD4*CCR67IL-7R™T cells or Ty cells following brief PMA and ionomycin
stimulation. (G) BCL6 and SAP expression was analyzed in the indicated tonsillar T cell subsets by intracellular staining ex vivo (n = 5). Mean fluorescence intensity is
shown; the isotype control was subtracted (AMFI). (H) CXCL13 (Left) and IgA (Middlle) concentrations in day 6 and IgE concentrations in day 10 culture supernatants
(Right) of naive B cells alone or together with autologous tonsillar CCR6*IL-7R* or Tgy cells and SEB (n = 5). *P < 0.05, **P < 0.005, and ***P < 0.0005 are statistically
significant. Error bars show SEM. n indicates the number of analyzed patients; a maximum of two patients were analyzed in the same experiments.
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Fig.2. Murine splenic IL-10*CCR6"T cells provide B cell help in vivo. (A) IL-10 and CCR6 expression by CD4T cells in the spleen of IL-10/FOXP3 double-reporter
FIRxTiger mice. (A, Left) Representative dot plot (steady state). Numbers in quadrants indicate percentages of cells. (A, Right) Mean percentages in the steady
state or following anti-CD3 injections (n = 4). (B) IL-17A and IL-10 expression by CCR6'T cells in the spleen of IL-10, FOXP3, and IL-17 triple-reporter mice in the
steady state or following anti-CD3 injections. (B, Left) Dot plots show representative IL-10°¢"" and IL-174** expression. (B, Right) Histograms show mean
intracellular ROR-yt expression by CD4"CCR6"IL-10" or CCR6¥IL-107IL-17*T cells in the spleen (n = 3). (C) In vitro B cell help for IgG production by splenic Try
cells and CCR6IL-107T cells isolated from anti-CD3-injected FIRxTiger mice (n = 3). (D) Percentages of CCR6 and/or IL-10°GFP expression in CCR6¥IL-107T cells 12
d after transfer into Rag™~ mice (n = 6). (E) Rag™'~ mice were reconstituted with purified CD19*B cells and with either CCR6*IL-10* or CD4* control T cells
isolated from steady-state spleens of OTIIxFIRxTiger mice. OVA-specific IgG1, IgG2, IgE, and IgA were measured in sera of mice 12 d post vaccination (n = 3). (F)
Rag"‘ mice were reconstituted with B cells from wild-type or IL-10RPN mice and with either splenic CCR6¥IL-10*T cells, total CD4*T cells, or in vitro induced
Th17 cells, all isolated from OTIIxFIRxTiger mice. Ova-specific IgG1 production was measured in sera of mice 12 d post vaccination (n = 3). *P < 0.05 and **P <
0.005 are statistically significant. Error bars show SEM. n indicates the number of mice analyzed in independent experiments.
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amounts of IgG1 and IgG2A from wild-type B cells than from B
cells that lacked a functional IL-10R (Fig. 2F and SI Appendix,
Fig. S2B). In contrast, CD4* control T cells and in vitro differ-
entiated Th17 cells induced IgG in IL-10R-deficient B cells as
efficiently as in wild-type B cells (Fig. 2E and SI Appendix, Fig.
S2B). Interestingly, however, impaired IL-10R signaling in B
cells resulted in all cases in lower serum levels of IgA (SI Ap-
pendix, Fig. S2B).

We conclude that IL-10-producing CCR6"T cells are present
in the spleens of naive mice. They are distinct from natural Th17 cells
and promote B cell IgG production in a partially IL-10-dependent
manner in vivo, and thus have similar features as human tonsillar
CCR6'IL-TR*T cells.

CCR6IL-107T Cells Accumulate Systemically in Mice with Lupus-Like
Disease. Since B helper T cells and IL-10 contribute to aberrant
B cell responses in lupus, we wondered if IL-10-producing
CCR6™'T cells were involved. We therefore analyzed IL-17xIL-
10xFoxp3 triple-reporter mice that developed lupus-like disease
following injection of pristane (42). Anti-nuclear autoantibodies
accumulated in the serum after 6 mo after pristane injection
(Fig. 34). Importantly, we also observed a progressive appear-
ance of CCR6™T cells that expressed IL-10, but not IL-17 or
FOXP3, in the circulation of mice with lupus-like disease, and
these CCR6IL-10*T cells were significantly increased after 6
mo (Fig. 3B). After 8 mo, splenic CD4™T cells from mice with
lupus-like disease had largely unaltered expression of CCR6, IL-
17, and Foxp3, whereas IL-10°°"* cells were moderately in-
creased (Fig. 3C). Notably, IL-10 was significantly up-regulated
among splenic CCR6™T cells that lacked Foxp3 and IL-17 re-
porter expression (Fig. 3D), and there was virtually no coex-
pression of IL-17 and IL-10 (SI Appendix, Fig. S2C). Interestingly,
the increase of IL-10 production among CCR6™T cells was most
prominent among cells with a non-Tgy phenotype (Fig. 3D and SI
Appendix, Fig. S2D). IL-10 expression increased also in CCR6™T
cells and CXCR5"PD1 Tgy cells, but these increases were less
marked and did not reach statistical significance (Fig. 3D).

We conclude that CCR6IL-10* helper T cells expand sys-
temically upon development of autoantibodies in a model of
lupus-like disease.

CCR6TIL-7R*T Cells Are Selectively Increased in SLE Patients and
Spontaneously Induce Pathogenic Autoantibodies. We next ana-
lyzed whether CCR6*IL-7R*T cells were involved in human
SLE. Consistent with previous reports, we detected increased
serum levels of IL-10 in a cohort of SLE patients (SI Appendix,
Table S1), in particular in those with a higher disease score (Fig.
4A). Conversely, serum IL-17 was not associated with SLE, while
IL-21 serum levels were on average highest in SLE patients with
a low disease score (Fig. 44). Importantly, CCR6"IL-7R*T cells
were increased in the circulation of SLE patients, and the in-
crease was again more prominent in patients with a higher dis-
ease score or with higher IL-10 serum levels (Fig. 4B). Notably,
coculture supernatants of B cells and CCR6*IL-7R™T cells from
SLE patients contained as expected IL-10 (SI Appendix, Fig.
S34). Strikingly, the strongest association of CCR6"IL-7R*T
cells was found with the presence of anti-dsDNA autoantibodies
(Fig. 4B). Most important, CCR6"IL-7R™T cells of SLE patients
induced spontaneously, that is, in the absence of exogenous TCR
agonists, IgG production from autologous B cells (Fig. 4C).
Conversely, CCR67IL-7R* control T cells from SLE patients
and CCR6'IL-7R*T cells from healthy individuals were ineffi-
cient. Moreover, we could detect anti-dsDNA antibodies among
those spontaneously IgG induced by CCR6*IL-7R*T cells, whereas
these pathogenic autoantibodies were lower or undetectable in
control supernatants with CCR67TIL-7R* control T cells from the
same patients (Fig. 4C).
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Although total CCR67IL-7R*T cells increased in the circu-
lation of SLE patients, we could not detect any significant in-
crease of previously described subsets of CCR6TIL-7R™T cells,
namely of CXCR3"CCRS5"™“Th1/17” cells (43), CXCR5*“Tgy17”
cells (20), and CD161"CXCR3 Th17 cells (23) (Fig. 4D). Con-
versely, a previously undescribed population of CCR6'IL-7R*T
cells, which lacked all these subset-defining markers (CCR6 “single-
positive” cells; CCR65F; see the gating strategy in SI Appendix, Fig.
S3B), was strongly and significantly expanded in SLE patients (Fig.
4D). These CCR6%FT cells possessed only low levels of IL-17-
producing capacities (SI Appendix, Fig. S3C), but secreted high
levels of IL-10 in cocultures with naive B cells and induced IgG in a
partially IL-10-dependent manner (SI Appendix, Fig. S3 D and E).
The expansion of CCR6®"T cells in SLE patients was not only se-
lective among CCR6'IL-7R*T cells but we were also unable to
confirm previously reported increases of CCR6-CXCR5* Tgpp,
(44) and of PD1*CXCR5"CXCR3*Th1 cells (35) (SI Appendix,
Fig. S3F).

In conclusion, a previously uncharacterized population of
CCR6'IL-7R*T cells accumulates in the blood of SLE patients
harboring anti-dsDNA autoantibodies, and may thus contribute
to the aberrant production of IL-10 and autoantibodies.

CCR6°FIL-7R*T Cells Lack Signature Genes of Ty, and Th17 Cells. To
investigate the biology of CCR6°IL-7R™T cells, we performed
transcriptome analysis by RNA sequencing. Circulating CCR6PIL-
TR*T cells were compared with CD161"CXCR5 Th17 cells and
with CD161"CXCR5 Tgyy7-like cells (20) from the same donors
(ST Appendix, Fig. S3B), and with canonical CXCR5"ICOS Try
cells from tonsils (45) (SI Appendix, Fig. S14), in order to survey
possible groupings through the application of unsupervised ap-
proach by principal-component analysis (PCA). The visualization of
the cells in the space of the first three principal components showed
that the circulating CCR6PIL-7R™T cells, Th17 cells, and, to a
lesser degree, Tgyyl7-like cells were clearly separated from tonsil-
lar Tgy cells (SI Appendix, Fig. S44). We therefore compared
CCRGPIL-7R™T cells with tonsillar Tgy; cells to identify candidate
genes reflecting the distinctive profiles, and then validated genes of
interest in tonsils. A large number of differentially expressed genes
were identified in CCR6SPIL-7R*T cells as compared with
CXCR5"ICOS*Tgy (Fig. 54). A canonical Try signature, including
CXCRS, ICOS, BCL6, IL-21, and PDI1, was as expected up-
regulated in Tgy cells. Conversely, several chemokine receptors,
integrins, cytokine receptors, and transcription factors were signifi-
cantly up-regulated in CCRG’*IL-7R*T cells (Dataset S1). We
validated a panel of genes of interest at the protein level by flow
cytometry. CCR4, CCR7, CCRY, o2-, p1-, and p7-integrins, IFN-
yYR1, TGF-fR3, and RUNX3 proteins were indeed expressed at
higher levels in tonsillar CCR6"TL-7R*T cells, while the activation-
associated surface receptors CD38, CD69, and PD1 were higher on
tonsillar Tgy cells (Fig. 5B). As control, we analyzed expression of
CXCR4, which was not differentially expressed according to RNA
sequencing, and found that also surface CXCR4 protein expression
levels were similar.

PCA of the three circulatin§ CCR6™IL-7R™T cell subsets
revealed in addition that CCR6S IL-7R*T cells were localized in
between Tgyl17-like and Th17 cells (Fig. 5C). Four hundred and
sixty two genes were differentially expressed in CCR6°FIL-
TR™T cells compared with Tgy7-like cells (SI Appendix, Fig. S4B
and Dataset S2). Notably, among these genes, RAR-y, HOPX,
SOCS2, SOXS8, and TGF-pR3 were also up-regulated in
CCRG*FIL-7R*T cells as compared with tonsillar Tgy cells (Dataset
S1). When CCR6TIL-7R*T cells were compared with Th17 cells,
292 differentially expressed genes were identified (SI Appendix, Fig.
S4C). A canonical signature of human Th17 cells, comprising
RORGC, IL-1R1, and IL-23R, as well as IL-4il (46) and musculin
(47), was up-regulated in Th17 cells (Dataset S3). Interestingly,
CCR6SPIL-7RT cells expressed instead increased levels of the
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IL-10xIL-17xXFOXP3 triple-reporter mice were injected with pristane (n = 5) or

left untreated (n = 5) and analyzed in parallel. (A) Anti-nuclear autoantibody (ANA) concentrations were measured in the serum of mice after 2, 4, and 6 mo
by ELISA. (B) Kinetics of CD4"CCR6'IL-10"FOXP37IL-17"T cell accumulation in the peripheral blood of the same mice. (C) Mean percentages of IL-10, IL-17, and
FOXP3 reporter expression in splenic CD4*T cells after 8 mo in pristane-injected and noninjected control mice. (D) Frequencies of IL-10°¢F"* cells among
CD4*"FOXP37IL-17T cells according to CCR6 expression (Left) and in the CCR6™ fraction according to Tgy phenotype (CXCR5TPD1*; Right) in pristane-injected
and noninjected control mice. *P < 0.05 is statistically significant. Error bars show SEM.

stemness-associated transcription factor LEF1 and the WNT
agonist WNT10A (Dataset S3).

Overall, these results indicate that CCR6SFIL-7R*T cells lack
the effector gene signature of Try and Th17 cells but have in-
stead up-regulated genes involved in migration and stemness.

CCR67IL-10*T Cells Are Abundant in Lymph Nodes of SLE Patients and
Interact with B Cells at the Margins of Follicles. Since B-T interac-
tions occur in secondary lymphoid organs, we finally assessed if
CCR6'IL-10"T cells were present in lymph nodes of SLE pa-
tients and if they were interacting with B cells. CD4*T cells that
coexpressed CCR6 and IL-10 could be clearly detected in all
lymph node sections from eight different SLE patients (Fig. 64).
Strikingly, on average, roughly 25% of CD4*T cells coexpressed
CCRG6 and IL-10 in situ (Fig. 6B). Notably, the majority of IL-10—
producing CD4*T cells expressed CCR6, and a major fraction of
CCR6™'T cells produced IL-10 (Fig. 5B). Conversely, in control
lymph nodes, IL-10 was hardly detectable in CCR6YCD4™ T cells
(ST Appendix, Fig. S5). Importantly, CD4*CCR6*IL-10"T cells
in lymph nodes of SLE patients were excluded from germinal
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centers (Fig. 6 A and B). Nevertheless, we could detect several
CD4™T cells that expressed CCR6 or IL-10 in contact with
CD207"B cells at the margins of follicles (Fig. 6C).

These findings illustrate that CCR6TIL-10*T cells are highly
abundant in lymph nodes of SLE patients and some could interact
with B cells, but these interactions occurred rather exclusively
outside of germinal centers.

Discussion

IL-10 has a dual role in immune responses, since it inhibits T cell
activation but stimulates B cells (32). It is also produced by
helper T cells and has a pathogenic role in SLE (28-30), pre-
sumably because it stimulates autoreactive B cells (32). Here, we
characterized a population of extrafollicular B helper T cells that
produced IL-10 and induced autoantibodies, and are thus likely
to play a prominent pathogenic role in SLE.

We previously reported that human CCR6" memory T cells
had a peculiar regulation of IL-10, since they produce only little
IL-10 upon standard stimulation but could nevertheless produce
suppressive 1L-10 in response to suboptimal TCR stimulation

Facciotti et al.
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provided by immature DCs (37). However, optimal stimulation
or vaccination antigens like tetanus toxoid, which induces pro-
tective antibody responses, induced CD40L and IL-2 in addition.
We therefore speculated that CCR6" memory T cells could have
a context-dependent regulatory/helper function and provide help
in recall responses (37). Here, we demonstrated that CCR6™T
cells with similar characteristics are present in human lymphoid
organs and are able to produce IL-10 upon interaction with naive
B cells, which also provide only suboptimal TCR stimulation
(39). Importantly, IL-10 produced by CCR6*IL-7R*T cells was
functionally relevant, since it promoted IgG production in humans
in vitro and also in mice in vivo. Notably, CCR6*IL-10*T cells
maintained high IL-10 production in recipient mice, and the ma-
jority also expressed CCR6. The finding that only a fraction of
cells coexpressed CCR6 and IL-10 post transfer could be explained
by the fact that T cell activation induces IL-10 reporter expression
(48) but may transiently down-regulate CCR6 (49). Importantly,
we provided evidence that IL-10-producing CCR6'T cells rep-
resent a distinct T cell population, because they were not only
distinct from IL-10-producing regulatory T cell subsets (3, 4),
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which lack IL-7R expression and suppress B cell responses (5, 6),
but also from other B helper T cells like Tgy cells and Th17 cells
(19, 22). Indeed, they lacked canonical Th17 and Ty gene sig-
natures, but expressed instead genes promoting migration and
stemness, consistent with the view that they represent poorly
differentiated, central memory-like cells. We showed that in
particular Tgy cells had several different features including
BCLG6 expression, cytokine production, and, importantly, their
localization. Thus, CCR6*IL-10*T cells in lymph nodes of SLE
patients were in contact with B cells at the margins of follicles,
suggesting that they mediate extrafollicular B cell help. Extra-
follicular B helper T cells have been described previously in
human tonsils and also in murine lupus models (34, 36, 50), and
our results are consistent with the view that they are relevant in
human SLE. Indeed, the fact that immune-suppressive therapy
of SLE patients often results in a selective drop of anti-dsDNA
autoantibody titers (26) is consistent with a role for short-lived
plasma blasts that could be generated in extrafollicular B cell
responses.
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An important feature of CCR6™T cells is their increased
autoreactivity (37, 43), which suggests that they are particularly
relevant in autoimmune diseases. Consistently, they increased
systemically in lupus-like disease in mice and in SLE patients
harboring anti-dsDNA antibodies, where they provided sponta-
neous help for autoantibody production. Thus, they are likely to
give an important contribution to the aberrant production of IL-
10 and anti-dsDNA autoantibodies in SLE patients, suggesting
that they play a prominent pathogenic role. It is tempting to
speculate that the physiological role of these extrafollicular B
helper T cells is complementary to Tgy cells, that is, to induce a
rapid B cell response of lower quality that provides some initial
protection, before the slower germinal response generates high-
affinity antibodies that persist long-term.

Previous to this report, other B helper T cell populations were
proposed to contribute to the pathogenesis of SLE (33, 35),
which is a highly heterogeneous disease that can affect different
organs (51). In particular, circulating CXCR5*Tgg-like subsets
in a subset of patients, and, more recently, PD17Th1 cells, were
reported to be systemically increased in SLE patients. However,
while a higher fraction of Tgy-like cells displayed an activated
PD1*CCR7" phenotype (52) also in our SLE cohort, the fre-
quencies of Tgy-like subsets and of PD1*CXCR3*CXCR5 Thl
cells among peripheral blood CD4*T cells were actually reduced.
A caveat of PD1*CXCR3™T cells is further that they expressed
Eomes and CCRS, and thus overlap with IL-10- and IFN-
y—producing Trl-like cells (53, 54), which we showed lack
CDA40L and helper capabilities but suppress B cell responses (5).
In any case, PD1"CXCR3"*T cells are distinct from the here-
identified B helper T cells, since the latter expressed CCR6, but
not CXCR3.

In conclusion, we identified here a previously uncharacterized
population of extrafollicular B helper T cells, a finding that
broadens our understanding of adaptive humoral immune re-
sponses. In addition, this potentially pathogenic T cell population
might be exploited as prognostic markers of SLE progression and/
or activity, and targeting their B helper functions may be a future
therapeutic strategy.

Materials and Methods

Human Samples and Patients. Buffy-coated blood of healthy donors and tonsil
specimens that were surgically removed from pediatric patients were
obtained from the Fondazione Istituto di Ricovero e Cura a Carattere Sci-
entifico Ospedale Maggiore Policlinico Milano and the Deutsches Rotes
Kreuz. The joint ethical committee of the Institute Gaetano Pini and Ospedale
Maggiore Policlinico in Milan, and the committee of the Charité University in
Berlin, approved the use of blood and tonsil specimens for research purposes
(Permission EA1/107/10), and informed consent was obtained from the subjects
involved in the study. Information concerning the identity of the involved
subjects was not transmitted to the involved research laboratories. Peripheral
blood from patients with SLE was obtained from Institute Gaetano Pini. All
patients fulfilled the American College of Rheumatology criteria for the clas-
sification of SLE, and disease activity was assessed by Systemic Lupus Eryth-
ematosus Disease Activity Index 2000 (SLEDAI-2K) (55). Disease activity was
ranked according to SLEDAI-2K score: no activity (SLEDAI score 0), low/mild
activity (SLEDAI score 1 to 5), moderate activity (SLEDAI score 6 to 10), and
high activity (SLEDAI score >11) (S/ Appendlix, Table S1).

Mice. C57BL/6Rag1"', C57BL/6 CD45.1*, and OTII mice were purchased from
The Jackson Laboratory. Foxp3 reporter mice [FIR mice (56)] and IL-10°7" mice
[Tiger mice (48)] were crossed and generated at Yale University. FIRXTiger mice
were crossed with OTIl mice at Yale University to generate OTIIXFIRXTiger
mice. Tiger®* IL-10xIL-17A reporter mice and IL-10R°™ mice were generated
and crossed at Yale University. Age- and sex-matched littermates between 8
and 12 wk of age were used. Animal procedures were approved by the In-
stitutional Animal Care and Use Committee of Yale University.

Flow Cytometry. Human lymphocytes were stained with antibodies purchased

from BD (anti-CD4 [RPA-T4], -CD27 [M-T271], -CD25 [M-A251], -BCL6 [K112-91],
-CCR6 [11A9], -CD4OL [TRAP1], —IL-10 [JES-19F1], —-IL-17 [N49-653], —IL-4
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[MP4-25D2], -CD161 [DX12], -CCR5 [3A9], and -B7-integrin [FIB504]),
BioLegend (anti-CD210/IL-10R1 [3F9], —p1-integrin [TS2/16], —a2-integrin
[P1E6-C5], -CCR4 [L291H4], -IL-2 [MQ1-17H12], -CD69 [FN50], -PD1 [EH12.2H7],
and —-CCR9 [L0O53E8]), eBioscience (anti-CD19 [HIB19], -IL-7R [RDR5], -CD25 [BC96],
-ICOS [ISA-3], -FOXP3 [PCH101], -IL-21 [3A3-N2], -SAP [XLP-1D12], and -CCR7
[3D12]), and R&D Systems (anti-CXCR5 [51505], -CXCR4 [44717], -CXCR6 [56811],
-RUNX3 [527327], and -TGF-BR3 [242]).

Murine lymphocytes were stained with anti-CD4 (GK1.5), anti-CCR6 (29-
2117), anti-TCR (H57-597), anti-CD278 (15F9), anti-CD127 (A7R34), anti-CD154
(MR1), anti-CD19 (6D5), and anti-PD1 (RMP1-30), all purchased from
BioLegend. Anti-RORC (B2D) was obtained from eBioscience. Data were
analyzed using FlowJo software (TreeStar).

Cell Isolation. Peripheral blood mononuclear cells (PBMCs) and tonsillar
mononuclear cells were isolated by Ficoll-Hypaque gradient (Sigma-Aldrich).
CD4'T cell populations were purified by cell sorting on a FACSAria (BD)
based on expression of IL-7R, CD25, and CCR6 to a purity of >95%. Sub-
sets of IL-7R*CCR6CD25~ cells were isolated as CXCR3"CD161*/CCR5'Th17,
CXCR5*CXCR37CD161% Try17, and CXCR3"CCR5™CD161"CXCR5CCR6™ cells.
Tonsillar Tey cells were purified by cell sorting based on the expression of CD4,
CXCR5, ICOS, and CCR6. Naive tonsillar B cells were sorted as CD197CD27~ cells.

RNA Isolation and RNA Sequencing. RNA was isolated using the mirVana
Isolation Kit (Ambion). Residual contaminating genomic DNA was removed
from the total RNA fraction using Turbo DNA-free (Thermo Fisher). The RNA
yields were quantified using the QuantiFluor RNA System (Promega) and RNA
quality was assessed by 2100 Bioanalyzer (Agilent). Library construction was
performed with Illumina TruSeq RNA Sample Preparation Kit v2 using from 30
to 100 ng of total RNA as starting material. Final libraries were sequenced on
an Illumina HiSeq with paired-end 2 x 150-bp read lengths.

RNA-Sequencing Data Analysis. Quality control of raw reads was performed
with FastQC v0.11.2. Adapter removal and trimming were performed using
Trimmomatic. Reads were aligned to the reference genome (GRCh38) using
STAR 2.5.2b. The output computed (raw read counts) was then used as input
for DESeq2 analysis. Subsequent analyses were performed using R (3.4.2).
Raw counts were normalized using DESeq2’s function “rlog” and normalized
counts were used to perform PCA. To estimate differential expression, the
matrix of gene counts was analyzed by DESeq2. Up-regulated/down-
regulated genes were selected setting a false discovery rate lower than
5%. RNA-sequencing data reported in this paper have been deposited
at https://Awww.ebi.ac.uk/ena/data/view/PRJEB15005 (tonsillar Tgy cells) and
https:/Amww.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8862/ (Th17 cells, Teu-
like subsets, and CCR6°"T cells from peripheral blood).

T Cell Cytokine Production. Intracellular cytokines were detected after stim-
ulating cells for 6 h with 0.1 pM PMA (phorbol myristate acetate) and 1 pg/mL
ionomycin (Sigma-Aldrich). Brefeldin A (10 pg/mL; Sigma) was added for the
last 2 h of culture. Cells were fixed with 1 to 2% paraformaldehyde and
permeabilized with 0.5% saponin, and nonspecific binding was blocked with
10% FCS (fetal calf serum) or 0.5% BSA (bovine serum albumin). Cells were
stained with labeled antibodies for cytokines, washed, and analyzed by flow
cytometry.

Polyclonal In Vivo Activation of Murine T Cells. Mice were injected with anti-
CD3 (15 pug; 145-2C11) isotype antibody or PBS (phosphate-buffered saline)
i.p. (intraperitoneally) two times every other day (53). Splenocytes were
isolated 3 h after the last injection according to a standard protocol.

B Helper Assays. Human or mouse naive B cells (3 x 10% were cocultured with
10* sorted autologous CD4™T cell subsets in the presence of 1 pg/mL
endotoxin-reduced staphylococcal enterotoxin B (Sigma) in RPMI, 5% low-
1gG serum. Neutralizing antibodies to IL-10 (Miltenyi) and IL-10R (R&D Sys-
tems) were used at a concentration of 10 ug/mL. CXCL13 (BioSupply), IL-10,
19G, IgA (BD), IgG subclasses (Invitrogen), and IgE (Arigo Biolaboratories)
were measured by ELISA (enzyme-linked immunosorbent assay) in culture
supernatants. In order to detect IgE and IgG1 to 4, supernatants were analyzed
after 10 d. No IL-10 was detectable in the presence of blocking anti-IL-10
antibodies, indicating that IL-10 was neutralized.

For in vivo B helper assays, Rag™~ mice were reconstituted i.v. with 2 x 10°
wild-type or IL-TOR”~CD19" B cells and 5 x 10° purified OTII T cell pop-
ulations. CCR6¥IL-10" T cells or CD4* control T cells were purified from
spleens of naive OTIIxFIRxTiger mice. Th17 cells were induced in vitro with
anti-CD3 and anti-CD28 antibodies in the presence of IL-2 and neutralizing
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anti-IL-4 and anti-IFN-y antibodies and the addition of IL-6 (10 ng/mL), IL-23
(20 ng/mL), and TGF-p. Twenty-four hours post reconstitution, mice were
immunized i.p. with 50 pg OVA per mouse in alum. Serum OVA-specific IgG
or 19gG1, 19G2, IgE, or IgA (BD) was analyzed 12 d post immunization
by ELISA.

Spontaneous human B helper assay and autoantibody production. CCR67IL-
7R*T cells (5 to 9 x 10%) purified from total PBMCs of SLE patients or
healthy donors were cocultured with equal numbers of autologous CD20*B
cells from healthy subjects or SLE patients in RPMI supplemented with 10%
low-1lgG serum and in the absence of exogenous TCR agonists. At day 6,
cocultures were supplemented with a half-volume of fresh medium and
supernatants were harvested at day 14 and tested for total IgG production
by ELISA. For the measurement of autoantibody production, supernatants
were diluted 1:2 in QUANTA Lite dsDNA SC ELISA Kit (Inova Diagnostics)
dilution buffer and incubated in precoated wells of the same kit. The DELFIA
System was used for the detection step of autoantibodies. Wells were
washed briefly with PBS, 1% BSA, 0.05% Tween 20 and incubated with
eurobium-labeled anti-human 1gG (PerkinElmer) for 30 min with slow
shaking in the dark. Wells were then washed and incubated with DELFIA
enhancement solution (PerkinElmer) for 5 min with slow shaking in the dark
and fluorescence was acquired with an Infinite 200 microplate reader
(Tecan).

Immunofluorescence and imaging. Paraffin-embedded lymph node (LN) sections
of SLE patients classified as “reactive” without other pathology (n = 8) and
control slides from healthy donors were obtained from the Academic
Medical Center Pathology Department, Amsterdam. Sections were dewaxed
by descending alcohol scale and washed in 1x PBS (GIBCO). After per-
meabilization in 0.02% Triton X-100 (Sigma) in 1x PBS and 1 h blocking in
10% FCS plus 2% goat serum (Thermo Fisher Scientific) in PBS, sections were
stained with primary antibodies diluted 1:100, as follows: rabbit anti-human
CD4 (1.5 pg/mL; Abcam; ab133616), rat anti-human IL-10 (1 mg/mL;
eBioscience; 16-7108-85), and mouse anti-human CCR6 (1 mg/mL; R&D
Systems; MAB195) at 4 °C, overnight in a humid chamber. The following
day, slides were washed and labeled with Alexa Fluor (AF)-conjugated
secondary antibodies diluted 1:1,000, as follows: goat anti-mouse AF
488, goat anti-rat AF 647, and goat anti-rabbit AF 568 (all from Molecular
Probes, Thermo Fisher Scientific) for 1 h at room temperature in a humid
chamber. After washing in PBS, cells were counterstained with DAPI (Molecular
Probes, Thermo Fisher Scientific) and mounted using ProLong Diamond and
ProLong Glass mounting reagents (both from Thermo Fisher Scientific). Image
acquisition was performed employing an SP5 laser-scanning confocal microscope
(Leica Microsystems) equipped with eight laser lines and four PMT detectors,
using a 20x air (numerical aperture [NA] 0.95) or a 63x oil (NA 1.40) objective.
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Sequential multiparametric acquisition was performed on single specific fields of
view (FOVs) or on all sections via an automatized stage and tiling software
module. Z sectioning was performed in Z-Galvo System-optimized modality
with a 130-nm Z-step indexing for better three-dimensional evaluation. Several
FOVs were acquired for each sample (ranging from n = 7 for smaller specimens
to n = 15 for larger LN samples). Alternatively, a Nikon Ti equipped with a CREST
Optics X-Light-V2 spinning disk and VCS superresolution modules (all from CREST
Optics) was used to acquire highly resolved images on specific areas of interest. A
16-LED line (PE-40000; CoolLed) or a 6-LED line (SpectraAura; Lumencore) exci-
tation source was used coupled with an Andor DU-888 EM-CCD camera and with
an Andor Zyla 5.5 camera for confocal and superresolution acquisition, re-
spectively; a superresolution TIRF 100xSR oil objective (NA 1.49; Nikon Instru-
ments) was employed on the Nikon platform. Image processing, analysis, and
measurements were all performed using NIS-Elements v5 software (Lim) us-
ing the specialized “general analysis” module to process, binarize, segment,
and count all images in the batch. Imaging data were exported as Excel data
files and analyzed via GraphPad Prism software. For IL-10 quantification, a
mean fluorescence intensity (MFI) of <30 was set according to the MFI of an
isotype control as IL-10". IL-10" cells were arbitrarily defined as cells with an
MFI >80.

For positioning of T cells in germinal centers, an independent analysis has
been performed only on those FOVs in which B cell follicles were clearly
evident within LN parenchymal areas, employing the DAPI channel. Thus, a
segmentation approach was used to specifically recognize follicular areas
within the DAPI image channel. Following morphological segmentation,
binary criteria and Boolean operations were applied to measure the numbers
of CD4*, CCR6™, and IL-10" cells together with double- (CD4*CCR6™; CD4*IL-
10™) and triple-positive (CD4*CCR6IL-10") cells within designated follicular
areas. At least n = 8 FOVs in each of which n = 3 follicles could be detected
were analyzed for all LN specimens.

Statistics. Statistical significance was calculated using two-tailed Student’s
t test or one-way ANOVA. *P < 0.05, **P < 0.005, and ***P < 0.0005 were
regarded as statistically significant. Error bars in all figures show SEM.
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