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Introduction

Summary

NOD.H-2h4 mice develop spontaneous autoimmune thyroiditis (SAT)
with chronic inflammation of thyroids by T and B cells. B-cell deficient
(B”") mice are resistant to SAT but develop SAT if regulatory T (Treg)
cells are transiently depleted. We established a transfer model using
splenocytes from CD287~ B”~ mice (effector cells and antigen-presenting
cells) cultured with or without sorted Treg cells from Foxp3-GFP wild-
type (WT) or B~ mice. After transfer to mice lacking T cells, mice given
Treg cells from B~ mice had significantly lower SAT severity scores than
mice given Treg cells from WT mice, indicating that Treg cells in B/~
mice are more effective suppressors of SAT than Treg cells in WT mice.
Treg cells from B™~ mice differ from WT Treg cells in expression of
CD27, tumour necrosis factor receptor (TNFR) II p75, and glucocorti-
coid-induced TNFR-related protein (GITR). After transient depletion
using anti-CD25 or diphtheria toxin, the repopulating Treg cells in B~
mice lack suppressor function, and expression of CD27, GITR and p75 is
like that of WT Treg cells. If B~ Treg cells develop with B cells in bone
marrow chimeras, their phenotype is like that of WT Treg cells. Addition
of B cells to cultures of B~ Treg and T effector cells abrogates their sup-
pressive function and their phenotype is like that of WT Treg cells. These
results establish for the first time that Treg cells in WT and B™~ mice dif-
fer both functionally and in expression of particular cell surface markers.
Both properties are altered after transient depletion and repopulation of
B~ Treg cells, and by the presence of B cells during Treg cell develop-
ment or during interaction with effector T cells.

Keywords: autoimmunity; B cells; regulatory T cell.

NOD.H-2h4 mice do not develop SAT’ and if the majority
of B cells in wild-type (WT) NOD.H-2h4 mice are tran-

NOD.H-2h4 mice develop autoimmune thyroiditis sponta-
neously (SAT),"™* characterized by infiltration of the thy-
roid by T and B cells, destruction of thyroid follicles and
production of antibodies to mouse thyroglobulin
(MTg)."*” Development of SAT is facilitated by addition of
Nal to the drinking water, although many mice maintained
on normal water also develop thyroid lesions and produce
anti-MTg antibodies."” B cells are required for the develop-
ment of SAT, and anti-MTg autoantibody levels generally
correlate with SAT severity scores.” B-cell-deficient (B7")

siently depleted by administration of anti-IgM’ or anti-
CD20° in the first month of life, SAT severity is greatly
reduced in adults even though B cells have repopulated the
peripheral lymphoid organs.”® The resistance of B~ and B-
cell-depleted WT mice to SAT was shown to be the result of
the activity of CD4" CD25" regulatory T (Treg) cells,
because these mice develop SAT if Treg cells are transiently
depleted by administration of anti-CD25.”

B~ mice are resistant to most, if not all, spontaneous
autoimmune diseases.>® ' Consistent with our studies in

Abbreviations: B, B-cell-deficient; DT, diphtheria toxin; DTR, diphtheria toxin receptor; GITR, glucocorticoid-induced tumour
necrosis factor-related protein; SAT, spontaneous autoimmune thyroiditis
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SAT, B’ mice that are resistant to other spontaneous
autoimmune diseases such as diabetes and Sjogren syn-
drome, develop those diseases when Treg cells are tran-
siently depleted.'" In contrast, the same strains of mice
that have B cells spontaneously develop SAT, diabetes
and Sjogren syndrome without a requirement for Treg
depletion, although some WT NOD and NOD.H-2h4
mice develop more severe disease following Treg deple-
tion."” '® Taken together, these results suggest an impor-
tant role for Treg cells in suppressing SAT in mice that
lack B cells, and suggest that Treg cells in B~ mice may
have increased suppressive function that impacts their
ability to develop SAT. Alternatively, Treg cells in WT
and B”" mice could have comparable in vivo suppressive
function, but B cells in WT mice could limit the function
of Treg cells or promote activation of effector T (Teff)
cells that are more resistant to suppression.

Several previous studies have determined if Treg cells
in B’ or B-cell-depleted mice differ functionally from
those in WT mice. Using the ability of Treg cells from
WT and B/ or B-cell-depleted (anti-CD20) mice to sup-
press T-cell proliferation in vitro as a readout, increased
suppressive function of Treg cells from B-cell-depleted
mice was reported by one group,'”” whereas others
reported that Treg cells in WT mice had comparable,'®"’
or reduced®® function compared with Treg cells in B”~ or
B-cell-depleted mice. With respect to in vivo function,
Treg cells from WT and B”~ B6 mice showed comparable
activation and migration to the central nervous system
after immunization with MOG peptide to induce
expeirmental autoimmune encephalomyelitis (EAE).'® In
contrast, Hamel et al.'” reported that Treg cells from
anti-CD20-treated BALB/c mice were more effective than
Treg cells from control mice in their ability to suppress
development of experimental arthritis. The basis for the
differences in results in these different studies are not
readily apparent, and further studies are needed to answer
this important question. In addition, while many reports
indicate that multiple subsets of Treg cells can be distin-
guished by differences in suppressive function and expres-
sion of particular cell surface markers,”> *° phenotypic
differences between Treg cells in WT versus B-cell-defi-
cient mice have previously been addressed in only one
study that we know of.'®

The goal of this study was to test the hypothesis that
Treg cells in unmanipulated B”~ mice differ functionally
and/or phenotypically from Treg cells in WT mice since
the former are more effective at suppressing SAT develop-
ment. Because transient depletion of Treg is permissive
for SAT development in B’ mice, these experiments also
tested the hypothesis that Treg cells that repopulate B~
mice after transient Treg depletion have reduced suppres-
sive function that allows for the development of autoim-
munity. The results demonstrate that Treg cells in WT
and B~ mice differ both functionally and phenotypically,
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and following transient Treg depletion, the repopulating
Treg cells in B”~ mice lack suppressive function and are
phenotypically different from Treg cells in unmanipulated
B mice.

Materials and methods

Mice

NOD.H-2h4 mice express H-2K¥, I-A* and D" on the
NOD background.® Mice were bred and maintained in
the animal facility at the University of Missouri. All ani-
mal protocols were approved by the University of Mis-
souri Animal Care and Use Committee. B~ NOD.H-2h4
and CD28 " B~ NOD.H-2h4 mice were described previ-
ously.>! Foxp3-GFP WT and B~ NOD.H-2h4 mice,
generated as described previously’' were used for sorting,
culture and transfer of Treg cells. Foxp3-diphtheria toxin
receptor (DTR) transgenic NOD mice, provided by Drs
Diane Mathis and Christophe Benoist, Harvard School of
Medicine,”® were crossed with WT or B’ NOD.H-2h4
mice and F, offspring were selected for expression of the
NOD.H-2h4 MHC by flow cytometry and for DTR
expression by PCR analysis of tail DNA. T-cell receptor o
deficient (TCR-o.") NOD.H-2h4 mice were generated by
crossing TCR-o.'~ NOD mice with NOD.H-2h4 mice.®
TCR-a"~ NOD.H-2h4 mice were used as recipients of
cultured cells.

Cell culture system

Splenocytes from CD287~ B~ NOD.H-2h4 mice were
cultured as previously described®** in the presence or
absence of sorted Treg cells. Briefly, splenocytes from
CD28” B~ NOD.H-2h4 mice were cultured for 3 days
with or without sorted Treg cells (80 : 1 ratio of spleno-
cytes to Treg cells) in the presence of 25 pg/ml mouse
thyroglobulin, 10 ng/ml interleukin-12 (IL-12) and 5 ng/
ml IL-2 in fetal calf serum-supplemented RPMI-1640,
harvested, counted and transferred intravenously into
TCR-o.~ mice (5 x 10%mouse). The 80 :1 ratio of
splenocytes to Treg cells was determined to be above the
minimum number of Treg cells required to inhibit SAT
development (data not shown). All recipients were given
0-08% Nal water for 8 weeks and thyroids were assessed
histologically. In some experiments, B cells from TCR-o"
~ NOD.H-2h4 mice were added to cultures. The ratio of
CD287~ B splenocytes to TCR-a’~ B cells was 2 : 1
and the ratio of splenocytes to Treg cells was maintained
at 80 : 1. For example, cultures not containing additional
B cells were plated with 80 x 10° effector splenocytes
plus 1 x 10° sorted Treg cells in two plates, while cul-
tures containing added B cells were plated with 80 x 10°
effector splenocytes, 40 x 10° TCR-o0'~ B cells, plus
1-5 x 10° sorted Treg cells in three plates.
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Treg sorting

Splenocytes from WT or B”~ Foxp3-GFP NOD.H-2h4
mice were incubated with anti-CD4 (RM4-5-allophycocy-
anin) for 30 min at 4°. Cells were washed and sorted
using the DAKO MoFlo XDP cell sorter (Beckman Coul-
ter Inc., Fullerton, CA) and used for cultures as described
above. Alternatively, WT or B~ Foxp3-DTR NOD.H-2h4
splenocytes were incubated with anti-CD4 (RM4-5-allo-
phycocyanin) (eBioscience) and anti-DTR (BAF259 bio-
tin) (R&D Systems, Minneapolis, MN) for 30 min at 4°
followed by streptavidin-phycoerythrin (PE) for 30 min
at 4°. The cells were then washed and sorted.

Assessment of thyroiditis

After 8 weeks, thyroids were collected and one thyroid lobe
from each mouse was fixed in formalin, sectioned and
stained with haematoxylin & eosin as described previ-
ously."” All slides were scored independently in a blinded
fashion by two individuals. Differences in interpretation
were rare, but when rare differences in scoring arose, final
scores were agreed upon by both scorers. Thyroid histopa-
thology was scored for the extent of thyroid follicle destruc-
tion using a scale of 0 to 4+ as described previously."** In
brief, a score of 0 indicates a normal thyroid, and 0+ indi-
cates a few inflammatory cells infiltrating the thyroids and/
or mild follicular changes. A 1+ severity score is defined as
an infiltrate of at least 125 cells in one or several foci, and a
2+ score represents 10-20 foci of cellular infiltration, each
the size of several follicles, with destruction of up to one-
quarter of the gland. A 3+ score indicates that one-quarter
to one-half of the thyroid follicles are destroyed or replaced
by infiltrating inflammatory cells, and, a score of 4+ indi-
cates that more than one-half of the thyroid follicles are
destroyed. Thyroid lesions in NOD.H-2h4 mice reach max-
imal severity 8 weeks after mice are given Nal water begin-
ning at 2 months of age; lesions are chronic and remain
relatively unchanged in severity for several months.">

Cell surface and intracellular staining

For determination of Treg numbers, spleen cells of WT or
B~ NOD.H-2h4 mice were incubated (1 x 10° cells/
100 pl) with antibodies against CD4 (RM4-5-Peridinin
chlorophyll protein-Cy5.5), CD25 (PC61-PE), and Foxp3
(FJK-16s-allophycocyanin) or isotype control antibody for
30 min at 4°. Cells were washed and data were collected
using the DAKO CyAN flow cytometer (Glostrup, Den-
mark) and analysed using summiT software version 5.2
(Beckman Coulter Inc., Fullerton, CA). For cell surface
phenotyping, splenocytes were incubated (1 x 10° cells/
100 pl) with antibodies against CD4 (RM4-5-Peridinin
chlorophyll protein-Cy5.5), CD28 (E18-FITC) Foxp3
(FJK-16s-allophycocyanin), and tumour necrosis factor
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receptor (TNFR) II p75 (TR75-89-PE), CD27 (LB.7F9-PE),
CD103 (2E7-PE) or glucocorticoid-induced TNFR-related
protein (GITR; DTA-1-PE) for 30 min at 4°. For detection
of intracellular CTLA4, cells were stained for surface mark-
ers, then with eBioscience FoxP3 Staining Buffer Set and
incubated (1 x 10° cells/100 pl) with anti-CTLA4 (UC10-
2B9-PE) Cells were washed and the data were collected and
analysed as above. Antibodies were purchased from eBio-
science (San Diego, CA) and BioLegend (San Diego, CA).

Transient depletion of Treg cells

For transient depletion of Treg cells using anti-CD25,
mice were given 0-5 mg rat anti-mouse CD25 monoclonal
antibody PC61 as previously described.” Treg cells begin
to repopulate the spleen in 7-10 days and return to pre-
injection levels in B~ mice after 5-6 weeks (data not
shown). Foxp3-DTR NOD.H-2h4 mice were given 3 g
diphtheria toxin (DT) (Sigma Chemicals, St Louis, MO)
intraperitoneally on two consecutive days. This regimen
was found to result in almost complete splenic Treg
depletion and did not negatively affect the health of the
mice. Treg cells return to normal numbers by 5 days after
the second DT injection in both WT and B~ mice.

Bone marrow chimeras

Bone marrow chimeras were generated as previously
described.””” Briefly, recipient B~ NOD.H-2h4 mice were
irradiated (1000 Gy) and reconstituted with 6 x 10° bone
marrow cells from B’ or WT Foxp3-GFP mice + 6 x
10° bone marrow cells from TCR-o'~ NOD.H-2h4 donors
as a source of precursor B cells. After 6 weeks, when
peripheral lymphocytes had reconstituted the hosts, mice
were given Nal in their drinking water. After 8 weeks,
expression of CD27, p75, GITR and glycoprotein A repeti-
tions predominant (GARP) on CD4" Foxp3" Treg was
determined by flow cytometry. Chimerism of host mice
was confirmed by flow cytometry.

Statistical analysis

Statistical analysis was performed using GRAPHPAD PRISM
software version 4.0 (GraphPad Software, La Jolla, CA)
with the non-parametric Mann—Whitney U-test or Stu-
dent’s t-test. A value of P < 0-05 was considered statisti-
cally significant.

Results

Treg cells in B~ and WT NOD.H-2h4 mice differ in
their ability to suppress SAT

To test the hypothesis that Treg in B”~ mice are more
effective suppressors than those from WT mice, it was
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necessary to devise a protocol where Treg/Teff interactions
and Treg sources and numbers could be controlled, and
where the two Treg populations could interact with the
same pool of Teff cells and antigen-presenting cells (APC)
in the absence of B cells. This was achieved using a culture
system in which populations of potential effector cells and
APC were cultured before transfer to recipient mice.”
Splenocytes from CD28 ' B~ NOD.H-2h4 mice were
used as the source of Teff cells and APC because they do
not have functional Treg and their effector cells are compe-
tent for development of SAT.?! It was important to exclude
B cells in the cultures as they could influence the Treg/Teff
T-cell interactions. WT and B~ Foxp3-GFP NOD.H-2h4
mice, in which GFP expression is controlled by the Foxp3
promoter, were used as the source of Treg cells for most
experiments. CD4" GFP" (Foxp3") Treg cells were sorted,
and co-cultured with CD28~ B~ splenocytes for 3 days.
Cells were harvested and transferred intravenously
(5 x 10° per recipient) to TCR-o./~ NOD.H-2h4 mice.
Recipients were given Nal water, and evaluated for SAT
8 weeks later. For some experiments, sorted Treg cells from
Foxp3-DTR mice were used as the source of Treg cells.

Recipients of APC/Teff cells that were cultured with Treg
cells from WT mice had significantly reduced average SAT
severity scores compared with those that received only Teff
cells (Fig. 1a; P < 0-05). However, when an equal number
of Treg from B~ mice was cultured with the same effec-
tor/APC population, SAT in recipient mice was suppressed
to a much greater extent (P < 0-001). TCR-0i’~ mice that
did not receive T cells did not develop SAT (Fig. la). Simi-
lar results were obtained when splenocytes from Treg-
depleted CD28""* B~ NOD.H-2h4 mice were used as the
source of effector cells and APC (data not shown).

To determine if the apparent differences in function of
Treg cells in WT and B~ mice could be explained by dif-
ferences in survival or proliferation of Treg in recipient
mice, recipient spleens were analysed for CD4 and GFP
by flow cytometry. Recipients of WT or B”~ Treg had
similar percentages of GFP' CD4" T cells (Fig. 1b)
(P = 0-17). The absolute numbers of GFP* Treg cells in
recipient spleens at the end of the experiment were also
comparable and greater than the number of Treg cells
transferred (about 2 x 10* Treg cells transferred com-
pared with nearly 5 x 10° Treg cells per recipient spleen
at the end of the experiment). Because Treg cells in WT
and B~ mice are comparable in their ability to expand
and survive in recipient mice, the differences in suppres-
sion must be a result of inherent functional differences
between Treg cells in WT and B~ mice.

Treg cells in B~ mice differ phenotypically from WT
Treg cells

Differential expression of certain cell surface proteins
has been associated with differences in Treg cell

© 2014 John Wiley & Sons Ltd, Immunology, 144, 598-610
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Figure 1. Regulatory T (Treg) cells from B-cell-deficient (B”") mice
are more effective suppressors of spontaneous autoimmune thyroiditis
(SAT) than Treg cells from wild-type (WT) mice. T-cell receptor
a-deficient (TCR-") NOD.H-2h4 mice were given 5 x 10° CD287~
B~ splenocytes cultured in the presence or absence of sorted Foxp3*
Treg cells from naive WT or B~ Foxp3-GFP mice. All mice were
given Nal in their water, and thyroids and spleens were removed
2 months later. (a). SAT severity scores of recipient mice. Each sym-
bol represents an individual mouse. Control mice received cultured
cells without added Treg cells. SAT was suppressed more effectively by
Treg cells from B~ mice (***P < 0-001) than by Treg cells from WT
mice (*P < 0-05; Mann—-Whitney non-parametric test). Results are
pooled from five experiments: n = 25 (Control), n = 26 (+WT Treg)
and n =26 (+B7~ Treg), and n = 7 (No transfer). (b). Percentages of
CD4" GFP" cells in spleens of recipient mice were determined by flow
cytometry. Representative flow show CD4 and FoxP3 expression on
CD4" cells. The results represent n =9 (Control), n =10 (+WT
Treg), and n = 11 (+B 7~
two independent experiments. Student’s ¢-test.

Treg) mice per group and are pooled from

function.”* 2*?°3% Given the differences in the ability of
Treg cells from WT and B~ mice to suppress SAT
(Fig. 1a), it was of interest to determine if the Treg popu-
lations differed phenotypically. To address this question,
sorted CD4" Foxp3" Treg cells from naive WT and B/~
Foxp3GFP mice were stained and compared with respect
to expression of several markers that have been used to
distinguish Treg subsets in other studies. Expression of
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common Treg markers such as CTLA-4 was not signifi-
cantly different between these two Treg populations,
(Fig. 2a and data not shown). The two Treg populations
also did not differ in their intensity of CD25 or Foxp3
expression and both numbers and percentages of CD25"
and Foxp3™ cells were comparable (see Supporting infor-
mation, Fig. S1, and data not shown). Expression of three
cell surface markers, CD27, GITR and p75 was consistently
reduced in CD4" Foxp3" Treg cells from B~ mice com-
pared with Treg cells of WT mice (Fig. 2a,b), indicating
that there are phenotypic differences that can distinguish
Treg cells in B”~ and WT mice. The differences in CD27,
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GITR and p75 were unexpected because other reports
including a recent one from our laboratory”'*>*"* indi-
cated that reduced expression of these molecules was asso-
ciated with decreased Treg function. However, none of
those studies used Treg from B/~ mice, suggesting that
expression of these markers may be regulated differently in
B”" versus WT mice. The basis for this difference is
unknown, but in B’ mice it may be related to whether
Treg cells are interacting with Teff cells in an inflammatory
versus a non-inflammatory environment. CD27, p75
and GITR were also differentially expressed when
GFP" Foxp3" cells were compared in recipients of WT
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Figure 2. Regulatory T (Treg) cells from B-cell-deficient (B”") and wild-type (WT) mice can be distinguished phenotypically. (a, b). Splenocytes

from naive WT or B~ NOD.H-2h4 mice were stained for expression of CD4, Foxp3 and CD27, GITR, TNFR II p75, CD103 or intracellular
CTLA-4. Plots represent the percentage (a) or mean fluorescence intensity (MFI) (b) of CD4" Foxp3" cells positive for the indicated marker.
(n=9 to n =18 mice per group representative of four independent experiments.) (c, d). T-cell receptor-o-deficient (TCR-o ") NOD.H-2h4
mice were given 5 x 10° CD28”~ B splenocytes cultured in the presence or absence of sorted Foxp3" Treg cells from naive WT or B~
Foxp3-GFP mice. All mice were given Nal in their water, and spleens were removed 2 months later. Recipient splenocytes were analysed for
expression of CD4, Foxp3, and CD27, GITR, p75 or intracellular CTLA-4. Plots represent the percentage (c) or MFI (d) of CD4" Foxp3™ cells
positive for the indicated marker. Representative flow histograms for each marker. (n = 10 to n = 16 mice per group representative of four inde-
pendent experiments.) ** P < 0-001; *** P < 0-001. Student’s ¢-test.
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versus B~ Treg mice at the time thyroids were removed
(Fig. 2¢,d), indicating that the phenotypic differences are
unaffected by the recipient environment or by co-culture
of Treg cells with effectors/APC.

As will be shown below, the reduced expression of
CD27, p75 and GITR by Treg cells from B~ compared
with WT mice was a consistent finding, and differences
in CD27 expression were usually greater than differences
in p75 and GITR. Because the range of positive cells was
much lower for p75 than for the other two markers, the
y-axis for the p75 plots is different than for GITR and
CD27 in Fig. 2(a) and all subsequent figures. Because
Treg numbers are similar in WT and B”~ NOD.H-2h4
mice®’” (see Supporting information, Fig. S1), the differ-
ences in percentages of Treg cells expressing CD27, GITR,
and p75 correspond to differences in actual numbers of
Treg cells expressing these markers (data not shown).
There were no significant differences in expression of
these markers (see Supporting information, Fig. S2) or
activation markers such as CD44 and CD62L (data not
shown) by CD4+ Foxp3- non-Treg cells in WT versus B/~
mice. This indicates that reduced expression of GITR,
CD27 and p75 is a property of Treg cells from B~ mice
and is not a property of all CD4" T cells in B’ mice.

Repopulating Treg cells from B~ mice lack
suppressive function and are phenotypically similar to
WT Treg cells

B~ NOD.H-2h4 mice are resistant to SAT,> but they
develop SAT when they are given anti-CD25 to
transiently deplete Treg cells.” The fact that SAT develops
in B’ mice even though Treg cells are not permanently
depleted suggests that the Treg cells that repopulate after
anti-CD25 depletion differ functionally from Treg cells in
unmanipulated B~ mice. To determine if transient
depletion of Treg cells leads to a functional difference in
the repopulating Treg cells, B~ Foxp3-GFP NOD.H-2h4
mice were given 0-5 mg anti-CD25 or rat IgG and rested
for 6 weeks until Treg cells had repopulated to normal
numbers (see Supporting information, Fig. S3a). Treg
cells were sorted, cultured and transferred as above.
Repopulated Treg cells from B~ mice given anti-CD25
have minimal or no suppressive function compared
with Treg cells from B” mice given rat IgG (Fig. 3a;
P <0:001). Treg cells from WT mice given anti-CD25
did not significantly differ functionally from those in un-
manipulated WT mice (data not shown).

Because Treg cells that repopulate B”~ mice after anti-
CD25-mediated Treg depletion lack suppressor function,
we asked if there were phenotypic differences between
repopulated and unmanipulated Treg in B/ mice. To
address this question, WT and B~ NOD.H-2h4 mice
were given anti-CD25 or rat IgG and rested for 6 weeks
to allow for Treg repopulation. The repopulating Treg

© 2014 John Wiley & Sons Ltd, Immunology, 144, 598-610
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cells in B”~ mice given anti-CD25 differ phenotypically
from those in B~ mice given rat IgG and, importantly,
have a phenotype similar to that of the less functional
Treg cells from WT mice, with increased expression of
CD27, p75, and GITR compared with Treg cells from rat
IgG-treated B~ mice (Fig. 3b—d). Expression of these cell
surface markers did not differ for repopulating Treg cells
from WT mice compared with rat IgG controls (Fig. 3b—
d), indicating that it is primarily the source of Treg cells
(B~ versus WT) and not simply an effect of anti-CD25
that accounts for the loss of function and phenotypic
changes in repopulated Treg cells from B~ mice. These
results also indicate that up-regulation of CD27, p75 and
GITR on Treg cells from B~ mice is associated with
reduced Treg cell function and this can occur in the
absence of B cells. These results, together with those in
Fig. 3(a), suggest that SAT develops in Treg-depleted B/~
mice, at least in part, because Treg cells that repopulate
following transient depletion are less functional and differ
phenotypically from those in unmanipulated B”~ mice.

Alternative Treg depletion strategy also results in
functional and phenotypic changes in repopulating
Treg cells

A significant number of CD4" Foxp3" Treg cells in
NOD.H-2h4 mice lack CD25 and are not depleted by
anti-CD25 (data not shown). Recent generation of mice
in which expression of the human diphtheria toxin recep-
tor (DTR) is driven by the Foxp3 promoter allows for the
specific depletion of CD4" Foxp3"* Treg cells regardless of
CD25 expression.”> This method of Treg depletion is
much shorter in duration, and provides a means to
deplete both CD25" and CD25  Foxp3™ T cells without
the potential for depletion of effector cells, which can
occur with anti-CD25 depletion. WT and B’ Foxp3-
DTR NOD.H-2h4 mice expressing the human DTR were
therefore generated in order to determine if the reduced
function of repopulating Treg cells in B”~ mice is related
to the method and/or duration of Treg depletion.

Preliminary experiments indicated that two consecutive
daily injections of 3 ug DT resulted in maximal depletion
of splenic Foxp3" cells 2 days later. Treg depletion was
short-lived, with almost complete repopulation of Foxp3"
cells 5 days later (see Supporting information, Fig. S3b).
Despite the short duration of Treg depletion, DT-treated
B Foxp3-DTR NOD.H-2h4 mice develop SAT, whereas
non-treated B~ Foxp3DTR mice are resistant (see Sup-
porting information, Fig. S3c). SAT in DT-treated B~
Foxp3DTR mice is comparable in severity to that of
either Foxp3 DTR (data not shown) or Foxp3 GFP B/~
NOD.H-2h4 mice given anti-CD25.”

To determine if DT-mediated Treg depletion influenced
the ability of Treg cells from B”~ mice to suppress SAT,
B”~ Foxp3-DTR NOD.H-2h4 mice were treated with DT.
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Foxp3* Treg were allowed to repopulate for 2 weeks,
sorted based on expression of CD4 and DTR, cultured
and transferred as above. Treg cells from DT-treated B~
mice were unable to suppress SAT development, whereas
those from untreated B~ mice were highly suppressive
(Fig. 4a).

To determine if DT-mediated Treg depletion results in
phenotypic changes in repopulating Treg cells, naive WT
and B”~ Foxp3-DTR NOD.H-2h4 mice were depleted of
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Figure 3. Regulatory T (Treg) cells repopulating B-cell-deficient
(B”) mice after depletion by anti-CD25 have reduced suppressive
function and altered phenotype compared with unmanipulated Treg
cells. (a). Naive B~ Foxp3-GFP NOD.H-2h4 mice were given anti-
CD25 to deplete Treg cells. Six weeks later, Treg cells were sorted
and cultured with CD287 B splenocytes as described in the
Materials and methods. Treg cells from B~ mice given rat IgG were
used as a control. T-cell receptor-o-deficient (TCRa") NOD.H-2h4
mice were given 5 x 10° cultured CD287~ B~ splenocytes + Treg
cells. All mice were given Nal in their water, and thyroids and
spleens were removed 8 weeks later. Spontaneous autoimmune thy-
roiditis (SAT) severity scores of individual mice. Control mice
received cultured cells without added Treg cells. Aggregate of four
experiments; n = 22(Control), n = 21(+ B~ Treg), and n =18
(Repopulating B”~ Treg) mice per experimental group. ***
P <0-001 compared with no Treg control. Mann—Whitney non-
parametric test. (b—d). Splenocytes from naive WT and B~ mice
given anti-CD25 to deplete Treg cells and rested for 6 weeks to allow
Treg repopulation were stained for the presence of CD4, Foxp3 and
CD27, GITR, or TNEFR II p75 and analysed by flow cytometry. Plots
represent the percentage (b) or MFI (c) of CD4" Foxp3" cells from
B and WT mice positive for the indicated marker. (d) Representa-
tive flow histograms. n =6 (WT groups) and n =8 (B’ groups)
mice per group combined from two independent experiments.
n.s. = not significant; *** P < 0-001, Student’s #-test.

Treg cells using DT. Following Treg repopulation, expres-
sion of CD27, p75 and GITR was increased on repopulat-
ing Treg cells in DT-treated B~ mice (Fig. 4b—d),
whereas DT treatment had little effect on the function
(data not shown) or expression of cell surface markers of
WT Treg cells (Fig. 4b—d). These results indicate that
CD4" Foxp3" Treg cells that repopulate B~ mice after
transient Treg depletion differ functionally from Treg
cells in unmanipulated B~ mice, because they can no
longer suppress SAT. Importantly, the repopulating Treg
cells are similar to Treg cells of WT mice both in their
function (data not shown) and expression of GITR, p75
and CD27 (Fig. 4b—d). These results indicate that even a
brief depletion of Treg cells is sufficient to lead to func-
tional and phenotypic changes in the repopulating Treg
cells in B~ NOD.H-2h4 mice, whereas Treg depletion
has little effect on the function or phenotype of Treg cells
in WT NOD.H-2h4 mice.

Treg cells continue to function after transfer to
recipients

The use of Treg from Foxp3-DTR NOD.H-2h4 mice in
this culture and transfer system allows for depletion of
the cultured Treg cells after transfer to recipient mice. To
determine if the interaction between Treg and Teff/APC
in culture is sufficient for suppression of SAT in recipient
mice or if Treg cells are also required after transfer,
Treg cells from unmanipulated WT or B~ Foxp3-DTR
NOD.H-2h4 mice were sorted, cultured and transferred

© 2014 John Wiley & Sons Ltd, Immunology, 144, 598-610
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as before. Groups of mice were given DT to deplete Treg
cells 2 days or 1 month after transfer. Groups that
received Treg cells from non-DT treated mice and one
that received cultured cells without added Treg cells were
included as controls. When Treg cells were depleted
2 days after cell transfer, suppression was almost
completely abolished (see Supporting information, Fig.
S4a), indicating that Treg continue to perform an impor-
tant function after Treg and Teff cells are transferred to
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Figure 4. Regulatory T (Treg) cells that repopulate B-cell deficient
(B7") mice after depletion by diphtheria toxin (DT) have reduced
suppressor function and differ phenotypically from Treg cells in un-
manipulated B”~ Foxp3-DTR mice. (a) Naive B~ Foxp3-DTR
NOD.H-2h4 mice were depleted of Treg cells using DT. After 6 days
to allow Treg repopulation, Treg cells were sorted from DT-treated
or untreated controls based on expression of CD4 and DTR, and
cultured with CD28~ B~ splenocytes as described in Materials and
methods. T-cell receptor-o-deficient (TCRx”™) NOD.H-2h4 mice
were given 5 x 10° cultured CD287~ B~ splenocytes & Treg cells.
All mice were given Nal in their water at the time of transfer, and
thyroids and spleens were removed 8 weeks later. Control mice
received cultured cells without added Treg cells. (n =9 to n =11
mice per group pooled from three independent experiments)
**P < 0-01 compared with control. Mann—-Whitney non-parametric
test. (b to d). B or WT Foxp3-DTR NOD.H-2h4 mice were
depleted of Treg cells using DT. After Treg repopulation, splenocytes
were analysed for expression of CD4, Foxp3, and CD27, TNFR II
p75, or GITR by flow cytometry. Plots represent the percentage (b)
or MFI (c) of CD4" Foxp3"* cells from B’ and WT mice positive
for the indicated marker. (d) Representative flow histograms. n = 11
to n =13 mice per group pooled from three independent experi-
ments; **P < 0-01, ***P < 0-001, Student’s t-test.

recipient mice. When Treg cells were depleted 1 month
after T-cell transfer, mice developed more severe SAT
than if Treg cells were present for the entire 2 months of
the experiment, but SAT severity was partially reduced
(see Supporting information, Fig. S4a). These results sug-
gest that Treg cells are required during the initial devel-
opment of SAT in recipient mice, but the requirement
for the continued presence of Treg cells is reduced
1 month after cell transfer. Indeed, by this time the Treg
cells were no more functional than Treg cells from WT
mice (see Supporting information, Fig. S4a). It is impor-
tant to note that because the recipients are TCR-oi'
mice, no new Treg cells are generated after DT treatment,
and Treg depletion was complete (see Supporting infor-
mation, Fig. S4b).

Treg cells that develop in the presence of B-cell
precursors are phenotypically similar to WT Treg
cells

Our previous studies showed that when T cells from B/~
mice develop from bone marrow precursors in the pres-
ence of B cells, B”~ mice develop SAT,” suggesting that
Treg cells in B~ mice are less functional when B cells are
present. Bone marrow chimeras were generated to deter-
mine if Treg cells from B mice that develop in the
presence of B cells differ phenotypically from B Treg
cells that develop without B cells. Lethally irradiated B~
mice were reconstituted with bone marrow from WT or
B~ Foxp3-GFP mice with or without bone marrow from
TCR-o'~ NOD.H-2h4 mice (the latter to serve as a
source of B cells). After 6 weeks, mice were given Nal
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water, and 8 weeks later, splenocytes were stained for The function and phenotype of B”~ Treg cells is
expression of CD4, CD8, B220, Foxp3, CD27, p75, GITR altered by adding B cells to Treg/Teff cultures

and GARP. Recipients of bone marrow from B~/ mice
had no B220" cells, while recipients of WT bone marrow
or B’ or WT bone marrow together with a source of B-
cell precursors all had similar percentages of B and T cells
(Fig. 5a). Treg cells from B™~ mice that developed in the
absence of B cells (B”") had lower expression of CD27,
GITR and p75 compared with Treg cells that developed
from WT bone marrow. In contrast, when Treg cells from
B”" mice developed in the presence of B cells (B' +
TCR-0.7"), expression of CD27, p75 and GITR was higher
and similar to that of Treg cells from WT mice. Expression
of GARP was comparable for all groups regardless of the
presence of B cells (Fig. 5b). Expression of these surface
markers was not altered in mice given WT Foxp3-GFP and
TCRo™ bone marrow compared with mice given only WT
Foxp3-GFP bone marrow (Fig. 5b). These results indicate
that Treg cells from B~ mice that develop in the presence
of B-cell precursors are phenotypically similar to Treg cells

Given that the presence of B cells during Treg develop-
ment in bone marrow chimeras resulted in an altered
phenotype of Treg cells in B~ mice (Fig. 5b), we asked
whether adding B cells in vitro to the cultures of Treg
and Teff cells would influence the phenotype and/or
function of Treg cells from B” mice. To address this
question, sorted Treg cells from B”~ Foxp3-GFP mice
were co-cultured with splenocytes from CD28 "B~ mice
as in previous experiments. B cells from TCR-o’ mice
were added to half of the cultures containing Treg cells,
and a control group had no added Treg or B cells. Cells
(5 x 10° per recipient) were transferred to TCR-oi’~
NOD.H-2h4 mice, and recipients were given Nal water.
As in previous experiments, SAT severity in recipient
mice was reduced when Treg cells from B/~ mice were
added to cultures in the absence of B cells (Fig. 5¢).
However, when B cells were added to the Treg/Teff cul-
tures, SAT severity in the recipients was comparable to

from WT mice.
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b e
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Figure 5. The presence of B cells during regulatory T (Treg) cell development or in culture results in phenotypic and functional changes in Treg
cells from B-cell deficient (B”") mice. (a, b). B'~ NOD.H-2h4 mice were irradiated (1000 Gy) and given bone marrow from wild-type (WT) or
B Foxp3-GFP NOD.H-2h4 mice + bone marrow from T-cell receptor-o-deficient (TCRo'") NOD.H-2h4 mice to provide a source of B cells.
After 6 weeks, mice were given Nal water, and splenocytes were analysed 8 weeks later for expression of CD4, B220, Foxp3 and CD27, p75,
GITR, or GARP. (a). Results indicate the percentage of cells expressing CD4, CD8 or B220. (b). Percentage of CD4" Foxp3™ cells expressing the
indicated marker. n =11 (B7), n=9 (B’ + TCRo"), n =11 (WT), and n =8 (WT + TCRz"") combined from two separate experiments.
##%¥P < 0.001 compared with B”~ group, Student’s t-test. (c, d). TCRo’~ NOD.H-2h4 mice were given 5 x 10° cultured CD287 B~ spleno-
cytes & Treg and + B cells from TCRo '~ mice. Treg group cultures received sorted Treg cells from B~ Foxp3-GFP mice. All mice were given
Nal in their water at the time of transfer, and thyroids and spleens were removed 8 weeks later. (c) Spontaneous autoimmune thyroiditis (SAT)
severity scores of individual mice. (d) Percentages of CD4" Foxp3+ GFP" cells in recipient spleens expressing CD27, TNFR II p75, or GITR.
Control mice received cultured cells without added Treg cells. (***P < 0-001 compared with no Treg control. Mann—Whitney non-parametric
test for SAT). **P < 0-01; *** P < 0-001; Student’s t-test for flow cytometry data. n = 12 (Control), n = 13 (+ B Treg) and n = 12 (+ B
Treg + B cells). Aggregate of two experiments.
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that of controls not given Treg cells. Addition of B cells
to Treg cultures also resulted in phenotypic changes of
the donor Treg cells in recipient spleens, since GFP" Treg
cells from cultures containing B cells had significantly
increased expression of CD27 and TNFR II p75 compared
with Treg that were cultured in the absence of B cells
(Fig. 5d). It is not known why GITR expression was
apparently unaffected by the addition of B cells to cul-
ture. Together, these results directly demonstrate that B
cells can interfere with Treg suppressive function and lead
to alterations in Treg phenotype. Interestingly, the func-
tion and phenotype of Treg cells was not influenced by
the B cells that were present in all recipient mice. Appar-
ently the phenotype and function of the Treg cells were
fixed when Treg and Teff cells interacted before transfer
of T cells to recipient mice. These results are consistent
with those of our previous studies, which indicate that B
cells can interfere with Treg function and phenotype
when Treg and Teff cells initially interact with one
another, but after this interaction has occurred, addition
of B cells has no apparent effect on Treg function.”®

Discussion

Autoreactive T cells that escape negative selection in the
thymus are not usually activated in the periphery because
they are inhibited by CD4" Foxp3* Treg cells.**** In
autoimmune disease, this regulation is ineffective and
self-reactive T cells become activated. B-cell-deficient mice
are resistant to several autoimmune diseases including
diabetes, systemic lupus erythematosus, Sjogren syn-
drome, arthritis and SAT.>”'"**¢ Previous studies from
our laboratory showed that while unmanipulated B~
NOD.H-2h4 mice are resistant to SAT, they develop SAT
after transient depletion of Treg cells.”” NOD mice spon-
taneously develop diabetes, thyroiditis and Sjogren syn-
drome, but these diseases do not develop in B~ NOD
mice.'>'” However, after transient depletion of Treg cells,
B~ NOD mice develop diabetes, thyroiditis and Sjogren
syndrome comparable in incidence and severity to that of
age-matched WT NOD mice."” In addition, depletion of
B cells in WT NOD.H-2 h4, NOD or BALB/c mice by
anti-CD20 inhibits development of SAT, diabetes and
arthritis, but anti-CD20 treated mice develop the diseases
if Treg cells are transiently depleted.'>'”'>*” Therefore, in
several different models, normally resistant mice with few
or no B cells develop autoimmune disease when Treg cells
are transiently depleted. Because B~ mice generally have
comparable or reduced numbers of CD4" Foxp3" Treg
cells compared with their WT counterparts,”'®** > the
resistance of B~ mice to certain autoimmune diseases is
not due to increased Treg numbers. The fact that Treg
cells in B’ mice able to keep autoreactive T cells
silenced, whereas Treg cells in the corresponding WT
mice are less effective at inhibiting autoimmunity,

© 2014 John Wiley & Sons Ltd, Immunology, 144, 598-610
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suggests that Treg cells in WT and B’ mice may be
functionally different.

Here, we demonstrate that Treg cells in B’ NOD.H-
2h4 mice are functionally superior to Treg cells from WT
mice in their ability to suppress SAT. The demonstration
that Treg cells in B”~ mice are functionally more effective
suppressors could explain, at least in part, why B~ mice
are resistant to development of most spontaneous autoim-
mune diseases. To our knowledge, these results are the
first to directly demonstrate the functional superiority of
Treg cells from B~ mice over Treg cells from WT mice
with respect to their ability to regulate a spontaneous
autoimmune disease. Consistent with our results, studies
in a model of experimental arthritis suggested that Treg
cells from B-cell-depleted mice were more effective at sup-
pressing arthritis than those from untreated mice.'” In
contrast, in a model of EAE induced by immunization
with MOG peptide,'® Treg cells in B”~ B6 mice become
activated and accumulate in the central nervous system
similarly to Treg cells in WT B6 mice, suggesting that Treg
cells in WT and B~ mice have comparable functions in
regulating EAE. A major difference between the EAE
model'® and the SAT and experimental arthritis models is
that B cells are not required for the development of EAE
induced by MOG peptide,'®*® whereas B cells are essential
for the development of both SAT and experimental arthri-
tis.>!° In EAE, Treg cells in B mice are functioning
under inflammatory conditions, whereas in SAT and
arthritis, inflammation in B~ mice is greatly reduced.

The results of this study also demonstrate that Treg
cells that repopulate B’ mice after transient Treg cell
depletion have greatly diminished suppressive function
and can no longer suppress SAT. These results provide an
explanation for many earlier results indicating that Treg
cells do not have to be permanently depleted for B/~
mice to develop an autoimmune disease,” 71247 or to
maintain the increases in immune responses that develop
after Treg depletion.”’ > Our finding that Treg cells that
repopulate after depletion are no longer capable of sup-
pression could have implications for Treg depletion thera-
pies that are used for treatment of cancer and other
diseases where Treg activity is detrimental.>>%>7*57
Indeed, because Treg depletion is transient in Foxp3-DTR
mice, it is likely that long-term control of tumours and
virus-specific CD8 cells reported in some studies was
maintained after Treg repopulation.’ > Although our
studies demonstrated a functional difference in repopulat-
ing versus unmanipulated Treg cells only in mice lacking
B cells, similar results might be seen when B cells are
present, particularly when non-B cells are functioning as
the APC. Although autoimmunity could be an unwanted
side effect of Treg depletion in patients with cancer, this
was not observed in the studies reported so far.>">*>*>7

Our early studies and those of others showed that T cells
from B~ mice that develop from bone marrow precursors
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in the presence of B cells can function as effector cells for
SAT and diabetes, whereas T cells from B~ mice that
develop in the absence of B cells do not have effector func-
tion.”'" The results in Fig. 5(b) extend those results by
showing that Treg cells from B~ mice acquire a pheno-
type similar to that of WT Treg cells when they develop
with B cells. The ability of B cells to influence Treg func-
tion and phenotype was also evident when B cells were
added to cultures of Treg and Teff cells (Fig. 5¢,d). These
latter results were initially unexpected, because our earlier
studies indicated that B cells promoted SAT development
in B~ or B-cell-depleted mice only if they were present
early in life.>® In the experiments shown in Fig. 5(c,d), B
cells were added directly to Treg and Teff cells in a culture
dish, so the initial Treg—Teff interactions occurred in the
presence of B cells. In contrast, exposure of Treg cells to
the B cells in the recipients after this interaction had
occurred had no effect. These latter results are consistent
with our earlier report,S’6 and indicate that B cells can
directly interfere with Treg/Teff interactions during a lim-
ited window of time when Treg and Teff cells initially
interact with one another.

B cells have both positive and negative effects on
immune responses and autoimmune diseases.”’ *>** " B
cells can induce tolerance in CD4" T cells, primarily by
producing IL-10 or other suppressive cytokines,*”**>%61-63
B cells also function as regulatory cells, whereby a special-
ized subset of IL-10-producing B «cells can inhibit
immune responses and autoimmune diseases,*”*®>%606>-6>
However, in autoimmune diseases such as SAT that
require B cells for their development, B cells function
primarily as APC to initiate disease.”>!'"!7!*#>6%7 Oy
studies indicate that another mechanism by which B cells
can promote development of SAT is by interfering with
the function of Treg cells that develop to inhibit the
disease. These results may explain why Treg cells in WT
NOD.H-2h4 mice are less functional, because SAT devel-
ops when B cells are present, but not when they are
absent. The ability of B cells to inhibit Treg function in
B mice is associated with phenotypic changes in the
Treg cells (Fig. 5 b,d), and they become phenotypically
similar to Treg cells in WT mice.

The precise mechanisms by which B cells interfere with
Treg functions and lead to alterations in Treg phenotype
are not yet known. Interaction of GITR with its ligand
can interfere with or suppress Treg function in some
models,””**%° but B cells increase Treg activity in other
models,*”>®* including their ability to suppress EAE
through GITR/GITRL interactions.*® These contrasting
reports indicate that B cells can have both positive and
negative effects on immune responses through multiple
mechanisms.*”?*%%%* It is likely that B cells express a par-
ticular molecule(s) that interacts with a receptor either on
Treg or on Teff cells, resulting in loss of Treg function
and alterations in Treg phenotype. Additional studies will
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be required to determine what molecules are involved
and whether the reduced Treg function that can occur
when B cells are present in vitro is due to interaction of
the B cells with Treg cells, Teff cells or both cell types.
We also do not know if the phenotypic differences in
Treg cells from WT and B~ mice are directly responsible
for their functional differences or whether some other
process such the environment, e.g. inflammatory versus
non-inflammatory, primarily dictates the phenotypic
changes that occur when Treg cells are less suppressive.

Two recent reports indicate that the Foxp3-GFP reporter
construct in some of the mice used for these experiments
can lead to altered Treg function in autoimmune-prone
strains of mice such as NOD and K/BxN.”®”! This con-
struct had little, if any, effect on development of SAT in
NOD.H-2h4 mice since B’ Foxp3GFP NOD.H-2h4
mice, like other B~ NOD.H-2h4 mice, are resistant to
SAT, and they develop SAT following transient Treg
depletion. In addition, SAT in WT Foxp3GFP NOD.H-
2h4 mice is comparable in incidence and severity to that
of WT NOD.H-2h4 mice that do not express GFP (our
unpublished results). Moreover, all of our results were
comparable in the experiments using FoxP3-DTR mice,
which use a different construct (Figs 3 and 4).

Together, the results of this study demonstrate that a
lack of B cells in NOD.H-2h4 mice leads to the genera-
tion of Treg cells that have a greater ability to suppress
SAT compared with Treg cells of mice that have B cells.
Treg function in B’ mice decreases in the presence of B
cells and can be altered by transient Treg depletion fol-
lowed by Treg repopulation. These studies provide an
explanation for earlier results from several laboratories
demonstrating that B~ mice are resistant to many spon-
taneous autoimmune diseases but develop the disease
when Treg cells are depleted only transiently. Our results
suggest that there is an interaction between B cells, Teff
cells and developing Treg cells that allows for greater reg-
ulatory function in Treg cells that suppress spontaneous
autoimmune diseases when B cells are absent, possibly
through interactions of the TNF receptor superfamily
members CD27, p75, and GITR expressed on Treg cells
with their ligands expressed by APC.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Wild-type (WT) and B-cell deficient (B™")
mice have similar numbers of CD4" Foxp3" regulatory T
(Treg) cells and CD4" Foxp3" CD25" Treg cells.

Figure S2. Expression of CD27, TNFR II p75, and
GITR by CD4" Foxp3™ non-regulatory T (Treg) cells in
wild-type (WT) and B-cell deficient (B™") mice.

Figure S3. Duration of regulatory T (Treg) cell deple-
tion by anti-CD25 and diphtheria toxin (DT).

Figure S4. Regulatory T (Treg) cells continue to exert
their suppressive function after transfer to recipient mice.
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