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Introduction

The central feature of primary T-cell-driven B-cell

Summary

Germinal centre (GC) reactions are central features of T-cell-driven B-cell
responses, and the site where antibody-producing cells and memory
B cells are generated. Within GCs, a range of complex cellular and molec-
ular events occur which are critical for the generation of high affinity
antibodies. These processes require exquisite regulation not only to ensure
the production of desired antibodies, but to minimize unwanted autoreac-
tive or low affinity antibodies. To assess whether T regulatory (Treg) cells
participate in the control of GC responses, immunized mice were treated
with an anti-glucocorticoid-induced tumour necrosis factor receptor-
related protein (GITR) monoclonal antibody (mAb) to disrupt Treg-cell
activity. In anti-GITR-treated mice, the GC B-cell pool was significantly
larger compared with control-treated animals, with switched GC B cells
composing an abnormally high proportion of the response. Dysregulated
GCs were also observed regardless of strain, T helper type 1 or 2 polariz-
ing antigens, and were also seen after anti-CD25 mAb treatment. Within
the spleens of immunized mice, CXCR5" and CCR7~ Treg cells were doc-
umented by flow cytometry and Foxp3" cells were found within GCs
using immunohistology. Final studies demonstrated administration of
either anti-transforming growth factor-f or anti-interleukin-10 receptor
blocking mAb to likewise result in dysregulated GCs, suggesting that gen-
eration of inducible Treg cells is important in controlling the GC
response. Taken together, these findings indicate that Treg cells contribute
to the overall size and quality of the humoral response by controlling
homeostasis within GCs.
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ory B cells, which produce antibodies crucial for clearing
the offending antigen and protecting the host upon sec-
ondary exposure. The generation of plasma and memory

responses is the germinal centre (GC) reaction. The GCs
are structures that form within the follicles of secondary
lymphoid organs after challenge with T-cell-dependent
antigens. They consist of several key cell types, including
specialized CD4" T follicular helper (Tth) cells, antigen-
selected B cells and follicular dendritic cells."™ Impor-
tantly, GCs generate high-affinity plasma cells and mem-

B cells within GCs entails a range of complex cellular and
molecular events including proliferation, apoptosis, iso-
type switching, somatic hypermutation and antigen-
driven selection of high-affinity clones.'™ Given the
dynamic nature of GCs, and the need to carefully moni-
tor the specificity of GC-derived B cells, it is clear that
exquisite regulation is required.

Abbreviations: GC, germinal centre; GITR, glucocorticoid-induced tumour necrosis factor receptor-related protein; IAV,
influenza A virus; IL-10R, interleukin-10 receptor; i.p., intraperitoneal; iTreg, inducible Treg; mAb, monoclonal antibody; PNA,
peanut agglutinin; rIgG, rat IgG; R-PE, R-phycoerythrin; SRBC, sheep red blood cell; T1, transitional 1; T2, transitional 2; Tth,
T follicular helper; TGF, transforming growth factor; Thl, T helper type 1; Treg, T regulatory cell
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Using experimental T-cell-dependent antigens, our lab-
oratory previously demonstrated that the primary splenic
GC reaction exhibits characteristics consistent with a high
degree of regulation."® The GC response to sheep red
blood cells (SRBC) or 4-hydroxy-3-nitrophenylacetyl-key-
hole limpet haemocyanin displayed clearly defined kinet-
ics with induction, maintenance and dissociative phases,
similar to earlier reports.”® Surprisingly, these studies also
demonstrated splenic GC responses to be characterized by
a steady ratio of IgM" to IgM~ switched B cells, with the
former constituting at least half of the GC population.”®
Hence, regardless of the phase of the response, and the
presence of ongoing class switching and differentiation,” a
steady proportion of IgM" to switched GC B cells was
strictly enforced.

T-regulatory (Treg) cells play a central role not only in
maintaining tolerance to self, but in regulating responses
to exogenous antigens.'”"? This CD4" T-cell sub-set is
defined by intracellular expression of Foxp3, and consists
of natural Treg cells, which develop in the thymus, and
inducible Treg (iTreg) cells, which arise in the periphery
from naive Foxp3~ CD4" T cells.">"> Natural Treg cells
play a central role in preventing self-reactivity, with the
iTreg-cell population postulated to regulate immune reac-
tions to novel antigens. Consistent with their key role in
immune regulation, Treg cells have the ability to control
or suppress a range of cell types and responses.'™” In
addition to multiple studies demonstrating suppression of
effector T-cell-mediated activity, a growing body of litera-
ture has shown Treg cells to modulate B-cell responses as
well.'®*® Using in vivo Treg-cell depletion or disruption
protocols, numerous reports have revealed this sub-set to
control levels of induced antibodies to experimental anti-
gens,'** infectious agents”>** and auto-antigens.'”*>"*’
In all of these studies, the loss of Treg-cell control led to
increased antibody levels, especially switched isotypes.'®’
As opposed to compromising Treg-cell activity, a number
of investigators used an adoptive transfer approach to
enhance Treg-cell control in vivo."?**!' These experi-
ments focused on control of allo-antibody*'*° or auto-
antibody’' ™' production and demonstrated that transfer
of Treg cells depressed antibody levels as well as numbers
of induced GC B cells and antibody-forming cells in reci-
pient mice.?"*! In addition to in vivo studies, a num-
ber of investigators have examined the ability of purified
Treg cells to suppress B-cell activity in vitro.>*%**7%¢
These experiments showed that Treg cells blunt B-cell
activation, expansion and antibody production in a con-
tact-dependent manner.

Based on these findings, the current report examined
the behaviour of GC B-cell responses after disruption of
Treg-cell activity. In immunized mice treated with agonis-
tic anti-glucocorticoid-induced tumour necrosis factor
receptor-related protein (GITR) monoclonal antibody
(mADb), homeostatic control of induced GC reactions was
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markedly altered. The total splenic GC B-cell population
was significantly larger, with switched B cells representing
a larger proportion of the GC response. The effect of
anti-GITR mAb treatment on GC behaviour was strain
independent, and held true whether mice were challenged
with T helper type 1 (Thl) or Th2 polarizing antigens.
Phenotypic examination of the splenic Treg-cell popula-
tion after immunization revealed CXCR5" and CCR7~
sub-sets, and histological studies confirmed Treg-cell
migration into GCs. Final experiments demonstrated that
interfering with iTreg-cell generation through either
transforming growth factor-f (TGF-f) or interleukin-10
receptor (IL-10R) blockade also resulted in abnormal GC
reactions. Taken together, these results are the first to
show that Treg cells aid in the control of humoral
responses by limiting the size of GCs, and helping to
maintain a normal proportion of switched B cells.

Materials and methods

Mice

Specific pathogen-free BALB/c and C57BL/6 (B6) mice
were purchased from the National Cancer Institute (Fred-
rick, MD). B6.FoxP3-GFP mice*” were kindly provided by
Dr Alexander Rudensky (Sloan Kettering Institute, New
York, NY). All protocols using mice were approved by
the Institutional Animal Care and Use Committee.

Preparation of antibodies for in vivo administration

Anti-GITR mAb was obtained from the DTA-1 hybrid-
oma (kindly provided by Dr Shimon Sakaguchi, Kyoto
University, Kyoto, Japan) and anti-IL-10Rz mAb was
obtained from the 1Bl.3a hybridoma. Antibodies were
semi-purified from HB101 (Irvine Scientific, Santa Ana,
CA) serum-free supernatants by 50% ammonium sul-
phate precipitation. The amount of IgG in each prepara-
tion was determined with a rat IgG-specific ELISA
(Jackson Immunoresearch Laboratories, West Grove, PA).
Anti-TGF-# mADb was derived from the 1D11 hybridoma
and purified using Protein G-Sepharose (Pierce Biotech-
nology, Rockford, IL). Functional activity of the purified
1D11 mADb was confirmed in vitro by reversal of TGF-f-
dependent inhibition of mink lung epithelial cell growth.
Throughout all purification processes, care was taken to
minimize contamination with endotoxin. Purified rat IgG
(Innovative Research, Novi, MI) was used as control anti-
body when injecting with the anti-GITR and anti-IL-10Rx
mAbs. Purified mouse IgG (Innovative Research) was
used as control antibody when injecting with anti-TGF-f
mAb. Endotoxin levels were tested in all antibody prepa-
rations (whether prepared or purchased) using the Limu-
lus amoebocyte assay (Associates of Cape Cod, East
Falmouth, MA), and were between 12-5 and 62-5 ng/ml.
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Injection protocols

Anti-GITR (DTA-1) mAb or control rat IgG was injected
intraperitoneally (i.p.) at a dose of 250 pg on days —2, +1
and +5. Also, 100 pg anti-TGF-f (1D11) mADb or control
mouse IgG was injected i.p. every 2 days starting at day 0
and continued until the mice were killed. Either 1 mg
anti-IL-10R (1B1.3a) mAb or control rat IgG was injected
i.p. on day 0. Starting in the second week, 500 pg anti-
IL-10R mAb or rat IgG was injected twice weekly and
continued until killing. Mice in all groups were immu-
nized with antigen on day 0.

Antigens

Sheep red blood cells were purchased from Colorado
Serum Company, Denver, CO and 200 pl 10% volume/
volume SRBC solution (equivalent to 1 x 10® to 5 x 10°
SRBC) was injected i.p. Mouse-adapted influenza A virus
(IAV; A/Puerto Rico/8/34 HIN1), prepared by Dr Kevin
Legge, was injected i.p. at a dose of 3 x 10° mean tissue
culture infectious units in 100 pl PBS. R-Phycoerythrin
(R-PE) was obtained from Chromaprobe (Maryland
Heights, MO) and 100 pg R-PE was precipitated in alum
and injected i.p.

Staining for flow cytometry

Spleens were minced, washed with balanced salt solution,
and viable mononuclear cells were obtained using density
centrifugation over Fico/Lite-LM (Atlanta Biologicals,
Norcross, GA). Cells were resuspended in staining buffer
(balanced salt solution, 5% bovine calf serum and 0-1%
sodium azide). To stain for multi-parameter flow cyto-
metric analysis, 1 X 10° to 2 x 10° cells were added to
10 pl rat serum (Pel Freez, Rogers AR) and 10 pg of
2.4G2 (anti-CD16/32) to minimize background staining
mediated by Fc receptor binding. Rat anti-mouse mAbs
used for staining were anti-IgM (b76), anti-B220 (6B2),
anti-CD4 (GK1.5), anti-CD25 (7D4), anti-GITR (DTA-1),
anti-CXCR5 (biotin conjugate; BD Pharmingen, San
Diego, CA) and anti-CCR7 (PE-Cy7 conjugate; eBio-
science, San Diego, CA). The FITC-conjugated and un-
conjugated peanut agglutinin (PNA), specific for terminal
galactosyl (1,3) N-acetylgalactoseamine residues, was
obtained from Vector Laboratories (Burlingame, CA), and
R-PE-conjugated streptavidin was purchased from South-
ern Biotechnology Associates (Birmingham, AL). 2.4G2,
b76, 6B2, GK1.5, 7D4 and DTA-1 mAbs were semi-puri-
fied from HB101 serum-free supernatants by 50% ammo-
nium sulphate precipitation. The mAbs and PNA were
conjugated to biotin (Sigma-Aldrich, St Louis, MO) or
Cy5 (Amersham Pharmacia, Piscataway, NJ) using stan-
dard procedures. Purified rat IgG (Jackson Immuno-
research Laboratories) was similarly conjugated and used

for isotype controls. The appropriate primary mAbs or
PNA-FITC were added to cells and incubated for 20 min
on ice. When using anti-CXCR5 and anti-CCR7 mAbs to
stain T cells, the primary incubation was 30 min at 37°.
Cells were washed twice in staining buffer, and secondary
streptavidin reagent was added to detect biotinylated anti-
bodies. Cells were again incubated on ice for 20 min,
washed twice in staining buffer, and resuspended in fixa-
tive (1% formaldehyde in 1-25 X PBS). Flow cytometric
analysis was performed on a FACSCanto II (Becton Dick-
inson, San Jose, CA). For most experiments, 1 X 10° to
5% 10° cells were collected per sample. When testing for
PE-binding GC B cells, 10 x 10° cells were stained to col-
lect a minimum of 2 x 10° to 3 x 10° events. All data
were analysed using FLowJo software (Tree Star, Ashland,
OR).

Histology

Splenic fragments from SRBC-immunized mice were snap
frozen in Optimal Cutting Temperature compound (Sak-
ura Fintech, Torrance, CA) after a 20-30 min pre-soak in a
20% sucrose/PBS solution, and stored at —80°. Eight-
micrometre sections were cut on a Leica CM1900 cryostat
microtome (Leica, Wetzlar, Germany), air-dried for 1 hr,
fixed in acetone at —20° for 10 min and stored at —80° until
staining. Sections were rehydrated in 1 X PBS and stained
in a multistep process. In the first staining protocol, slides
were blocked with a Tris-buffered saline solution contain-
ing Tween-20 and 10% goat serum. The slides were then
incubated with unconjugated anti-CD4 mAb (RM4-5;
BioLegend, San Diego, CA), washed, incubated with Cy3-
conjugated goat anti-rat IgG (Jackson Immunoresearch
Laboratories) and washed again. The slides were then
stained with FITC-conjugated PNA (Vector Laboratories)
and washed once more. In the second protocol, slides were
blocked with a Tris-buffered saline solution containing
Tween-20, 10% rat serum and 10 pg/ml 2.4G2 mAb. Sec-
tions were then incubated with anti-IgD mAb (FITC conju-
gate; BioLegend) and either biotin-conjugated anti-Foxp3
(FJK-16s; eBioscience) or biotin-conjugated rat IgG2a iso-
type control (eBioscience) and washed. The slides were
then stained with Cy5-conjugated streptavidin (Southern
Biotechnology Associates) and washed once more. Slides
were mounted in VectaShield (Vector Laboratories).
Stained sections were visualized using a Nikon Eclipse E600
fluorescence microscope with a Spot RT Slider digital col-
our camera (Diagnostic Instruments Inc., Sterling Heights,
MI) and processed using ADOBE PHOTOSHOP software
(Adobe Systems, San Jose, CA).

Statistics

Where indicated, unpaired Student’s f-test with Welch
correction was applied to determine statistical signifi-
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cance, using the GrapHPAD INSTAT software program (La
Jolla, CA).

Results

Disruption of Treg-cell function leads to dysregulated
SRBC-induced GC responses

The GC response is characterized by a number of highly
regulated cellular and molecular processes. Previous work
from our laboratory showed that the primary GC reaction
in the spleen exhibited a clearly defined kinetics with
induction, expansion, plateau and dissociation phases."”
In general, GC responses are detected in the spleen
4-6 days after immunization, peak at days 8-12 and pro-
gressively diminish over the ensuing 2 weeks."””® In
addition, our studies demonstrated that splenic GCs dis-
play a steady ratio of IgM" (non-switched) B cells to
switched GC B cells throughout the entire GC reaction,
with at least 50% of GC B cells expressing IgM at all
time-points.”>® These attributes underscore the regulated
nature of GC responses.

A large number of previous studies reported that Treg
cells play a key role in controlling T-cell-driven antibody
responses to both self and exogenous antigens.'™*® As
the GC reaction is central to T-cell-dependent humoral
immunity, it stands to reason that Treg cells are involved
in controlling GCs as well. To test this hypothesis,
immunized mice were treated with an agonistic anti-
GITR mAb to disrupt the suppressive activity of Treg
cells.*** Splenic GCs persist for at least 4 weeks so the
GC response was monitored at days 8, 12, 18 and 24
post-challenge. Preliminary experiments tested the effects
of continuous anti-GITR mAb injections on the GC
response. When injected twice weekly for up to 4 weeks,
however, anti-GITR mAb administration resulted in a
high death rate in immunized mice, preventing an
appropriate kinetic analysis (data not shown). Similar to
previous studies'®***>? a three-injection protocol was
therefore used whereby 250 pg of either anti-GITR mAb
or control rat IgG (rIgG) was injected on days -2, +1
and +5. Mice were immunized with SRBC on day 0 and
splenic GCs were analysed during the ensuing 4 weeks.
Naive mice kept in specific pathogen free conditions do
not have detectable GC B cells in their spleens, as previ-
ously described"> and shown in Fig. 1(a). Upon chal-
lenge with SRBC, a robust GC response is induced and
easily detected as a B220" PNA™M population (refs. 1,5
and Fig. la). Using a multi-colour approach, the IgM*
(non-switched) B cells and switched GC B cells can be
further delineated (Fig. 1a). When comparing the GC
response from immunized mice injected with anti-GITR
mAb or rlgG, it is clear that Treg-cell disruption resulted
in a higher frequency and total number of splenic
B220" PNA™ GC B cells at all time-points examined

Treg control of germinal centres

(Fig. 1b). As expected, the ratio of IgM"* to switched GC
B cells remained steady over the course of the response
in control rIgG-treated mice, even as the reaction waned
(Fig. 1c). However, immunized mice treated with anti-
GITR mAD exhibited a higher frequency and total num-
ber of IgM™ switched GC B cells at day 8, an imbalance
which increased over time (Fig. 1c). When comparing
the distribution of IgG isotypes expressed on switched
GC B cells in anti-GITR mAb and rIgG treated mice, a
significant increase in the percentage of IgG1" GC B cells
was observed at day 8 in the Treg-cell-disrupted group
(data not shown). At all other time-points, I1gG isotype
expression within the switched GC pool did not differ
between the two groups. Taken together, disruption of
Treg cells led not only to a larger GC response, but to
an inability to control the proportion of IgM* to
switched GC B cells.

Given the marked changes observed in splenic GC B
cells  after  Treg-cell  disruption, the non-GC
(B220* PNA'/™#) B-cell population was also monitored.
As shown in Supplementary material, Fig. S1(A), a signifi-
cant difference in the total number of non-GC B cells was
observed after anti-GITR mAb treatment only at day 12
post-challenge. To assess which non-GC B-cell sub-sets
were affected at day 12, a detailed analysis of follicular,
pre-marginal zone, marginal zone, transitional 1 (T1), T2
and B1 B cell percentages was performed (see Supplemen-
tary material, Fig. S1B,C). The proportion of follicular B
cells, which compose > 85% of splenic B cells, was not
significantly altered by Treg-cell disruption. However,
minor, albeit significant, changes were observed in the
percentage of pre-marginal zone, marginal zone, T2 and
Bl B cells. Although the meaning of this observation is
presently unclear, this finding suggests that Treg cells may
also contribute to maintaining overall homeostasis of
splenic B-cell populations.

In addition to disrupting Treg-cell activity with admin-
istration of anti-GITR mAb, a large number of studies
have examined the role of Treg cells in immune responses
using a depleting anti-CD25 mAb.”'™> High-dose anti-
CD25 treatment deletes most but not all Treg cells,
because a minority of Foxp3™ T cells in secondary lym-
phoid tissues are CD25."™*”** BALB/c mice were injected
with 250 pg of either anti-CD25 mAb (PC61) or control
rIgG on days -2, +1, +5 with injections continued twice
weekly until the mice were killed. Mice were immunized
with SRBC on day 0 and splenic GCs were examined on
days 8-24. As opposed to continuous anti-GITR mAb
treatment, extended anti-CD25 mAb treatment did not
lead to mortality, probably because of the protective
activity of residual CD25~ Treg cells. Similar to mice trea-
ted with anti-GITR mAb, however, injection of anti-
CD25 mAD resulted in a larger total GC response and a
progressive imbalance of switched to IgM* GC B cells
(see Supplementary material, Fig. S2). Regardless of the
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Figure 1. Disruption of regulatory T (Treg) cells leads to enhanced sheep red blood cell (SRBC)-induced germinal centre (GC) responses in
BALB/c mice. Adult BALB/c mice were injected intraperitoneally (i.p.) with 250 pg of anti-glucocorticoid-induced tumour necrosis factor recep-
tor-related protein (GITR) monoclonal antibody (mAb) or control rat IgG on days —2, +1 and +5. Mice were immunized on day 0 with SRBC,
and spleens were harvested on days 8-24. (a) The left panel shows the absence of GC B cells [B220" peanut agglutinin (PNA)"] in unimmunized
mice. The middle panel represents the splenic GC response in control rat IgG-treated mice 8 days post-challenge. The right panel illustrates IgM
expression on the B220" PNA™ GC population, with the IgM" and IgM~ sub-sets designated. (b) The left panel shows the percent of
B220" PNA™ GC B cells within the viable lymphocyte gated population, and the right panel represents the number of total recovered splenic GC
B cells at each time-point. Closed bars = control rat IgG-treated mice. Open bars = anti-GITR mAb-treated mice. Statistical analyses were per-
formed between rat IgG and anti-GITR groups at each time-point. (c) The two upper panels show the percentages of IgM" (solid bars) and
IgM™ (hatched bars) B cells within the GC B-cell population. The two lower panels show the total number of IgM" and IgM~ GC B cells within
the spleen. Left panels are from control rat IgG-treated mice and right panels are from anti-GITR mAb-treated mice. Statistical analyses were per-
formed between IgM" GC B cells from rat IgG and anti-GITR groups and IgM~ GC B cells from rat IgG and anti-GITR groups at each time-
point. Each bar represents average + SD. There were six mice per group. *P < 0-04; **P < 0-005; ***P < 0-001.

means by which Treg-cell activity was inactivated, there- Treg cells in vivo, it is possible that the mAbs may have
fore, GC responses were markedly dysregulated. direct effects on GC B cells. To rule out this possibility,

Although both anti-GITR mAb and anti-CD25 mAb GC B cells were tested at days 8, 12 and 18 post-immuni-
treatments are well accepted methods for inactivating zation for expression of GITR and CD25. As shown in
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Supplementary material, Fig. S3, GC B cells were negative
for these molecules at all time-points tested.

Treg-cell control of GC responses is strain
independent

To ensure that Treg-cell control of GC responses was
strain independent, C57BL/6 mice were similarly chal-
lenged with SRBC and treated with either anti-GITR mAb
or control rIgG (Fig. 2). Even though control-treated
C57BL/6 mice generated a smaller splenic GC reaction
after SRBC immunization compared with BALB/c mice
(Fig. 2a,b), the response was again characterized by a
steady ratio of IgM" to switched B cells at all time-points
(Fig. 2¢). Importantly, anti-GITR mAb administration
resulted in a larger proportion and total number of GC B
cells (Fig. 2b), especially at the early time-points, and a
disproportionate percentage and number of switched GC
B cells throughout the response (Fig. 2¢). Similar to find-
ings in BALB/c mice, there was also a significant increase
in the percentage of IgG1" GC B cells at day 8 in anti-
GITR mAb compared with rIgG-treated mice (data not
shown). The IgG isotype expression within the switched
GC pool did not differ between the two groups at days
12-24.

Treg cells control GC responses induced by both Thl
and Th2 antigens

In addition to demonstrating strain independence, experi-
ments were performed to show that Treg-cell control of GC
responses was also antigen independent. Figure 3 summa-
rizes the effect of anti-GITR mAb treatment on splenic GC
responses induced by i.p challenge of BALB/c mice with
IAV. Whereas SRBC induce a Th2-biased response,” IAV
invokes a Th1-polarized reaction.”® Figure 3(a) shows that
mice immunized i.p. with IAV generate a robust splenic
GC response which peaks at day 12 (Fig. 3b). Similar to
Th2 antigens,”® the GC reaction induced by IAV was char-
acterized by a steady ratio of IgM" to switched GC B cells
(Fig. 3c). Importantly, anti-GITR mAb administration
resulted in a higher frequency and total number of splenic
GC B cells at several time-points (Fig. 3b), and significantly
increased the proportion of switched GC B cells throughout
the entire reaction (Fig. 3¢c). As opposed to GCs induced
with SRBC immunization, we observed no significant dif-
ference in the distribution of IgG isotypes within the
switched GC B-cell pool at any time-points after IAV chal-
lenge (data not shown).

Disruption of Treg-cell function leads to dysregulated
PE-specific GC responses

The results generated above demonstrated the role of Treg
cells in controlling both the size of SRBC-induced and

Treg control of germinal centres

IAV-induced GC responses, and the ratio of IgM' to
switched B cells within the GC population. In these
experiments, however, total splenic GC B cells were enu-
merated because the B220" PNAM B-cell population
induced after SRBC or IAV injection was presumed to be
specific for the challenge antigen. (Please note that spe-
cific pathogen-free mice do not exhibit splenic GCs in the
absence of immunization, Fig. 1.) We therefore sought to
confirm the role of Treg cells in governing GC reactions
by tracking antigen-binding GC B cells, instead of the
entire B220" PNAM splenic B-cell pool. To perform these
studies, PE was used as the challenge antigen,”” and
PE-binding GC B cells were analysed in anti-GITR mAb
or control rIgG-treated mice. As shown in Fig. 4(a), i.p.
immunization with PE precipitated in alum induced sple-
nic B220" PNA" GC B cells, a sub-set of which retained
the ability to bind native PE. In control animals, the PE-
binding GC B-cell response peaked at day 12 (Fig. 4b)
and like other normal splenic GC responses, displayed a
relatively steady ratio of IgM* to switched B cells
(Fig. 4c). As expected, disruption of Treg cells with anti-
GITR mAb administration resulted in an increased total
PE-binding GC response, and a progressive increase in
the proportion and total number of switched PE-binding
GC B cells.

Treg cells influence GCs throughout the entire
response

In Figs 1-4, splenic GC responses were dysregulated when
anti-GITR mADb was given before and soon after immuni-
zation. To assess whether already established GCs can be
altered by late-stage Treg-cell disruption, mice were chal-
lenged with SRBC at day 0 and treated with either anti-
GITR mAb or control rIgG on days 8 and 12, or days 12
and 16 post-immunization. Splenic GCs from both
groups were examined on days 18 and 24. The results
demonstrated that the percentage and total number of
GCs were still increased in anti-GITR mAb-treated mice
(Fig. 5a). In addition, the percentage and total number of
switched GC B cells were also enhanced after late stage
Treg-cell disruption. These data indicate that Treg cells
participate in the control of GCs throughout the entire
response, and not just at the induction phase.

Population dynamics and phenotype of splenic Treg
cells during GC responses

Given the observation that Treg cells participate in the
control of GC reactions, it was of interest to explore the
frequency and phenotype of the splenic Treg-cell popula-
tion after immunization with SRBC. To monitor Treg
cells, Foxp3-GFP reporter mice were used.”” As shown in
Fig. 6(a), CD4" Foxp3"* T cells are readily detected in the
spleens of these mice, allowing for enumeration and phe-
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Figure 2. Disruption of regulatory T (Treg) cells leads to enhanced sheep red blood cell (SRBC)-induced germinal centre (GC) responses in
C57BL/6 mice. Adult C57BL/6 mice were injected intraperitoneally (i.p.) with 250 pg anti-glucocorticoid-induced tumour necrosis factor recep-
tor-related protein (GITR) monoclonal antibody (mAb) or control rat IgG on days —2, +1 and +5. Mice were immunized on day 0 with SRBC,
and spleens were harvested on days 8-24. (a) The left panel shows the splenic GC response in control rat IgG-treated mice 8 days post-challenge.
The right panel illustrates IgM expression on the B220" peanut agglutinin (PNA)" GC population, with the IgM* and IgM~ sub-sets designated.
(b) The left panel shows the percentage of B220" PNA" GC B cells within the viable lymphocyte gated population, and the right panel represents
the number of total recovered splenic GC B cells at each time-point. Closed bars = control rat IgG-treated mice. Open bars = anti-GITR mAb-
treated mice. Statistical analyses were performed between rat IgG and anti-GITR groups at each time-point. (c) The two upper panels show the
percentages of IgM" (solid bars) and IgM~ (hatched bars) B cells within the GC B-cell population. The two lower panels show the total number
of IgM" and IgM~ GC B cells within the spleen. Left panels are from control rat IgG-treated mice and right panels are from anti-GITR mAb-
treated mice. Statistical analyses were performed between IgM" GC B cells from rat IgG and anti-GITR groups and IgM~ GC B cells from rat
IgG and anti-GITR groups at each time-point. Each bar represents average + SD. There were three to seven mice per group. *P < 0-04;
**P < 0-02; ***P < 0-005.

notypic characterization. Of interest, the proportion of at days 8 and 12 (data not shown). As iTreg cells are
Foxp3"* Treg cells within the splenic CD4" compartment probably activated to control the humoral response to
was unaltered throughout the GC response (Fig. 6b), novel antigens, a range of surface markers were examined
although total cellularity of the spleen increased modestly in an attempt to identify an activated iTreg-cell sub-set.
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Figure 3. Disruption of regulatory T (Treg) cells leads to enhanced influenza-induced germinal centre (GC) responses in BALB/c mice. Adult
BALB/c mice were injected intraperitoneally (i.p.) with 250 pg anti-glucocorticoid-induced tumour necrosis factor receptor-related protein
(GITR) monoclonal antibody (mAb) on days —2, +1 and +5. Mice were immunized on day 0 with influenza A virus (IAV; PR8, HIN1), and
spleens were harvested on days 8-24. Mice immunized with TAV in the absence of any injections served as controls. (a) The left panel shows the
splenic GC response in control-treated mice 12 days post-challenge. The right panel illustrates IgM expression on the B220" peanut agglutinin
(PNA)" GC population, with the I[gM* and IgM™ sub-sets designated. (b) The left panel shows the percentage of B220" PNA™ GC B cells within
the viable lymphocyte gated population, and the right panel represents the number of total recovered splenic GC B cells at each time-point.
Closed bars = control mice. Open bars = anti-GITR mAb-treated mice. Statistical analyses were performed between control and anti-GITR
groups at each time-point. (c) The two upper panels show the percentages of IgM" (solid bars) and IgM~ (hatched bars) B cells within the GC
B-cell population. The two lower panels show the total number of IgM* and IgM~ GC B cells within the spleen. Left panels are from control
mice and right panels are from anti-GITR mAb-treated mice. Statistical analyses were performed between IgM" GC B cells from control and
anti-GITR groups and IgM™ GC B cells from control and anti-GITR groups at each time point. Each bar represents average + SD. There were
between five and 10 mice per group. *P < 0-04; **P < 0-004; ***P < 0-001.

When comparing naive with SRBC-challenged mice, no PD-1 at any time-point (data not shown). Several reports
differences were found in the proportion of Treg cells have demonstrated the presence of Treg cells within the
expressing CD103, CD45RB, CD62L, CD178, GITR or GCs of human and mouse secondary lymphoid tis-
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Figure 4. Disruption of regulatory T (Treg) cells leads to enhanced phycoerythrin (PE)-induced germinal centre (GC) responses in BALB/c mice.
Adult BALB/c mice were injected intraperitoneally (i.p.) with 250 pg anti-glucocorticoid-induced tumour necrosis factor receptor-related protein
(GITR) monoclonal antibody (mAb) or control rat IgG on days —2, +1 and +5. Mice were immunized on day 0 with phycoerythrin (PE) precipitated
in alum, and spleens were harvested on days 8-24. Given the relatively low frequency of PE-binding GC B cells, at least 2-3 x 10° events were col-
lected per sample during flow cytometric analysis. (a) The left panel shows the splenic GC response in anti-GITR mAb-treated mice 8 days post-chal-
lenge. The middle panel illustrates the PE-binding B cells within the B220* peanut agglutinin (PNA)™ GC population. The right panel shows the
IgM™ and IgM™ sub-sets within the PE-binding GC B cells. (b) The left panel shows the percent of PE-binding B220" PNA" GC B cells within the via-
ble lymphocyte gated population, and the right panel represents the number of total recovered splenic PE-binding GC B cells at each time point.
Closed bars = control rat IgG treated mice. Open bars = anti-GITR mAD treated mice. Statistical analyses were performed between rat IgG and anti-
GITR groups at each time point. (c) The two upper panels show the percentages of IgM" (solid bars) and IgM~ (hatched bars) B cells within the
PE-binding B220* PNA™ GC B-cell population. The two lower panels show the total number of IgM* and IgM~ PE-binding GC B cells within the
spleen. Left panels are from control rat IgG-treated mice and right panels are from anti-GITR mAb-treated mice. Statistical analyses were performed
between IgM ™" PE-binding GC B cells from rat IgG and anti-GITR groups and IgM~ PE-binding GC B cells from rat IgG and anti-GITR groups at
each time-point. Each bar represents average + SD. There were four to 11 mice per group. *P < 0-02; **P < 0-002; ***P < 0-0001.

sue,**>%%%! indicating their ability to migrate into acti-

vated follicles.®* Accordingly, CXCR5 and CCR7 expres-
sion was examined on CD4" Foxp3™ T cells from naive

and immunized mice. As shown in Fig. 6(a), the splenic
Treg-cell population consists of four sub-sets defined as
CXCR5~ CCR7*, CXCR5" CCR7°, CXCR5 CCR7™ and
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Figure 5. T regulatory (Treg) cells influence the germinal centre (GC) response at late time-points. BALB/c mice were immunized with sheep red
blood cells (SRBC) on day 0, and injected intraperitoneally (i.p.) with 250 pg of anti-glucocorticoid-induced tumour necrosis factor receptor-
related protein (GITR) monoclonal antibody (mAb) or control rat IgG at either days 8 and 12 or days 12 and 16 post-challenge, and spleens
were harvested on days 18 and 24. (a) Left panels are from mice injected on days 8 and 12 with anti-GITR mAb or control rat IgG, and right
panels are mice injected on days 12 and 16. Upper panels show the percentage of B220" peanut agglutinin (PNA)™ GC B cells within the viable
lymphocyte gated population, and the lower panels represent the number of total recovered splenic GC B cells at each time-point. Closed
bars = control rat IgG-treated mice. Open bars = anti-GITR mAb-treated mice. Statistical analyses were performed between rat IgG and anti-
GITR groups at each time point. (b) Left panels are from mice injected on days 8 and 12 with anti-GITR mAb or control rat IgG, and right pan-
els are mice injected on days 12 and 16. The two upper panels show the percentages of IgM" (solid bars) and IgM~ (hatched bars) B cells within
the GC B-cell population. The two lower panels show the total number of IgM* and IgM~ GC B cells within the spleen. Statistical analyses were
performed between IgM* GC B cells from rat IgG and anti-GITR groups and IgM~ GC B cells from rat IgG and anti-GITR groups at each time
point. Each bar represents average + SD. There were three or four mice per group. *P < 0-04; **P < 0-02; ***P < 0-005.

CXCR5" CCR7™. CXCR5~ CCR7" Treg cells would be CXCR5™ CCR7™ Treg cells would probably be found in
expected to reside in T-cell zones with CXCR5' CCR7'° red pulp tissue. Importantly, CXCR5" CCR7~ Treg cells
Treg cells positioned at the borders of T-cell : B-cell areas. should have the ability to migrate into B-cell follicles with
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the potential to control B-cell activity locally. In naive
mice (day 0), the CXCR5™ CCR7*, CXCR5"“ CCR7,
CXCR5~ CCR7~ and CXCR5" CCR7~ sub-sets composed
29%, 14%, 30% and 27% of the Treg-cell compartment,
respectively. It is of interest that all four sub-sets exist in
unimmunized mice, suggesting that Treg cells patrol all
areas of the spleen under steady-state conditions. The
four Treg-cell sub-sets were similarly enumerated in
SRBC-immunized mice at days 8, 12 and 18 post-chal-
lenge. Figure 6(c) shows no change in the frequency of
CXCR5™ CCR7" and CXCR5" CCR7™ Treg cells during
the course of the response, indicating no major shift of
Treg cells from the T-cell zone into activated follicles.
Percentages of CXCR5" CCR7"° and CXCR5~ CCR7~

CD4* Foxp3* cells

(a) __CD4* Foxp3* Tregs (b)20

Tregs

Foxp3
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Figure 6. Chemokine receptor expression on splenic CD4" Foxp3*
T cells. B6.FoxP3-GFP mice were immunized with sheep red blood
cells (SRBC) on day 0 and spleens were harvested on days 8, 12 and
18. Cells were stained with anti-CD4, anti-CXCR5 and anti-CCR7
monoclonal antibodies (mAbs). (a) The upper panel shows the gated
CD4" GFP (Foxp3)" regulatory T (Treg) cell sub-set. The lower pan-
els show Treg-cell sub-sets defined by CXCR5 and CCR7 in naive
(day 0) and day 8 challenged mice. The gated CXCR5~ CCR7"* and
CXCR5" CCR7™  sub-sets are indicated. (b) Percentage of
CD4" Foxp3™ cells within the splenic CD4" T-cell compartment of
either naive or immunized mice. (c) Percentage of CXCR5~ CCR7"
and CXCR5" CCR7" cells within the splenic CD4" Foxp3" Treg-cell
population of naive and immunized mice. There were three to six
mice per group.

Treg cells were also unchanged (data not shown). Hence,
although no differences were observed in the proportion
of Treg-cell sub-sets defined by CXCR5 and CCR?7 after
immunization, the spleen clearly contains a population of
CXCR5" CCR7™ Treg cells with the potential to migrate
into activated follicles and GCs.

Histological evaluation of Treg-cell location during
GC responses

With a sub-set of splenic Treg cells displaying
a CXCR5" CCR7~ phenotype, the possibility exists that
iTreg cells are attracted to splenic GCs in the mouse, as
shown by studies examining human and mouse tis-
sue.*#*>°1 Mice were therefore challenged with SRBC
and spleens were harvested at day 8, the height of the
response. Snap-frozen tissues were thin sectioned and
stained, as shown in Fig. 7. In the upper panel, the sec-
tion was stained with PNA and anti-CD4 mAb to high-
light GCs (green) and T-cell zones (red). Serial sections
were stained with anti-IgD mAb and anti-Foxp3 mAb
(middle panel) to denote the follicular mantle (green) as
well as individual Treg cells (blue), and with anti-IgD
mAb and control rat IgG2a (lower panel) to control for
background staining. As expected, a population of Foxp3™
staining cells was found to reside within the T-cell zone.
Figure 7 further shows the presence of Foxp3™ cells (des-
ignated with arrows) within the GC (PNA" IgD™ area
outlined in white). These observations are consistent with
a sub-set of splenic CD4" Foxp3™ cells exhibiting a
CXCR5 CCR7™ phenotype, and suggest the possibility
that Treg cells may effect their suppressive activity directly
within the GC.

Interfering with induction of iTreg cells leads to
abnormal GC responses

The Treg-cell population induced to control responses to
novel antigens is thought to arise from naive
CD4" Foxp3™ T cells in the periphery. A number of key
signals and cytokines have been shown to be essential for
the generation of iTreg cells both in vitro and in vivo.'*'?
Of the various signals, TGF-f has been repeatedly demon-
strated to be critical for the induction and maintenance
of Foxp3™ iTreg cells.”"® In addition, a recent report
suggested that IL-10 also has a central role in maintaining
Foxp3 and the associated suppressive activity in Treg
cells.®® Towards this end, a large number of studies have
utilized anti-TGF-$%"% or anti-IL-10R”*7* blocking
mAbs over extended periods to impede the induction and
activity of Treg cells in vivo. We therefore took a similar
approach and examined the effect of anti-TGF- mAb or
anti-IL-10R mAb on SRBC-induced GC responses. In the
first set of experiments, mice were injected ip. with
100 pg anti-TGF-f (1D11) mAb or control mouse IgG

462 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 133, 452-468



Figure 7. Foxp3™ cells are physically present within splenic germinal
centres (GCs). Adult BALB/c mice were injected intraperitoneally
(i.p.) with sheep red blood cells (SRBC) on day 0, and spleens were
harvested on day 8. Splenic fragments were snap frozen, thin sec-
tioned (8 um) and serial sections were stained with anti-CD4 mono-
clonal antibody (mAb) and peanut agglutinin (PNA), or anti-IgD
mADb and either anti-Foxp3 mAb or rat IgG2a isotype control. Sec-
tions were imaged using a Nikon Eclipse E600 fluorescence micro-
scope equipped with a SPOT digital camera, and images were
processed with ApoBE PHOTOSHOP software. The upper panel shows
CD4 (red/Cy3) and PNA (green/FITC) staining. The lower panels
show IgD (green/FITC) and Foxp3 or isotype control (blue/Cy5)
staining. The areas composing GCs are outlined in the lower panels.
Foxp3" cells within the GC are indicated by arrows in the middle
panel. Magnification 100 X. Images are representative of multiple
fields from three mice. Please note that the Foxp3 and isotype con-
trol files were imaged identically with the SPOT digital camera, and
were similarly colour enhanced identically in PHOTOSHOP.

every 2 days starting at day 0 and continued until the
mice were killed. The SRBC were given i.p. on day 0. The
results are shown in Fig. 8, and illustrate an excess in the

Treg control of germinal centres

percentage and total number of IgM™ switched GC B cells
(Fig. 8b). This imbalance was evident already at day 8
and became progressive as the response matured.
Although control of the switched GC sub-set was
impaired in anti-TGF-f-treated mice, the overall size of
the B220* PNA™ population was not significantly differ-
ent from that in control-treated animals (Fig. 8a). This
implies that thymically derived natural Treg cells may also
play a role in controlling the overall size of the GC
response, or upon systemic TGF-f neutralization, other
factors or cytokines may partially compensate leading to
nominal induction of iTreg cells.

The potential role of IL-10 was also examined by
repeated administration of a blocking anti-IL-10R mAb.
Mice were injected i.p. on day O with 1 mg of anti-IL-
1I0R (1B1.3a) mAb or control rat IgG. Starting in the
second week, 500 pig of anti-IL-10R mAb or rat IgG was
injected twice weekly and continued until the mice were
killed. The SRBC were given i.p. on day 0. Similar to
anti-TGF-fi-treated mice, blockade of the IL-10R resulted
in an inability to control the balance of IgM" to switched
GC B cells in the spleen. Although not evident at days 8
and 12, this imbalance became marked at days 18 and 24
and reflected a significant increase in both the frequency
and total number of IgM™ GC B cells (Fig. 9b). Examina-
tion of the frequency and number of total B220* PNA™ B
cells showed little difference between anti-IL-10R mAb
and control-treated mice, except at day 24 (Fig. 9a). This
is again similar to the result observed after TGF-f neu-
tralization, and may likewise reflect the activity of natural
Treg cells or the ability of other cytokines to partially
compensate. Finally, to ensure that anti-IL-10R mAb
treatment did not directly modulate responding B cells,
the GC population was tested for expression of IL-10R.
As shown in the Supplementary material, Fig. S3, no
expression above background was detected.

Discussion

A large number of studies have documented the role of
Treg cells in controlling antibody responses.'®*® Using
either in vivo disruption (anti-GITR mAb) or depletion
(anti-CD25 mAb) protocols, investigators have shown
that loss of Treg-cell activity results in enhanced humoral
responses to experimental antigens,m_22 pathogens”’24
and auto-antigens.'”*>>* In all of these reports, antibody
levels directed against the specific antigen or infectious
agent were significantly elevated, including IgG,'®*"*
IgA'* and even IgE.'”® Additional studies examined
whether adoptive transfer of polyclonal®!?>>?>¥~40 op
TCR transgenic®>**%*" Treg cells could dampen antibody
responses to defined allo-antigens or auto-antigens. In all
cases, the transfer of Treg cells significantly lowered or
even eliminated serum antibodies directed against these
antigens. As GCs serve as the basis for T-cell-driven
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Figure 8. Neutralization of transforming growth factor-f (TGF-f) leads to enhanced sheep red blood cell (SRBC) -induced germinal centre (GC)
responses. Adult BALB/c mice were injected intraperitoneally (i.p.) with 100 pg of anti-TGF-f (1D11) monoclonal antibody (mAb) or control
mouse IgG every 2 days starting at day 0 and continued until the mice were killed. Mice were immunized on day 0 with SRBC, and spleens were
harvested on days 8-24. (a) The left panel shows the percentage of B220" peanut agglutinin (PNA)™ GC B cells within the viable lymphocyte
gated population, and the right panel represents the number of total recovered splenic GC B cells at each time-point. Closed bars = control
mouse IgG-treated mice. Open bars = anti-TGF-f§ mAb treated mice. Statistical analyses were performed between mouse IgG and anti-TGF-f
groups at each time-point. (b) The two upper panels show the percentages of IgM" (solid bars) and IgM~ (hatched bars) B cells within the GC
B-cell population. The two lower panels show the total number of IgM* and IgM~ GC B cells within the spleen. Left panels are from control
mouse IgG-treated mice and right panels are from anti-TGF-f mAb-treated mice. Statistical analyses were performed between IgM" GC B cells
from mouse IgG and anti-TGF-f groups and IgM~ GC B cells from mouse IgG and anti-TGF-f§ groups at each time-point. Each bar represents
average + SD. There were five or six mice per group. *P < 0-03; **P < 0-015; ***P < 0-01.

humoral responses, the current study examined the
behaviour of primary splenic GC reactions induced to a
number of antigens in mice treated with an anti-GITR
mADb (Figs 1-4). After disruption of Treg-cell activity,
total SRBC-induced GC B-cell numbers were increased at
all time-points examined (days 8-24). A higher propor-

Importantly, these findings provide a basis to explain the
marked increase in serum antibodies, especially switched
isotypes, upon in vivo Treg-cell disruption or depletion.
These data are also consistent with reports showing the
ability of adoptively transferred Treg cells to suppress

- . 21,3042 - : . 2,41
in vivo B-cell responses,”**™** including GC reactions’

33,34,36

tion of IgM™ switched B cells within the GC compart-
ment largely accounted for this increase. Whereas splenic
GC responses normally displayed a steady ratio of IgM"
to switched B cells throughout the response,”>® this bal-
ance was lost when Treg-cell control was compromised.
These patterns were observed regardless of treatment pro-
tocol (anti-GITR mAb and anti-CD25 mAb), strain
(BALB/c and C57BL/6) and antigen (SRBC, IAV and PE).

and the generation of antibody-forming cells.

Although it is clear that Treg cells participate in the
control of GC reactions, the target and site of Treg-cell
action are currently unknown. Two likely targets are Tth
cells and GC B cells. The Tth cells are critical in the
induction and maintenance of GCs because they provide
key co-stimulatory signals through inducible T-cell
costimulator (ICOS) and CD154, as well as key cytokines,
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Figure 9. Blockade of interleukin-10 receptor (IL-10R) leads to enhanced sheep red blood cell (SRBC)-induced germinal centre (GC) responses.
Adult BALB/c mice were injected intraperitoneally (i.p.) with 1 mg of anti-IL-10R (1B1.3a) mAb and control rat IgG on day 0, and twice weekly
with 500 pg until the mice were killed, starting in the second week. Mice were immunized on day 0 with SRBC, and spleens were harvested on
days 8-24. (a) The left panel shows the percentage of B220" peanut agglutinin (PNA)™ GC B cells within the viable lymphocyte-gated population,
and the right panel represents the number of total recovered splenic GC B cells at each time-point. Closed bars = control rat IgG-treated mice.
Open bars = anti-IL-10R mAb-treated mice. Statistical analyses were performed between rat IgG and anti-IL-10R groups at each time-point.
(b) The two upper panels show the percentages of IgM" (solid bars) and IgM~ (hatched bars) B cells within the GC B-cell population. The two
lower panels show the total number of IgM* and IgM~ GC B cells within the spleen. Left panels are from control rat IgG-treated mice and right
panels are from anti-IL-10R mAb-treated mice. Statistical analyses were performed between IgM* GC B cells from rat IgG and anti-IL-10R
groups and IgM~ GC B cells from rat IgG and anti-IL-10R groups at each time-point. Each bar represents average = SD. There were thre to six

mice per group. *P < 0-05; **P < 0-03; ***P < 0-005.

especially IL-21.7° In addition, it has been shown that the
magnitude of the GC response is directly linked to the
size of the induced Tth-cell pool.”® While Treg-cell sup-
pression of CD4" T-cell activity is well established,'' ™"
few investigators have focused on whether Treg cells can
specifically alter Tth function. In a recent study by Erik-
son and co-workers, however, adoptive transfer of anti-
gen-specific Treg cells was found to down-modulate the
expression of ICOS on Tfh cells.*’ In addition, Weiner
and colleagues reported that induction of Treg cells in
vivo compromised the ability of Tth cells to produce opti-
mal levels of IL-21.” As ICOS expression’” and IL-21
production”®®® by Tth cells are crucial for optimal B-cell
differentiation and switching, influencing these molecules

would serve as an effective means by which Treg cells
could control the GC response. In preliminary experi-
ments, we tested whether total numbers of splenic Tth
cells were altered by anti-GITR treatment in SRBC-immu-
nized mice. However, when examining days 8 and 12 (the
peak of splenic Tth-cell induction after antigen challenge),
no differences were observed (see Supplementary material,
Fig. S4).

Germinal centre B cells are also a potential target
because a number of studies have demonstrated that Treg
cells directly suppress activated B cells in vitro.”>*>**~%¢ In
these experiments, Treg—B-cell contact was required and
in several reports, Treg cells effected suppression by kill-
ing B cells in either a Fas-dependent®® or granzyme B-
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dependent*®*® manner. Although Treg cells may indeed
directly suppress GC B cells, it is uncertain whether they
use a cytotoxic mechanism in vivo. Studies in our labora-
tory found that both Fas-mutated lpr mice and granzyme
B-deficient mice generated normal GC responses after
SRBC challenge (data not shown). When testing the
capacity of Treg cells to suppress immunoglobulin pro-
duction by activated B cells in vitro, Kim and co-workers
demonstrated significant reduction of IgG and IgA secre-
tion upon co-culture with increasing numbers of Treg
cells.* In examining the mechanism of suppression, these
investigators found Treg cells to inhibit the expression of
activation-induced cytidine deaminase in B cells, and as a
consequence, class switch recombination. This finding
suggests that Treg cells may have the ability to moderate
class switch recombination in activated B cells, thereby
controlling the proportion of switched B cells within GCs.

A second key question is the site where Treg-cell con-
trol is occurring. Early after challenge with T-cell-depen-
dent antigens, T-cell activation takes place in the T-cell
zone and T-cell-B-cell interactions occur at the borders
of the B-cell and T-cell zones."™ These early events lead
to activated Tth cells and GC founder B cells, and to the
initiation of GCs within days after immunization. As
such, Treg cells could influence GC reactions during early
activation events before GC formation, or within the GC
itself. Using a Treg adaptive transfer protocol, Fields
et al.”>* demonstrated that suppression of antibody-form-
ing cells required the presence of Treg cells early rather
than later in the response, suggesting regulation during
early activation events. Although in the current study,
anti-GITR mAb administration was proximal to immuni-
zation in most experiments, delayed injection regimens
(starting on day 8 or 12 post-challenge) were also tested
(Fig. 5). Regardless of when anti-GITR mAb was given,
disruption of GC responses was observed several days
later, indicating that Treg cells were capable of controlling
GC reactions long after early activation events had
occurred. Given this result, and the demonstrated ability
of Treg cells to suppress Tfh***' and activated B
cells,”>***>74¢ it stands to reason that Treg cells may exert
control directly within the GC. Towards this end, it was
shown that a proportion of splenic Treg cells are
CXCR5" CCR7~ (Fig. 6), thereby indicating their ability
to migrate into B-cell follicles. This finding is consistent
with previous reports in the mouse and human demon-
strating CXCR5" Treg cells.’*** More important, immu-
nohistological analysis of spleen sections showed Foxp3*
cells physically present within GCs induced by SRBC
immunization  (Fig. 7), consistent with  previous
reports.***>%*¢! This observation strongly suggests that
Treg cells may indeed exercise control within GCs, and
may constitute a proportion of CD4" T cells known to
reside within the light zone.®*

Inducible Treg cells are believed to be primarily responsi-
ble for controlling responses to novel antigens.'*'> This
Treg-cell sub-set is derived from naive CD4" T cells in the
periphery, and has been shown to require TGF-$%% and
IL-10° for its induction and/or maintenance. In an attempt
to determine whether iTreg cells were operative in control-
ling GC responses after SRBC challenge, mice were treated
with either anti-TGF-f or anti-IL-10R blocking mAbs from
time of immunization until death. The results demon-
strated that treatment with either mAb resulted in dysregu-
lation, with GCs exhibiting abnormally elevated numbers
of switched GC B cells (Figs 8 and 9). These findings would
appear to confirm iTreg cells as the effector sub-set govern-
ing GC reactions to exogenous antigens. It should be noted,
however, that both TGF—ﬁ81 and IL-10%* have been impli-
cated as Treg-derived effector molecules mediating sup-
pression, in addition to their role in iTreg-cell induction
and maintenance. As such, the possibility exists that these
molecules are directly regulating cellular events within the
GC as opposed to sustaining antigen-specific iTreg cells.

In summary, the current study extends our understand-
ing of how Treg cells govern humoral immunity. Whereas
previous work clearly showed that the Treg cells control
levels of secreted antibodies'®*’ and numbers of anti-
body-forming cells’?*® the findings herein are the first
to detail the extent to which Treg cells can influence GCs
over the course of the entire reaction. In addition to con-
taining the overall size of the GC response, Treg cells
appear to limit the pool of switched GC B cells and
thereby maintain a steady ratio of IgM" to IgM~ GC cells.
Although it is presently unclear as to why there is pres-
sure to carefully regulate numbers of switched GC B cells,
this process may be necessary to enforce selection away
from self-reactivity and towards high-affinity antigen-spe-
cific clones within the GC.
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nal centre responses in BALB/c mice.

Figure S3. Germinal centre (GC) B cells do not
express glucocorticoid-induced tumour necrosis factor
receptor-related protein (GITR), CD25 or interleukin-10
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in the spleen at the peak of the response.
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