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Compelling evidence demonstrates that intestinal commensal microbiota modulate conventional and regulatory T cell (Treg) re-
sponses that are required for effective host defence against pathogens and avoidance of autoimmunity and other immunopathologic
conditions. Here, we investigated the contribution of the commensal microbiota and Toll-like receptor (TLR) signaling to homeo-
stasis of Foxp3~ conventional CD4" T cells and Foxp3* Tregs. Upon long-term antibiotics treatment, we observed a significant re-
duction of conventional CD4" T cell proliferation in a systemic manner, whereas Foxp3* Treg proliferation was locally impaired in
gut-draining mesenteric lymph nodes and Peyer’s patches. The proliferative response to microbial components was not mediated
by TLRs as MyD88- and various TLR-deficient mice displayed normal or even increased conventional T cell and Foxp3™ Treg
proliferation. Thus, commensal microbiota-derived stimuli support cycling of both conventional CD4" T cells and Foxp3* Tregs
with TLR-mediated recognition of bacterial components not being the major mechanism controlling microbiota-driven T cell ho-
meostasis.
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Colonization of germ-free mice with commensal microbi-
ota from specific-pathogen-free (SPF) mice reversed these
abnormalities [5].

Introduction

Colonization with commensal microbiota starts imme-
diately after birth and continues through childhood until
stable microbiota are established [1, 2]. The presence of
intestinal bacteria is an important stimulus for the develop-
ment and maturation of the mucosal and systemic immune
system [1-4]. In germ-free mice, Peyer’s Patches (PP) are
hypoplastic, numbers of IgA-secreting plasma cells and
lamina propria CD4" T cells are greatly reduced and struc-
tural defects also affect spleen and peripheral LN (pLN).

The gut-associated immune system is capable of
mounting an efficient host defense against pathogenic
bacteria, but has to maintain at the same time regulatory
control mechanisms to protect the organism from hyper-
responsiveness toward antigens from the normal intestinal
flora and nutrients, which could result in chronic inflam-
mation [6]. In vivo break of tolerance toward intestinal mi-
crobiota is believed to be a major cause of inflammatory
bowel disease (IBD) [6—8]. Moreover, the intestinal micro-
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biota play a pivotal role in the development of T cells both
within and outside the intestine by selectively expanding
and activating different T cell subsets under normal and/
or pathological conditions [9]. While it was demonstrated
that total intestinal T cells do not proliferate in response
to enterobacterial antigens in vitro [10-12], depletion of
regulatory T cells (Tregs) [12] or exposure to heterologous
bacterial antigens [10] reversed unresponsiveness in these
cultures. Thus, antigens of gut commensals are not simply
ignored, but rather trigger an active immunosuppressive
process to maintain intestinal homeostasis.

Numerous experimental studies demonstrated a pivotal
role for Foxp3-expressing Tregs in the maintenance of in-
testinal homeostasis [6]. Although initially being charac-
terized as an anergic CD4" T cell subset [13], Tregs show
a high turnover in vivo [14]. Steady-state proliferation of
Foxp3" Tregs is commonly attributed to recognition of
self-antigens [15], but recognition of microbial antigens
by Foxp3" Tregs has been reported as well [16, 17]. In-
terestingly, Tregs from germ-free mice display lower sup-
pressive activity in vitro compared to Tregs from SPF-
housed mice [18] and only Tregs previously exposed to
commensal microbiota are capable of ameliorating intes-
tinal inflammation in a transfer colitis model [19]. Collec-
tively, these results indicate a crucial role of commensal
microbiota for generation, expansion, and/or differentia-
tion of Tregs in a healthy individual.

Recognition of pathogens and commensal bacteria
by Toll-like receptors (TLRs) is of major importance for
maintenance of intestinal homeostasis [20]. Accordingly,
absence of TLR signaling impairs normal gut epithelial
homeostasis [21] and increased allergic responses to food
antigens [22]. Furthermore, numerous TLR polymor-
phisms have been linked to IBD susceptibility in humans,
yet the functional outcome is still unclear [23, 24]. Impor-
tantly, conventional CD4" T cells and Tregs also express
TLRs, and their functional modulation by TLR agonists
has been reported [25-32]. We therefore analyzed in the
present study the influence of commensal microbiota and
TLR signaling on the homeostatic proliferation of conven-
tional Foxp3 CD4" T cells and Foxp3" Tregs. Our data
demonstrate that microbial stimuli support cycling of both
conventional CD4" T cells and Foxp3™ Tregs in a TLR-
signaling-independent manner.

Materials and methods
Mouse strains

C57BL/6 mice were purchased from Harlan Laborato-
ries, Charles River or Janvier. MyD88 ™ mice [56], back-
crossed at least twelve generations onto the C57BL/6
background, and corresponding wt controls were obtained
from the BfR (Berlin, Germany). TLR2, TLR4 ",
TLR2/4” and TLR9™™ mice as well as corresponding wt
controls were provided by the Max-Planck-Institut for Im-
munobiology (Freiburg, Germany). TLR2 ", TLR4" and
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TLR2/4”" mice were backcrossed at least seven genera-
tions onto the C57BL/10ScSn background as described
elsewhere [57, 58]. TLR9"" mice were backcrossed at
least three times onto the C57BL/6 background as previ-
ously described [59]. TLR5 " mice [60] and correspond-
ing C57BL/6 wt controls were kindly provided by Fiona
Powrie (Sir William Dunn School of Pathology, Oxford,
UK). All mice were maintained in the animal facilities of
the FEM (Charité, Berlin, Germany). In all experiments,
gender- and age-matched mice were used. The experi-
ments were performed in accordance with institutional,
state and federal guidelines.

Antibiotics treatment

Mice formerly housed under SPF conditions were treated
with an antibiotic regimen according to a standard proto-
col with minor modifications [21]. Groups of mice were
given a cocktail of antibiotics (ampicillin, 1 g/L, Ratio-
pharm; vancomycin, 500 mg/L, Cell Pharm; ciprofloxacin,
200 mg/L, Bayer Vital; imipenem, 250 mg/L, MSD; met-
ronidazole, 1 g/L, Fresenius) added to the drinking water
ad libitum for a period of eight weeks. Mice were housed
in sterile cages, which were changed on daily basis for the
first two weeks. Efficient bacterial reduction was moni-
tored by weekly bacteriologic evaluation of faeces from
individual mice. Lack of any cultivable bacteria (aerobic
and anaerobic cultures of Gram-negative rods, Gram-pos-
itive rods and Gram-positive cocci) for at least two con-
secutive weeks was taken as indication for successful re-
moval of detectable commensal microbiota as previously
described [34].

Antibodies and flow cytometry

Fluorochrom-conjugated anti-CD4 (RM4-5) and anti-
Foxp3 (FJK-16s) were purchased from eBioscience. Flu-
orochrom-conjugated anti-BrdU (3D4) was purchased
from BD™ Pharmingen. Intracellular BrdU and Foxp3
staining was performed according to the manufacturer’s
instructions. Flow cytometry was performed using an
LSRII (BD Biosciences) flow cytometer with Diva soft-
ware and data were analyzed with FlowJo™ software
(TreeStar).

Lymphocyte isolation from lymphoid organs

Single-cell suspensions were prepared from secondary
lymphoid organs and classified as pLN (mandibular, su-
perficial parotid, proper axillary, accessory axillary, subil-
iac and popliteal LNs), mesenteric LN (mLN; jejunal and
colic LNs), spleen and PP (all macroscopically visible PP
from small intestine). Single-cell suspensions were gener-
ated and erythrocytes were removed from spleen samples
by hypotonic lysis in hypo-osmotic buffer. All samples
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were resuspended in defined volumes of PBS/0.2% BSA
and subjected to subsequent processing.

Enumeration of lymphocytes

For high throughput cell counting, an aliquot from a de-
fined volume of single cell suspension was added to a
defined volume of suspension with a known number of
Fluoresbrite™ beads supplemented with propidium iodide
(0.1 pg/ml; Sigma) for exclusion of dead cells. Analysis
was performed on a FACSCalibur™ operated with Cell-
QuestPro™ software (BD™). Lymphocyte numbers were
calculated according to acquired live cells in a lymphocyte
gate relative to simultaneously detected numbers of beads.
Absolute cell numbers were then calculated in consider-
ation of the known amount of fluorescent beads in the sam-
ple and the size of the cell suspension aliquot in relation to
total sample volume.

Double immunoenzymatic labeling

For immunostaining, 2—-3 pum thick sections were cut,
deparaffinized, and subjected to a heat-induced epitope
retrieval step before incubation with antibodies. Sec-
tions were immersed in sodium citrate buffer solutions at
pH 6.0 and heated in a high-pressure cooker. The slides
were rinsed in cool running water, washed in Tris-buff-
ered saline (pH 7.4), and incubated for 30 min with the
antibody against Foxp3 (clone FJK-16s, eBioscience, di-
lution 1:100), followed by Alexa Fluor 488-conjugated
secondary antibody (Invitrogen, dilution 1:100). Sub-
sequently, slides were washed three times in PBS and in-
cubated with anti Ki-67 antibody (TEC-3, Dako, dilution
1:50), followed by Alexa Fluor 555-conjugated second-
ary antibody (Invitrogen, dilution 1:100). Nuclei were
counterstained with DAPI (Roche, dilution 1:1500)
and slides were mounted in Fluoromount-G (Southern
Biotech). Images were acquired using a fluorescence
microscope (Axiolmager Z1) equipped with a CCD
camera (AxioCam MRm) and processed with Axiovi-
sion software (Carl Zeiss Microlmaging, Inc.). Negative
controls were performed by omitting the primary anti-
bodies.

Evaluation of in vivo proliferation via BrdU
incorporation

For assessment of in vivo proliferative activity, mice were
given 1 mg/ml 5-bromo-2'-deoxyuridine (BrdU; Sigma)
ad libitum via the drinking water. After six days of BrdU
feeding, mice were sacrificed, cell suspensions were pre-
pared from different lymphoid organs and intracellulary
stained with anti-BrdU-antibody according to the manu-
facturer’s instructions with the addition of anti-Foxp3-
antibody.

Statistical analysis

Prism™ software (GraphPad) was utilized for statistical
analysis and graphing. If not stated otherwise, statistical
significance was assessed via ‘unpaired #-test’. All tests
were performed with the assumption of a two-tailed prob-
ability and differences were considered statistically sig-
nificant when p < 0.05 (*), and highly significant when
p<0.01 (**), p<0.001 (¥**) or p < 0.0001 (¥**%*),

Results

Reduction of commensal microbiota affects size
and composition of the CD4" T cell compartment
in mLN and PP

Germ-free mice display several developmental and cellular
abnormalities within the mucosal and peripheral immune
system [33], and thus represent a rather suboptimal model
system to investigate the impact of commensal microbiota
on homeostatic proliferation of conventional Foxp3 CD4"
T cells and Foxp3"CD4" Tregs. To circumvent these limi-
tations, we here treated adult SPF-housed mice, in which
gut-draining lymphoid organs have developed normally,
with a cocktail of antibiotics. Successful eradication of the
gut microbiota was judged by regular microbacteriologi-
cal investigations of feces samples [34]. In these mice, we
first analyzed the total CD4" T cell compartment compared
to untreated controls (Fig. 14). Antibiotics treatment re-
sulted in a mild, but significant reduction of CD4" T cell
frequencies in all examined lymphoid organs, including
spleen, pLN, mLN and PP, while total CD4" T cell num-
bers were only reduced in mLN and PP (Fig. /B). Frequen-
cies of Foxp3" Tregs within the CD4" T cell compartment
were largely unaffected in spleen, pLN and mLN, but PP
showed a significantly increased Treg frequency when an-
tibiotics-treated mice were compared to untreated controls
(Fig. 1C). Absolute numbers of Foxp3"CD4" Tregs were
significantly reduced only in mLN and PP of antibiotics-
treated mice compared to untreated controls (Fig. /1C). To-
gether, these data demonstrate that the reduction of com-
mensal microbiota by antibiotics treatment affects size and
composition of the lymphocyte compartment particularly
in gut-draining lymphoid organs.

Reduction of commensal microbiota affects in vivo
proliferation of conventional CD4" T cells and Foxp3* Tregs

The initial characterization of Tregs as being anergic [13]
was revised by several studies showing high turnover and
proliferation of Tregs in vivo both under steady-state and
inflammatory conditions [35-38], and steady-state pro-
liferation of Foxp3™ Tregs has been commonly attributed
to recognition of self-antigens [15]. Our observation that
antibiotics treatment led to a reduction in the number of
Foxp3"CD4" Tregs in mLN and PP (Fig. 1C) suggested
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Fig. 1. Reduction of commensal microbiota affects size and composition of lymphocyte compartment in mLN and PP. Adult SPF-
housed C57BL/6 mice were treated with antibiotics for a period of approximately eight weeks. Subsequently, lymphocytes from
spleen, pLN, mLN and PP of antibiotics-treated and untreated control mice were analyzed for CD4 and Foxp3 expression by flow
cytometry. (A) Representative dot plots show CD4 vs Foxp3 expression for indicated lymphoid organs of control mice (upper row)
and antibiotics-treated mice (lower row). Frequencies are depicted according to the indicated gates for total CD4" cells (lower
numbers) and Foxp3™ among CD4" cells (upper numbers). (B and C) Graphs summarize frequencies (left) and cell numbers (right)
of conventional Foxp3 CD4" T cells (B) and Foxp3*CD4" Tregs for indicated lymphoid organs (C) in controls (gray filled circles)
and antibiotics-treated mice (open circles). Pooled data from three independent experiments are depicted. Circles represent values
from individual mice (n = 15) and lines indicate mean

that at least part of the Tregs at these sites might proliferate ~ was clearly diminished in antibiotic-treated mice (Fig. 2).
in response to microbiota-derived antigens. Indeed, a large =~ We next quantified the proliferative activity of conven-
fraction of Foxp3-expressing cells in PP of SPF-housed, tional CD4" T cells and Foxp3™ Tregs in various compart-
untreated mice also stained positive for the proliferation ments by in vivo labeling with BrdU. For this purpose,
marker Ki-67 while the number of double positive cells  antibiotics-treated mice and untreated controls received
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ing conventional Foxp3 CD4" T cells
and Foxp3"CD4" Tregs were identi-
fied by staining of BrdU (Fig. 34). In
all lymphoid organs analyzed, con-
ventional Foxp3 CD4" T cells showed
significantly reduced frequencies of
BrdU" cells when antibiotics-treated
mice were compared with untreated
controls (Fig. 3B). In contrast, antibi-
otics treatment affected proliferation
of Foxp3"CD4" Tregs only in mLN
and PP, but not in spleen and pLN.
In line with previously published data
[35-38], Foxp3" Tregs showed a high-

Fig. 2. Proliferating Ki-67-positive Foxp3™ cells can be found in the PP. Sections from €T overall proliferation when com-

control antibiotics

PP of untreated control (left) and antibiotics-treated (right) mice were stained for pared to conventional CD4" T cells,
DAPI (blue), Foxp3 (green) and Ki-67 (red). Arrows indicate Foxp3'Ki-67" cells (yel- ~ and highest frequencies of cycling
low in overlay). A representative photomicrograph is shown (magnification x400) T cell subsets were observed in PP

(Fig. 34 and B). Taken together, these
BrdU via the drinking water. After six days of continu- data indicate that microbial stimuli affect proliferation of
ous feeding, mice were sacrificed and in vivo proliferat-  Foxp3" Tregs only locally within mLN and PP, whereas
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Fig. 3. Reduction of commensal microbiota affects in vivo proliferation of conventional CD4" T cells and Foxp3"* Tregs. Adult SPF-
housed C57BL/6 mice were treated with antibiotics for a period of approximately eight weeks. Two days after the treatment was
stopped, mice were fed with BrdU for another period of six days. Subsequently, lymphocytes from indicated organs of antibiotics-
treated and untreated control mice were analyzed for BrdU, CD4 and Foxp3 expression by flow cytometry. (A) Representative his-
tograms show BrdU incorporation in Foxp3 CD4" T cells (left) and Foxp3"CD4" Tregs (right) in indicated lymphoid organs from
untreated controls (gray shaded) and antibiotics-treated mice (open). Numbers indicate frequencies of BrdU"e" cells among respec-
tive CD4" T cell subset. (B) Graphs summarize frequencies of BrdU"e" cells among conventional Foxp3 CD4" T cells (left) and
Foxp3"CD4" Tregs (right) from untreated controls (gray filled circles) and antibiotics-treated mice (open circles). Pooled data from
three independent experiments are depicted. Circles represent values from individual mice and lines indicate mean (n = 15)
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Fig. 4. In vivo proliferation of Foxp3" Tregs and Foxp3 CD4" T cells occurs independently of MyD88 signaling. MyD88-deficient
and wt control mice were fed with BrdU for a period of six days. Subsequently, lymphocytes from indicated organs of MYD8§8-
deficient and control mice were analyzed for BrdU, CD4 and Foxp3 expression by flow cytometry. Graphs summarize frequencies
of BrdU"" cells among conventional Foxp3 CD4" T cells (A) and Foxp3*CD4" Tregs (B) from wt (gray filled circles) and MyD88
mice (open circles). Pooled data from two independent experiments are depicted. Circles represent values from individual mice

and lines indicate mean (z = 9-10)

conventional Foxp3 CD4" T cells were influenced in a
systemic manner.

MyD88 ™~ mice display normal in vivo proliferation
of conventional CD4" T cells and Foxp3" Tregs

Recognition of commensal bacteria by TLRs plays a cru-
cial role for the maintenance of intestinal homeostasis [20,
21]. TLR-mediated signaling was reported to modulate
the suppressive activity of Tregs in an indirect [39, 40]
and direct manner [25-27, 29-31]. Here, we analyzed the
contribution of TLR-mediated signaling to the in vivo pro-
liferation of conventional CD4" T cells and Foxp3" Tregs
and questioned whether lack of those signals might mimic
the effects observed in antibiotics-treated mice. Thereto,
BrdU labeling experiments were performed in mice be-
ing deficient for the common TLR-signaling adaptor mol-
ecule MyD88. No differences in frequencies of BrdU"
cells among conventional CD4" T cells (Fig. 44) and
Foxp3" Tregs (Fig. 4B) were observed when MyD88
mice were compared with wild type (wt) controls. In
line with previously published data [41], MyD88~~ mice
showed largely unaffected frequencies of Foxp3" Tregs in
all lymphoid organs analyzed (data not shown). Thus, lack
of TLR-mediated signaling does not mimic the reduced in
vivo proliferation of conventional CD4" T cells and Foxp3*
Tregs observed in antibiotics-treated mice.

In vivo proliferation of conventional CD4" T cells
and Foxp3" Tregs is not reduced in TLR-deficient mice

The unobtrusive phenotype observed in MyD88 " mice
might be explained by opposing effects of individual
MyD88-dependent TLRs. Therefore, we here investigated
the proliferative capacity of conventional CD4" T cells and
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Foxp3" Tregs in mice being deficient for individual TLRs
known to recognize bacterial microbe-associated molecu-
lar patterns (MAMPs). BrdU labeling experiments were
performed in TLR2", TLR4 ", TLR2/4”"", TLRS"" and
TLR9 " mice. Intriguingly, none of these TLR-deficien-
cies resulted in impaired in vivo proliferation of T cell sub-
sets by showing reduced frequencies of BrdU" cells among
conventional CD4" T cells (Fig. 54) or Foxp3" Tregs
(Fig. 5B) when compared to corresponding wt controls.
On the contrary, increased frequencies of cycling conven-
tional CD4" T cells were observed in both mLN and PP of
TLR5 " mice, and Foxp3" Tregs from TLR5 ", TLR2 "
and TLR4 "~ mice displayed significantly enhanced BrdU-
incorporation in mLN and PP (Fig. 54 and B). Together,
these data indicate that lack of individual MAMP-sensing
receptors was neither affecting homeostasis of convention-
al CD4" T cells nor Foxp3™ Tregs in a manner mimicking
the effects observed in antibiotics-treated mice.

Discussion

The intestinal immune system is able to mount inflamma-
tory immune responses against intestinal pathogens and,
at the same time, to tolerate both indigenous commensal
microbiota and food-derived antigens. Breakdown of in-
testinal tolerance can lead to overwhelming inflammatory
immune responses directed against resident commensal
microbiota which might result in chronic inflammatory
conditions such as IBD [42]. Adoptive transfer experi-
ments in germ-free and gnotobiotic mice demonstrated a
critical importance of commensal microbiota for develop-
ment of colitis [43, 44], and antibiotics treatment has been
successfully applied for improvement of disease severity
in human IBD patients [45]. On the other side, commen-
sal microbiota have been shown to be crucial players for
maintenance of intestinal homeostasis and modulation of
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Fig. 5. Lack of bacterial MAMP-sensing TLRs does not resemble the effects observed in antibiotics-treated mice. TLR2-, TLR4-,

TLR2/4-, TLR5- and TLR9-deficient mice as well as corresponding wt controls were fed with BrdU for a period of six days. Sub-

sequently, lymphocytes from mLN and PP of TLR-deficient and control mice were analyzed for BrdU, CD4 and Foxp3 expression

by flow cytometry. Graphs summarize frequencies of BrdU"¢" cells among conventional Foxp3 CD4" T cells (A) and Foxp3*CD4"
Tregs (B) in mLN (upper graphs) and PP (lower graphs) from wt controls (gray filled symbols) and indicated knockout mice (open

symbols). Pooled data from three independent experiments are depicted. Symbols represent values from individual mice and lines

indicate median (n = 5-9). Statistical analysis was performed via ‘Wilcoxon ranked sum test’

Foxp3" Treg responses [1, 6, 8]. Although some reports
suggest that Foxp3" Tregs isolated from germ-free mice
display a normal phenotype with normal proliferative ca-
pacity [12, 46] others have demonstrated a reduced sup-
pressive activity in vitro and in vivo [18, 19]. However,
it is not entirely clear whether the observed effects are a
direct consequence of the absence of microbial stimuli or
if they are of indirect nature based on developmental ab-
normalities of the gut-associated immune system that are
documented for germ-free mice [33].

In the present study, we investigated the contribution of
commensal microbiota to the homeostatic proliferation of
conventional CD4" T cells and Foxp3" Tregs. To exclude
the aforementioned developmental abnormalities due to
the complete absence of microbial stimuli during ontog-
eny, adult SPF-housed mice, which display a normally

developed mucosal immune system, were treated with a
cocktail of antibiotics to reduce their commensal micro-
biota [34]. Although being less pronounced, this regimen
also led to minor changes of the gut-associated immune
system. Notably, a reduced number of macroscopically
visible PP with proximity to the caecum was observed.
As this group of PP contained a twofold smaller Treg fre-
quency (data not shown), this might explain the increased
frequency of Foxp3" Tregs in PP isolated from antibiotics-
treated mice compared to untreated controls.

Analysis of the proliferative activity of conventional
CD4" T cells and Foxp3" Tregs revealed a shaping of the
whole CD4" T cell compartment by commensal microbio-
ta since both CD4" T cell subsets were substantially regu-
lated by the presence or absence of microbial stimuli. In-
terestingly, site-specific differences between conventional
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CD4" T cells and Foxp3" Tregs were observed. Whereas
conventional CD4" T cells from antibiotics-treated mice
displayed reduced frequencies of BrdU" cells in gut-drain-
ing mLN and PP as well as skin-draining LN and spleen,
proliferation of Foxp3™ Tregs was affected only in gut-
draining mLN and PP when antibiotics-treated mice were
compared to untreated controls. These data fit to the ob-
servation that conventional CD4" T cells display a largely
recirculating phenotype showing similar T cell receptor
(TCR) repertoires in all secondary lymphoid organs, while
Foxp3" Tregs seem to be more sessile and present unique
TCR repertoires in individual lymphoid tissues [47]. Thus,
it can be assumed that both conventional CD4" T cells and
Foxp3™ Tregs being specific for microbiota exist within
gut-draining LN and PP, and that their survival depends on
the continuous presence of commensal microbiota.

Foxp3" Tregs recognizing microbial antigens have been
recently reported and were mainly found within the subset
of peripherally induced Tregs [16, 17, 48]. However, in the
present study, we did not observe any significant changes
in the TCR V repertoire usage among Foxp3" Tregs being
isolated from mLN and PP of antibiotics-treated compared
to untreated control mice (data not shown). Only minor
changes were found for conventional CD4" T cells derived
from PP, but the aforementioned reduced number of mac-
roscopically visible PP with proximity to the caecum in
antibiotics-treated mice could explain these changes. An
unchanged TCR repertoire upon treatment with antibiot-
ics for eight weeks would be expected if the T cells would
have a much longer half-life or when the proportion of
conventional and Foxp3™ CD4" T cells being reactive to-
ward microbial antigens within gut-draining mLN and PP
would be small. These questions still need to be clarified.

Both, commensals as well as pathogens, express
MAMPs that are sensed by the host’s pattern recognition
receptors (PRRs). To date, several classes of PRRs, such as
Toll-like receptors (TLRs), RIG-I-like receptors (RLRs),
NOD-like receptors (NLRs), and DNA receptors (cyto-
solic sensors for DNA), have been discovered and char-
acterized [49]. Key components of the immune system
sensing the presence of bacteria are TLRs. A role of TLR-
mediated signaling in response to commensal bacteria was
not only identified with respect to intestinal homeostasis
[21] but also for regulation of the suppressive activity of
Tregs [32, 39, 40]. All TLRs except TLR3 recruit MyD88
and activate MyD88-dependent signaling pathways [49].
MyD88 deficiency in conventional CD4" T cells results in
impaired effector T cell differentiation both in vitro and
in vivo [32], and MyD88~~ mice were reported to contain
decreased numbers of Tregs [29] with reduced suppressive
capacity [32]. Together, these data suggest a direct role of
TLR signaling for T cell differentiation and function. Re-
sults of the present study, however, indicate MyD88-inde-
pendent in vivo proliferation of conventional CD4" T cells
and Foxp3" Tregs. Accordingly and in line with previously
published data [41], MyD88 mice displayed a normal
Treg compartment, suggesting that MyD88-dependent sig-
naling is not controlling Treg homeostasis.

European Journal of Microbiology and Immunology 3 (2013) 1

A growing number of reports demonstrated a direct
influence of TLR agonists on induction, expansion and
function of conventional CD4" T cells and Foxp3" Tregs
[25-32, 50-52], and particularly TLR2 ligation has been
demonstrated to enhance their proliferation in in vitro as-
says [29, 30, 51]. In the present study, however, neither
TLR2", TLR4™"", TLR2/47", TLR5" nor TLR9 " mice
showed reduced proliferation of conventional CD4"
T cells or Foxp3™ Tregs, further supporting our assump-
tion that TLR-mediated signals are not essential for the
microbiota-dependent part of proliferative activity. We
rather observed an inhibitory effect of TLR2-, TLR4- and
TLRS-dependent signaling on T cell proliferation within
gut-draining mLN and PP, resembling the previously pub-
lished Treg phenotype in TLR9 ™ mice [53]. Although our
data are supported by a recent report on a protective role
for TLRS deficiency for colitis development in a T cell
transfer model [54], another study reported, in contrast, a
potentiating effect of the TLRS agonist flagellin on induc-
tion, expansion and suppressive activity of Foxp3"™ Tregs
[28, 52]. While differing compositions of commensal
enteric communities between laboratories might explain
these contrasting results, our data clearly show that micro-
biota-driven proliferation of conventional CD4" T cells and
Foxp3" Tregs can occur in the absence of TLR-signaling.
It is tempting to speculate that antigen-specific stimulation
causes T cell expansion; however, other, TLR-independent
MAMP-sensing mechanisms [49, 55] or metabolic influ-
ences might also be involved in the microbiota-dependent
control of T cell proliferation.

In summary, our findings reveal an important role of
microbial stimuli for maintenance of both conventional
CD4" T cells and Foxp3™ Tregs and suggest that TLR-me-
diated recognition of microbial components is not the criti-
cal signaling pathway for the control of microbiota-driven
T cell homeostasis.
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