Staphylococcus aureus-derived lipoteichoic acid
induces temporary T-cell paralysis independent

of Toll-like receptor 2
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Background: The interplay between microbes and surface
organs, such as the skin, shapes a complex immune system with
several checks and balances. The first-line defense is mediated
by innate immune pathways leading to inflammation. In the
second phase specific T cells invade the infected organ,
amplifying inflammation and defense. Consecutively,
termination of inflammation is crucial to avoid chronic
inflammation triggered by microbes, such as in patients with
atopic dermatitis.
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Objective: We aimed to elucidate how the Staphylococcus
aureus—derived cell-wall component lipoteichoic acid (LTA)
governs the second phase of immune responses when high
concentrations of LTA access T cells directly through disrupted
skin.

Methods: We analyzed the direct exposure of T cells to LTA
in vitro. For in vivo analyses, we used fluorescein isothiocyanate
contact hypersensitivity and ovalbumin-induced dermatitis as
models for Ty2-mediated cutaneous inflammation.

Results: We observed that LTA potently suppressed T-
lymphocyte activation in a Toll-like receptor 2-independent
manner. LTA-exposed T cells did not proliferate and did not
produce cytokines. Importantly, these T cells remained
completely viable and were responsive to consecutive activation
signals on subsequent removal of LTA. Thus LTA exposure
resulted in temporary functional T-cell paralysis. In vivo
experiments revealed that T-cell cytokine production and
cutaneous recall responses were significantly suppressed by
LTA.

Conclusion: We identified a new mechanism through which
bacterial compounds directly but temporarily modulate
adaptive immune responses. (J Allergy Clin Immunol
2016;mN:NEN-NEN,)
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Surface organs, such as the skin, are developed under the
pressure of constant exposure to microbes and microbial prod-
ucts. As a consequence, a highly complex and regulated immune
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Abbreviations used
AD: Atopic dermatitis
CFU: Colony-forming units
CHS: Contact hypersensitivity
dLN: Draining lymph node
FITC: Fluorescein isothiocyanate
LN: Lymph node
LTA: Lipoteichoic acid
MyD88: Myeloid differentiation primary response gene—88
OVA: Ovalbumin
PAMP: Pathogen-associated molecular pattern
TCR: T-cell receptor
TLR: Toll-like receptor
WT: Wild-type

system evolved to conserve the integrity of both the surface organ
and the whole organism.

Cutaneous infections effectively induce adaptive immune
responses, even allowing the first vaccination strategy to suc-
cessfully eradicate vaccinia virus.' On the other hand, chronic in-
flammatory diseases of the gut, such as Crohn disease, or of the
skin, such as atopic dermatitis (AD), are believed to be triggered
by microbes” > and mediated by T cells, which migrate into the
gut or skin to initiate and maintain inflammation.®” Initiation
and maintenance of T cell-mediated inflammation is regulated
differently because clinically unaffected skin in patients with
AD already contains a sparse perivascular T-cell infiltrate in the
absence of detectable signs of dermatitis,'”'" and compared
with normal nonatopic skin, clinically unaffected skin in patients
with AD harbor an increased number of Ty2 cells,'? which are
known to dominate early visible AD lesions. '

Staphylococcus aureus most commonly elicits skin, wound,
and systemic infections and is a major pathogen in both
community-acquired and nosocomial infections.'*"'* Even minor
infections lead to specific elicitation of S aureus—specific adaptive
immune responses in most subjects, who also had long-lived im-
mune memory."> S aureus and S aureus—derived substances
trigger skin inflammation. More than 90% of patients with AD
have S aureus colonization or infection, and effective treatment
protocols for these patients include antiseptics.'® The presence
of microbes on the skin might elicit or increase an immune
response, and constituents of S aureus function as proinflamma-
tory adjuvants. Pathogen-associated molecular patterns (PAMPs)
that activate resident skin cells’'”'® have been identified for §
aureus. Lipoteichoic acid (LTA), lipoproteins, and peptidoglycan
are part of the bacterial cell wall of S aureus and bind Toll-like re-
ceptor (TLR) 2, which is expressed by several immune cells pre-
sent in the skin.'”™’ § aureus in infected dermatitis lesions leads
to the presence of LTA in the majority of specimens, with levels of
LTA positively correlating with the concentration of § aureus.”
Moreover, Travers et al>* showed that similar LTA levels are
found in many infected AD lesions, and they demonstrated a cor-
relation between the amount of LTA in AD lesions and AD aggra-
vation. This study indicated that LTA plays a role in exacerbating
AD. Indeed, we recently showed in a mouse model of AD that
TLR2 ligands potently aggravate inflammation, leading to
chronic dermatitis.” Using the TLR2 ligands LTA or lipoprotein
Pam?2 in adoptive transfer experiments, we have found that activa-
tion of TLR2 in combination with IL-4 enhances cutaneous
inflammation and contributes to its chronification. These findings
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corroborate other models of AD, in which the development of
skin lesions depends on conventional housing conditions for the
animals. Animals do not have dermatitis lesions when kept in spe-
cific pathogen-free conditions, indicating a role for microbes and
PAMPs in patients with AD.% On the other hand, we showed that
cutaneous microbes were able to ameliorate AD inflammation by
inducing regulatory T cells and IL-10.”° Moreover, our group
discovered recently that activation of TLR2/6 in the skin leads
to immune suppression mediated by myeloid-derived suppressor
cells.”” Thus different mechanisms to terminate and limit inflam-
mation have evolved to avoid tissue damage or as immune escape
mechanisms for microorganisms. Given the role of cutaneous mi-
crobiota for tolerance induction, elucidation of these mechanisms
is pivotal for understanding the regulation of the microbial-
cutaneous immune interface. LTA is a surface-associated macro-
amphiphilic adhesion molecule of Gram-positive bacteria. It is
released during bacterial cell lysis and during bacterial cell wall
turnover in the course of normal cell growth and maintanance.”®
The physiochemical properties of LTA are postulated to be similar
to those of LPS in Gram-negative bacteria.'* Notably, 10 pg/mL
LTA or greater from S aureus stimulates the production of multi-
ple proinflammatory cytokines and chemokines in different leu-
kocytes.””*! Thus LTA activates the innate immune system, but
its direct effects on the adaptive immune system are unclear.
Our purpose was to study the effect of the Gram-positive cell-
wall component LTA on T-lymphocyte function.

We show that exposure to LTA during initial contacts with
fluorescein isothiocyanate (FITC) significantly suppressed le-
sional T-cell cytokine expression. The proliferation of T cells
from the draining lymph nodes (dLNs) of LTA-exposed skin was
also significantly reduced. Moreover, LTA also significantly
suppressed T-cell proliferation in vitro, which was independent
of TLR2 signaling. LTA-exposed T cells were viable, and LTA
exposure did not induce T-cell apoptosis. FITC-induced contact
hypersensitivity (CHS) and ovalbumin (OVA)—induced dermatitis
were investigated as models for Ty2-mediated cutaneous inflam-
mation in patients with AD to investigate whether T-cell suppres-
sion by LTA is operative in vivo. LTA potently suppressed both
FITC-induced CHS and OVA-induced dermatitis independent
of TLR2.

In sum, T cell-mediated immune responses are susceptible to
LTA-induced immune suppression. These newly discovered
consequences of LTA exposure might be functional after effective
immune defense of S aureus to terminate inflammation. Likewise,
this pathway represents another means of immune escape by S
aureus or a mechanism through which Gram-positive bacteria
avoid initiation of adaptive immune responses. Importantly, this
LTA-induced T-cell paralysis is temporary in nature, avoiding
prolonged periods of immune suppression.

METHODS

Animals

Pathogen-free, 6- to 12-week-old wild-type (WT) BALB/c and C57BL/6
mice were purchased from Charles River (Sulzfeld, Germany). Myd8S '~ BL/6
mice were provided by Akira’s group (Osaka University, Osaka, Japan), and
Tir2~"" mice were from C. Kirschning (University Duisburg-Essen). All mice
were kept under specific pathogen-free conditions in accordance with the
guidelines of the Federation of European Laboratory Science Association in
the animal facility of Eberhard Karls University. Age-matched female mice
were used. All animal experiments were in compliance with both European
Union and German laws and approved by the local authorities (HT1/10).
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FITC-induced antigen-specific CHS

BALB/c mice were sensitized by means of administration of 0.5% FITC
(Sigma-Aldrich, Taufkirchen, Germany) solution (dissolved in 1:1 acetone/
dibutyl phthalate) on the shaved abdomen on days 0 and 1. After 6 days, mice
were challenged by means of application of 0.5% FITC solution on both sides
of the ears. Ear thickness was measured with a micrometer (Kroeplin,
Schliichtern, Germany), and data were expressed as change in ear thickness
before treatment. For ex vivo analysis, dLN cells were isolated and stimulated
with FITC (10 pg/mL) or anti-CD3/anti-CD28.

Real-time PCR analysis

Total RNA was isolated with a Macherey-Nagel isolation kit (Diiren,
Germany) and reverse transcribed to cDNA with the iScript cDNA Synthesis
Kit (Bio-Rad, Munich, Germany). Primers were as follows: Ifny forward
5'-CTCTGAGACAATGAACGCTAC-3' and reverse 5'-TCTTCCACATC
TATGCCACTT-3'; Ii4 forward 5'-GACGGCACAGAGCTATTGATG-3" and
reverse 5'-ACCTTGGAAGCCCTACAGACG-3’; and 1110 forward 5'-CAA
CATACTGCTAACCGACTC-3’ and reverse 5'-CATTCATGGCCTTGTAGA
CAC-3'. Real-time PCR assay was carried out with an iCycler (Bio-Rad).
Values were normalized to hypoxanthine phosphoribosyltransferase (Hprt).

CD4™ T-cell isolation and stimulation for in vitro
experiments

Murine CD4" T cells were purified with a CD4 " isolation kit (Miltenyi
Biotech, Bergisch Gladbach, Germany). Human PBMCs, including CcD4*
T cells, were obtained from heparinized blood samples from healthy volun-
teers by means of density gradient centrifugation (800g for 30 minutes).
T cells were stimulated with 4 pg/mL (murine) or 0.5 pg/mL (human)
anti-CD3 and 2 pg/mL (murine) or 0.5 pg/mL (human) anti-CD28
(BioLegend, San Diego, Calif). For some assays, phorbol 12-myristate
13-acetate/ionomycin (1 ng/mL; 500 ng/mL), concanavalin A (2 pg/mL),
Staphylococcus enterotoxin B (4 pg/mL), or TGF-B (2 ng/mL) was added.

Proliferation assays

For proliferation assays, cells were seeded in 96-well plates and stimulated.
After 3 days, 0.25 pCi of tritiated thymidine (GE Healthcare, Freiburg,
Germany) was added to each well, and cells were harvested 12 to 18 hours
later. Incorporated tritium was measured with a MicroBeta counter (Perki-
nElmer, Wiesbaden, Germany).

Western blot analysis

Protein extracts from ear dLNs were separated on 18% Tris-HCI gradient
gel along with 10 ng of LTA as a positive control and transferred to
polyvinylidene difluoride membrane. The blot was probed with mAbs against
LTA (QED Bioscience, San Diego, Calif) and B-actin (Merck Millipore,
Schwalbach, Germany) followed by IRDye-conjugated secondary antibodies
(Li-Cor Biotechnology, Bad Homburg, Germany) and scanned with an
Odyssey Infrared Imaging System (Li-Cor Biotechnology).

Apoptosis detection
Apoptosis and necrosis detection was performed with an Annexin V
Apoptosis Detection Kit (BD Biosciences, San Jose, Calif).

Cell-cycle analysis
Cell-cycle analyses were performed with APC BrdU Flow Kits (BD
Biosciences).

Adoptive transfer
FITC-induced CHS model. Naive mice serving as donors were
sensitized with FITC on days —15, —14, —8, —7, —1, and 0. On day 6, cp3*
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cells were isolated from secondary lymphoid organs with a Pan T Cell Isola-
tion Kit (Miltenyi Biotec) and transferred into recipient mice that were previ-
ously sensitized with FITC. The next day, recipients were injected with LTA or
PBS and challenged with FITC or vehicle control (see Fig E1, A, in this arti-
cle’s Online Repository at www.jacionline.org).

OVA-induced dermatitis model. OVA-specific T cells were
harvested from OVA-sensitized mice and expanded in vitro under Ty2-
promoting conditions. For adoptive transfer, 1 X 10® OVA-specific Ty2 cells
and 5 g of OVA protein with or without 10 pg of LTA were intracutaneously
injected into the ear skin of WT and T1r2 ™"~ BL/6 recipient mice (see Fig E1,
B). Ear thickness was measured with a micrometer and expressed as the
change in ear thickness after treatment.

Statistical analysis

All figures represent one of at least 2 independently performed experi-
ments. Unless otherwise stated, quantitative results are expressed as
means = SDs, and differences were compared by using the unpaired Student
t test with the Dunnett post hoc test for correction of multiple testing. Analysis
was performed with GraphPad Prism 6 software (GraphPad Software, La
Jolla, Calif). P values of less than .05 were considered statistically significant
and marked as follows. Additional information can be found in the Methods
section in this article’s Online Repository at www.jacionline.org.

RESULTS
LTA exposure during cutaneous inflammation
suppresses T-cell cytokines and T-cell proliferation
Chronic inflammatory diseases of the skin, such as AD, are
believed to be triggered by microbes. We first examined whether
TLR2 ligands can transform nonlesional skin with a detectable
but sparse T-cell infiltrate, as found in patients with AD, 101 4nto
overt dermatitis. CHS to the hapten FITC after up to 6 repetitive
sensitizations with FITC is associated with FITC-specific IgE and
T2 cells (see Fig E2 in this article’s Online Repository at www.
jacionline.org). We now established a model in which the weak
hapten FITC was applied only twice to the shaved abdomens of
mice before an FITC challenge was applied to the ear skin. In
this model no obvious ear swelling was detectable (see Fig E3
in this article’s Online Repository at www.jacionline.org). How-
ever, T-cell recruitment to the skin can be identified because
T-cell cytokine levels were significantly upregulated 4 to 8 hours
after challenge (data not shown). Moreover, FITC-specific T cells
were readily detectable in these mice. Thus this model of mild
T-cell inflammation is ideal for identifying microbial constituents
that trigger and/or amplify cutaneous inflammation. Surprisingly,
exposure to up to 40 pg of LTA per ear did not significantly
amplify ear swelling in mildly FITC-sensitized animals. There-
fore we investigated the dynamics of T-cell cytokine expression
in animals exposed to either LTA or PBS (Fig 1, A). At 8 hours
after challenge, cutaneous //4 mRNA expression was suppressed
by greater than 10-fold after LTA exposure. Ifny mRNA levels
were reduced by a factor of 3, and 1110 expression was unchanged
(Fig 1, B). Western blot analysis confirmed LTA in skin dLNs at
8 hours after application (Fig 1, C). dLNs were prepared after
exposure to FITC with or without LTA to identify the functional
consequences of LTA exposure in vivo. Ex vivo stimulation of
T cells with anti-CD3/CD28 antibodies, as well as FITC, demon-
strated significantly reduced T-cell proliferation (Fig 1, D), indi-
cating consequences of LTA exposure on both FITC-specific
T cells and T-cell bystanders. This suppressive effect was not sys-
temic because proliferation of splenic T cells was not affected by
local LTA application (data not shown).
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FIG 1. Cutaneous LTA suppresses cutaneous inflammation. A, Mice were sensitized with FITC (days 0 and 1)
and challenged (day 7). LTA was applied intracutaneously (i.c.). B, nRNA expression was analyzed by using
quantitative RT-PCR (normalized to Hprt, mean = SD, n = 4 for both groups). C, Western blot analysis of ear
dLNs isolated 8 hours after challenge with or without LTA. The blot was stained for LTA (red) and B-actin
(green). D, Ear skin dLN cells were stimulated ex vivo with FITC or anti-CD3/CD28 antibodies, and their pro-
liferation was determined based on tritiated thymidine uptake (mean + SD). **P < .01 and ***P < .001.

LTA directly suppresses CD4* T-cell proliferation
and cytokine production in vitro

CD4" T cells were isolated from untreated BALB/c mice and
activated by anti-CD3/anti-CD28 antibodies in vitro to determine
whether LTA mediated immune suppression by directly targeting
T cells. These T cells were then treated with the TLR2 ligands
Pam2Cys, staphylococcal LTA, or control medium. Pam2Cys
was a potent T-cell costimulator, acting in a dose-dependent
manner and reaching a maximum at 10 pg/mL, as previously pub-
lished (Fig 2, A).*” In contrast, at the same concentration of 10 g/
mL, LTA significantly suppressed T-cell proliferation (Fig 2, A).
Moreover, increasing LTA concentrations further enhanced
T-cell suppression, almost completely abrogating T-cell

proliferation at 100 pg/mL (Fig 2, A). Because these experiments
were performed with murine T cells, we next investigated human
T cells. LTA most potently inhibited human T-cell activation that
was elicited by T-cell receptor (TCR) activation, such as with
anti-CD3/CD28 antibodies and superantigen Staphylococcus
enterotoxin B (Fig 2, B). This result confirmed the functional rele-
vance of LTA in patients with AD because staphylococcal super-
antigens have been implicated in exacerbating this disease.””
Interestingly, LTA also blocked human T-cell activation induced
by mitogens, although with less potency (Fig 2, B). Importantly,
LTA not only affected T-cell proliferation but also inhibited pro-
duction of T-cell cytokines, such as IFN-y and IL-4, in murine
(Fig 2, C) and human (data not shown) T cells. This suppression
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FIG 2. LTA exposure suppresses murine and human T-cell proliferation and cytokine production. A and B,
Proliferation of murine T cells (Fig 2, A) or human (Fig 2, B) PBMCs was analyzed (mean = SD) after stim-
ulation under the following conditions: Fig 2, A, anti-CD3/CD28 antibodies, Pam2Cys, or LTA; Fig 2, B, anti-
CD3/CD28 antibodies, phorbol 12-myristate 13-acetate/ionomycin (PMA/lono), concanavalin A (ConA),
Staphylococcus enterotoxin B (SEB), or LTA. C, T-cell cytokines were analyzed after activation and exposure
to LTA. D, Murine CD4" T cells were stimulated by anti-CD3/CD28 antibodies; S aureus LTA, S epidermidis
LTA, or TGF-B was added; and proliferation was analyzed by using tritiated thymidine uptake relative to the
control. Controls were set as 100%. NS, Not significant. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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FIG 3. Unequivocal viability of LTA-exposed and control T cells and restored responsiveness on
restimulation in the absence of LTA. A, Anti-CD3/CD28-activated CD4 " T cells exposed to LTA were analyzed
for Annexin V and propidium iodide (P; mean = SD). B, CD4™ T cells, which were primarily activated by anti-
CD3/CD28 antibodies and exposed to LTA, were washed and rested with 10 U/mL IL-2 before secondary acti-
vation with anti-CD3/CD28 antibodies alone. Proliferation was analyzed by using tritiated thymidine uptake
relative to the control without LTA exposure (mean *= SD). NS, Not significant. *P < .05.

was not restricted to a specific Ty subtype but was found for the
proliferation and corresponding cytokine production of Ty1, T2,
and Ty17 cells (see Fig E4 in this article’s Online Repository at
www.jacionline.org).

These data indicate that S aureus-derived LTA potently blocks
T-cell activation, thereby representing one mechanism of immune
evasion. However, Staphylococcus epidermidis, another member
of the skin microbiota that is tolerated by the host in most
circumstances, also contains large quantities of LTA. For
comparison, LTA was isolated from both pathogenic S aureus
and nonpathogenic S epidermidis and analyzed for T-cell suppres-
sion in comparison with TGF-$3, a known suppressor of T-cell
proliferation.’” LTA from both S aureus and S epidermidis

potently suppressed T-cell activation, indicating a general effect
of this class of PAMP (Fig 2, D).

Paralysis but not apoptosis or necrosis in LTA-
exposed Ty cells

One possible explanation for the LTA-mediated reduction of
Ty cell cytokine production or proliferation could be apoptosis of
T cells after LTA exposure. Ty cells were stained with Annexin V
and propidium iodide after activation and exposure to LTA to
investigate this possibility. Surprisingly, LTA-exposed Ty cells
exhibited even fewer apoptotic cells (Fig 3, A): these Ty cells
seemed to be completely viable after LTA exposure. CD4"
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T cells were activated in vitro by anti-CD3/CD28 and exposed to
LTA for 4 days to further demonstrate Ty cell viability. After-
ward, Ty cells were cultured with low concentrations of IL-2 until
resting and then stimulated in the absence of bacterial constitu-
ents. In contrast to the primary stimulation, Ty cells previously
exposed to LTA readily responded to anti-CD3/CD28 treatment.
These data demonstrated that Ty cells completely recovered
from LTA exposure (Fig 3, B). Thus Ty cells exposed to LTA
were viable and remained fully responsive to subsequent stimula-
tion. This result indicated that LTA-mediated suppression is only
temporary, reflecting a transient Ty cell paralysis.

LTA-induced suppression of Ty cell activation is
independent of TLR2 and myeloid differentiation
primary response gene-88 (MyD88)

Next, we analyzed whether LTA functions only during
incoming TCR signals, as is expected for TLR2 ligands acting
as T-cell costimulators. Ty cells were activated by anti-CD3/
CD28, and LTA or Pam2Cys was added up to 3 days after
activation. As expected, the costimulatory role of Pam2Cys was
functional only in parallel to TCR activation (Fig 4, A). In sharp
contrast, LTA-induced paralysis was functional up to 48 hours
after Ty cell activation, indicating a mechanism independent of
TCR signaling (Fig 4, A). Consequently, we assumed that LTA is
functional through structures different from TLRs. To this end,
WT, Tlr2~"~, and Myd88~~ CD4" T cells were analyzed. LTA
suppressed the activation of Ty cells of all 3 genotypes, whereas
costimulation by Pam2Cys was dependent on TLR2 and MyD88
(Fig 4, B). Direct interaction with LTA independent of TLR2
was confirmed by using immunofluorescence of Tlr2~"~ CD4*
T cells (see Fig E5 in this article’s Online Repository at www.
jacionline.org).

LTA induces cell-cycle arrest in activated T cells
TGF-B inhibits T-cell proliferation®* through mechanisms that
directly target cell-cycle regulators.35 7 The consequences of
LTA exposure on cell-cycle regulation were investigated to better
understand the underlying mechanisms of LTA-mediated Ty cell
suppression. In a dose-dependent manner the addition of LTA re-
sulted in significantly fewer CD4" T cells in the S and G2/M
phases (Fig 5, A). However, Pam2Cys-stimulated T cells were
prone to divide, corresponding to Pam2Cys-induced proliferation
(Fig 1, A). As previously noted,** most Ty cells remained in the
G1 phase after TGF-3 treatment (Fig 5, B). Thus these data rein-
forced the suppressive effect of LTA exposure on Ty cells and pro-
vided an explanation as to why this suppressive effect (1) is also
functional when adding LTA at later time points, (2) is functional
in the absence of apoptosis and necrosis, and (3) is transient, al-
lowing normal activation of T cells after a period of resting.

LTA suppresses T cell-mediated FITC-induced
inflammation and OVA-dermatitis in vivo

To investigate whether LTA-mediated suppression of T cells is
also functionally relevant in vivo, we next analyzed models of
T cell-mediated cutaneous inflammation. We adoptively trans-
ferred CD3™ T cells from FITC-sensitized mice into mice treated
as indicated in Fig 1, A, to increase the precursor frequency of
FITC-specific T cells. The next day, recipients were challenged
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with FITC or vehicle control and exposed to either LTA or PBS
(see Fig E1, A). Interestingly, with vehicle-only challenge in the
absence of antigen, LTA elicited an ear swelling response, confirm-
ing the previously reported direct proinflammatory effects of LTA.”
Similar to the inhibition of T-cell activation in vitro, LTA signifi-
cantly reduced cutaneous inflammation in the presence of antigen
and T-cell activation (Fig 6, A). These data indicate that LTA func-
tions as a TLR2 ligand on skin-resident cells by activating the
innate immune system and leading to inflammation. In contrast,
T cell-dependent CHS is significantly suppressed by a TLR2-
independent mechanism. However, proinflammatory and immuno-
suppressive consequences of LTA exposure might compensate in
part for each other in this model. To dissect TLR2-dependent
from TLR2-independent effects of LTA and innate from T cell-
mediated immune consequences, we used another AD-like mouse
model.” In this model we adoptively transferred OVA-specific T2
cells and antigen to the ear skin of previously untreated WT and
Tlr2~’~ mice and monitored the T cell-driven ear swelling
response in the presence or absence of LTA (see Fig E1, B). Inter-
estingly, LTA profoundly suppressed OVA-specific dermatitis in
recipient mice deficient for TLR2, which confirmed our hypothesis
(Fig 6, B). This reflects the suppressive effect of LTA on T cells,
which is otherwise covered by the proinflammatory, TLR2-
dependent LTA effect on non-T cells in WT mice. These data
elucidate how the host immune system fine tunes the response to
microbial PAMPs. The early innate response is mediated by path-
ogen recognition receptors on non-T cells and produces inflamma-
tion, whereas the later and T cell-mediated immune response is
susceptible to immune suppression, allowing termination of inflam-
mation. Importantly, the latter effect is transient in nature, avoiding
prolonged periods of immunosuppression.

DISCUSSION

Apparently, host cells encounter high concentrations of LTA at
sites of bacterial infection. For example, the 50% lethal dose of
live S aureus in an intraperitoneal infection model in mice is
10° colony-forming units (CFU),”® and this amount of S aureus
contains approximately 200 wg of LTA. With a cavity fluid of
less than 0.1 mL, this corresponds to 2000 p.g/mL LTA in the peri-
toneal cavity. Although LPS triggers severe inflammatory re-
sponses at low concentrations (in the nanogram per milliliter
range™”*Y), relatively large amounts of LTA (approximately 1-
10 pg/mL) are required to elicit cellular responses in vitro."?
However, LTA is a major component of Gram-positive bacterial
cell walls, whereas Gram-negative bacterial cell walls harbor
much less LPS. The active concentrations of LTA (10 wg or 10’
to 10® CFU) and LPS (20 ng or 107 CFU) are comparable with
respect to bacterial cell equivalents.”'

LTA from S aureus is a potent stimulant of neutrophil recruit-
ment through triggering the production of cytokines and chemo-
kines in macrophages and monocytes.’”*! After induction of
innate immune signals, activation of adaptive immunity is func-
tional."' LTA has been reported as a proinflammatory effector
for the host immune system and especially for innate immunity.
Accordingly, LTA is considered the LPS of Gram-positive bacte-
ria.'?*> However, as a result of long-lasting coexistence with hu-
man subjects, S aureus is a well-adapted pathogen that has
developed several evasion mechanisms.** This organism secretes
proteins that inhibit complement activation, block neutrophil
chemotaxis, lyse neutrophils, or neutralize antimicrobial defensin
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peptides, and its cell surface is modified to reduce the effective-
ness of immune responses.”* S aureus survives in phagosomes
and expresses polysaccharides and proteins that inhibit opsoniza-
tion by antibody and complement; its cell wall is resistant to

lysozyme. Moreover, S aureus expresses several types of superan-
tigens, which disturb the normal humoral immune response and
result in anergy, apoptosis, and immunosuppression.**’ Bacte-
rial components from S aureus also inhibit fibroblast proliferation
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FITC-pretreated recipient mice, as described in Fig 1, A. The next day,
LTA or PBS was applied intracutaneously to the recipient mice, which
were then challenged with FITC or PBS. B, OVA-specific Ty2 cells were
adoptively transferred together with OVA antigen and LTA or PBS into
naive WT or TIr2”/~ recipient mice. Ear swelling was monitored in Fig 6,
A and B(mean = SD, n = 5). *P < .05 and ***P < .001.

in vitro,*® and LTA isolated from S aureus inhibits platelet func-
tion and platelet-monocyte aggregation.*” In addition to S aureus,
other bacteria of the physiologic skin microbiome, such as S epi-
dermidis, contain LTA. Furthermore, S epidermidis is a frequent
commensal of the human skin. Recently, it was shown that a
unique LTA produced by S epidermidis inhibits uncontrolled
skin inflammation during skin injury.”® After skin injury, the
host RNA from damaged cells activates TLR3 in keratinocytes,
leading to the release of inflammatory cytokines and subsequent
inflammation. Staphylococcal LTA inhibits both inflammatory
cytokine release from keratinocytes and inflammation triggered
by injury through a TLR2-dependent mechanism.”’ However,
how proinflammatory macroamphiphilic molecules directly
affect adaptive immunity is yet unknown. Functional TLR2 is ex-
pressed on T cells,”'°* and Bacteroides fragilis signals through
TLR2 on forkhead box protein 3—positive regulatory T cells to
promote immunologic tolerance.’ * Therefore it is reasonable to
postulate that LTA exerts its modulatory effect directly on adap-
tive immunity.

J ALLERGY CLIN IMMUNOL
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Surface organs, such as the skin or gut, are constantly colonized
with bacteria called microbiota, which do not induce detectable
inflammation.”*>> The mechanisms that prevent or inhibit inflam-
mation in response to these nonpathogenic bacteria are not
completely understood. Interestingly, TLRs and dendritic cells
are critical for the induction of active tolerance to nonpathogenic
bacteria,”® and some microbiota elicit immune signals that inhibit
inflammation and lead to tolerance through induction of regulato-
ry T cells.”®”’ Here we demonstrated that the S aureus—derived
cell-wall component LTA, a known PAMP and TLR2 ligand,
potently suppressed T-lymphocyte activation. This suppression
was independent of TLR signaling and effected transient cell-
cycle arrest. Immunofluorescent staining indicated that LTA binds
to the membrane, possibly to a yet unknown receptor (see Fig ES).
Because suppression was not limited to S aureus LTA but was also
visible for S epidermidis, we assume that the shift to S aureus
monoculture accompanied by the decrease in bacterial diver-
sity,”® and subsequent abundant LTA in the skin could be a reason
for the disadvantages for AD through S aureus LTA. Thus we
identified a novel mechanism through which bacterial compounds
temporarily directly modulate the adaptive immune system. This
new mechanism of T-cell paralysis might (1) terminate inflamma-
tion in Gram-positive infections, (2) enable pathogenic bacteria
immune evasion, and/or (3) allow for colonization with bacteria
from the microbiota in the absence of detectable inflammation.
Thus T-cell paralysis represents another level of regulation in
the complex interplay between microbes and the host and indi-
cates a possible new class of bacterial compounds to be further
explored, possibly also for therapeutic purposes.

We thank Cornelia Grimmel (FACS Core Facility of the Interdisciplinary
Center for Clinical Research of the University Hospital of Tiibingen) for
expert technical assistance. We thank Shizuo Akira for providing Myd88™'~
mice.

Key messages

o LTA suppresses lesional T-cell cytokines in a mouse model
of cutaneous inflammation.

o LTA suppresses T-cell proliferation in vitro independent
of TLR2 signaling.

o LTA suppresses both FITC-induced CHS and OVA-
induced dermatitis independent of TLR2.
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METHODS

T-cell polarization

CD4" T cells were purified from naive WT BALB/c mice and stimulated
with anti-CD3 (4 pwg/mL) and anti-CD28 (2 pg/mL) in culture medium. Polar-
ization to different Ty subtypes was achieved by further addition of 0.2 wmol/
L CpG (Eurofins, Ebersberg, Germany) and 1 pg/mL anti—IL-4 (clone 11B11,
purified from hybridoma supernatant) for Ty1, 50 ng/mL IL-4 (PromoCell,
Heidelberg, Germany) and 5 pg/mL anti-IFN-vy (BioLegend) for Ty2, and
10 ng/mL IL-6 (BioLegend), 2 ng/mL TGF-B (R&D Systems, Abington,
United Kingdom), 5 pg/mL anti-IL-4, and 5 pg/mL anti—IFN-y for Ty17.
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Immunofluorescence

Purified CD4" T cells from naive T/r2 ™'~ mice were cultured for 24 hours
with or without LTA, washed 3 times with culture medium, transferred to poly-
L-lysine—coated slides, and dried overnight. For immunofluorescence, cells
were fixed by using methanol/acetone, incubated with a-LTA antibody
(QED Bioscience) overnight, and stained with goat-anti-mouse DyLight
488 (Abcam, Cambridge, United Kingdom) and 4'-6-diamidino-2-
phenylindole dihydrochloride (DAPI; Invitrogen Life Technologies GmbH,
Darmstadt, Germany).
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A
Scheme for FITC-CHS mouse model
Ll L1 L1 |
1 1 L [
day -15 -14 -8 -7 -1 0 6
80 pl 0.5% FITC 80 pl 0.5% FITC 80 ul 0.5% FITC T cell isolation
abdomen abdomen abdomen . R
axillary & inguinal LN, spleen
adoptive transfer
| | | |
| | | |
day 0 1 6 7
80 pl 0.5% FITC T cells 25l 0.5% FITC
abdomen i.v. tail ear challenge
+/- 40 pg LTA eari.c.
B Scheme for OVA-dermatitis mouse model
| |
| |
day 0 1
5 pg ovalbumin read out
+ OVA-specific Th2 cells ear swelling
+/- 10 yg LTA
i.c. ear

FIG E1. Scheme for experimental procedures shown in Fig 6. A, After 6 episodes of FITC sensitization,
T cells were isolated from donor mice and adoptively transferred to mice that had been sensitized only
twice. The next day, recipient mice were challenged, and ear swelling was determined 24 hours later. B,
OVA-specific T42 cells and their specific antigen, OVA, were injected with or without LTA into the ear
skin of naive mice. After 24 hours, ear swelling was measured. i.c., Intracutaneous.
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FIG E2. FITC-induced CHS induces specific IgE and T2 cells. A, Mice were
sensitized with FITC on days 0, 1, 7, 8, 14, and 15, and on day 21, mice were
challenged with FITC. FITC-specific IgE levels were analyzed in sera (n = 3).
B, dLNs were isolated after ear exposure to FITC, and IL-4 production was
analyzed. ***P < .001.
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FIG E3. Minimal cutaneous inflammation is induced by FITC. Mice were
sensitized with FITC on days 0 and 1, and on day 7, mice were challenged
with FITC. Mice in the control group received vehicle sensitization and then
FITC challenge. Ear swelling responses were recorded (mean + SD, n = 5).
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FIG E4. LTA-mediated suppression of CD4* T cells is independent of T} po-
larization. Purified CD4™" T cells were cultured under different Ty-polarizing
conditions and restimulated with anti-CD3/CD28 antibodies with or without
LTA. Proliferation was measured based on tritiated thymidine uptake. Cyto-
kine production was determined by means of ELISA from supernatants of
Tu1 (A), T2 (B), and Ty17 cells (C). **P < .01 and ***P < .001.
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FIG E5. LTA directly interacts with CD4" T cells in the absence of TLR2. A, Immunofluorescence of
immobilized purified CD4" T cells from TLR2-deficient mice after overnight culture with or without LTA.
TIr2”'~ CD4™ T cells were stained for DNA (blue) and LTA (green). B and C, Magnification at x40 (Fig E5,
B) and magnification of X100 (Fig E5, C) of TIr2~'~ CD4™ T cells cultured in the presence of LTA, depicting

membrane localization of LTA (white arrows).
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