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Abstract

Chitin is the second most abundant polysaccharide in nature
and linked to fungal infection and asthma. However, bona fide
immune receptors directly binding chitin and signaling immune
activation and inflammation have not been clearly identified
because polymeric crude chitin with unknown purity and molec-
ular composition has been used. By using defined chitin (N-
acetyl-glucosamine) oligomers, we here identify six-subunit-long
chitin chains as the smallest immunologically active motif and
the innate immune receptor Toll-like receptor (TLR2) as a
primary fungal chitin sensor on human and murine immune
cells. Chitin oligomers directly bind TLR2 with nanomolar affin-
ity, and this fungal TLR2 ligand shows overlapping and distinct
signaling outcomes compared to known mycobacterial TLR2
ligands. Unexpectedly, chitin oligomers composed of five or less
subunits are inactive, hinting to a size-dependent system of
immuno-modulation that appears conserved in plants and
humans. Since blocking of the chitin-TLR2 interaction effectively
prevents chitin-mediated inflammation in vitro and in vivo, our
study highlights the chitin-TLR2 interaction as a potential target
for developing novel therapies in chitin-related pathologies and
fungal disease.
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Introduction

Fungal infections and airway inflammation in allergic asthma are
associated with an immense socio-economic burden globally [1,2]
and have both been linked to immune activation by the second most
abundant polysaccharide in nature, chitin. Chitin is a fB-(1-4)-N-
acetyl D-glucosamine (NAG, also referred to as GIcNAc) homo-
polymer [3] and is found in fungi, parasitic nematodes, crustaceans,
insects, and house-dust mite allergen [4,5]. Chitin elicits strong
immunogenic activity with particular relevance for fungal infection
[6,7] and airway inflammation during asthma [8,9]. Chitin also
constitutes a highly conserved microbe-associated molecular pattern
(MAMP) [4] eliciting immune activation in plants and mammals. In
the latter, chitin is considered an “orphan MAMP” by many
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researchers in the field as its direct immune receptor has so far not
been identified. MAMPs are typically sensed by direct binding to
pattern recognition receptors (PRRs), for example, Toll-like recep-
tors (TLRs) and C-type-lectin-like receptors (CLRs) [10,11]. Certain
CLRs detect oligosaccharide structures common on fungal patho-
gens such as B-glucans which are sensed by the CLR Dectin-1 [11];
TLRs directly recognize non-oligosaccharide and more structurally
diverse MAMPs—e.g., lipopeptides (via TLR2), lipopolysaccharide
(LPS, via TLR4), or nucleic acids (via TLRs 7, 8 and 9)—via their
extracellular domains (ECD), and cytoplasmic signaling involves the
adapter myeloid differentiation factor 88 (MyD88). Whereas respira-
tory burst and phagocytosis are triggered only by CLRs, CLR and
TLR signaling may cooperate for pro-inflammatory cytokine and/or
interferon (IFN) transcription and the initiation of adaptive immu-
nity [10].

Although plants lack adaptive immunity, their sophisticated
innate immune system shows interesting similarities to mammalian
innate immunity with regard to MAMP recognition, for example,
regarding flagellin and chitin [10,12]. Fungal chitin in both rice
(Oryza sativa) and Arabidopsis thaliana involves the composite
CEBiP/CERK1 chitin receptor system and is based on oligomeric
chitin fragments [13,14], a feature not reported for mammalian
chitin recognition thus far. Although in mammals immunological
effects have been considered “size-dependent”, this was only stud-
ied on a macromolecular and not oligomer scale [15,16]: The so-
called smallest immunostimulatory macromolecular chitin used to
date (typically > 1 um) contains hundreds to thousands of NAG
subunits, thus exceeding the size of entire human immune cells,
whereas multimeric chitin < 0.2 pm has been considered immuno-
logically inactive in the field and thus irrelevant in mammals [4].
Since oligomeric chitin would better match the dimensions of the
PRRs discussed so far, such a conclusion seems counterintuitive
but has not been properly challenged due to the difficulty in obtain-
ing oligomeric chitin. Studies of the molecularly ill-defined crude
chitin in knockout (KO) mice have thus yielded a controversial list
of putative chitin receptors in mammals, but direct binding of
chitin to any of these receptors has not been demonstrated so far.
Whereas a chitin-binding molecule, FIBCD1, on non-immune cells
was reported [17], the receptor for the observed pleiotropic
immunological effects of chitin in mammalian immune cells is still
elusive [6].

Using defined chitin oligomers rather than crude chitin, we here
show TLR2 to be a mammalian immune cell PRR to bind chitin with
nanomolar affinity and signal to chitin. Unexpectedly, oligomers of
at least six NAGs activate the receptor, whereas oligomers of <5
NAGs show antagonistic activity. This highlights a size-dependent
system of immune activation versus regulation common to plant
and animal kingdom, and chitin-TLR2 binding as a therapeutic
target for modulating chitin-mediated immune activation.

Results and Discussion
Small chitin oligomers activate human and murine immune cells
To illustrate the challenge to study size-dependent aspects of chitin

interaction with a cell-surface receptor, we first conducted scanning
electron microscopy studies of immune cells incubated with the type
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of crude chitin used before in the field (Table EV1). These particles
are as big as entire human monocyte-derived macrophages
(MoMacs, Fig 1A) and thus much larger than the NAG chitin
subunit and typical PRR MAMP-sensing domains (Fig 1B). Crude
chitin preparations are thus not suitable to solve molecular recogni-
tion principles. The findings that large chitin particles strongly
induced chitinase transcription in human whole blood (Fig EV1A)
and that both murine broncho-alveolar lavage fluid (BALF,
Fig EV1B) and MoMac supernatants (Fig EV1C) showed significant
chitinase activity prompted us to assess the immunological effects
of oligomeric chitin. Thus, we tested highly purified and endotoxin-
free oligomers of defined length derived from crab-shell chitin (see
Materials and Methods) comprising 4-15 NAGs, which are in the
size range of known PRR ligand recognition domains, e.g., TLR ecto-
domains (Fig 1B). Whereas fragments with 4 or 5 NAGs (termed,
e.g., C4 or C5) did not elicit substantial IL-6 and/or TNF release
from MoMacs (Fig 1C) and murine bone marrow-derived macro-
phages (BMDMs, Fig 1D) at equimolar concentrations, chitin oligo-
mers of 6 (C6) or 7 (C7) NAGs elicited cytokine release significantly
above baseline upon overnight incubation. Preparations of oligo-
mers of 10-15 NAGs (C10-15, MW range 2,000-3,000 Da, see
Appendix) induced cytokine release comparable to the TLR4 agonist
LPS. A similar dependence on fragment length > 6 NAG was
observed for the human macrophage-like THP-1 cell line (Fig 1E).
Important control experiments using, e.g., in Tlr4-deficient BMDMs
or using polymyxin B (Fig EV1D and E) showed that the observed
effects were not due to endotoxin contamination but rather that
chitin oligomers themselves elicited robust immune activation.

To test whether chitin oligomers possessed immunostimulatory
properties in vivo, several applications were tested in mice. Chitin
plays a role in infections and inflammation in both the skin and
the lung [5,18]. C10-15 was therefore first injected into the skin of
C57BL/6 mice expressing enhanced green fluorescent protein
(EGFP) under the control of a myeloid-specific promoter (LysM).
Thus, fluorescently labeled myeloid cells in these mice allow for
straightforward in vivo imaging of immune activation. C10-15
clearly elicited fulminant local immune cells infiltration indicated
by a rapid and strong increase in local EGFP fluorescence (Fig 1F
and G). Next, C10-15 oligomers were also administered intratra-
cheally to assess lung inflammation [9]. Consistent with [19]
showing an influx of neutrophils into the lung within 6 h of crude
chitin treatment, C10-15 led to a significant influx of neutrophils in
BALF (Fig 1H) and lung tissue (Fig 1I). Although further explo-
rations into timing and nature of C10-15-mediated lung infiltration
(e.g., eosinophils) are warranted, in summary, these results indi-
cate that—contrary to expectations—defined chitin oligomers are
immunologically active in vivo and in vitro, and that immune
recognition depends on a minimum number of 6-7 NAG subunits
in both human and murine cells. Since size-dependent recognition
of chitin was reported in plants earlier [13], we sought to deter-
mine whether size-dependent recognition of chitin oligomers
extended across kingdoms. Indeed, application of the same panel
of chitin oligomers to A. thaliana seedlings confirmed innate
immune responses such as target gene induction (e.g., FRKI,
MLOI12, and WRKY40, Figs 1J and EV1F) and respiratory burst
(Fig 1K), and the response depended on oligomer size. Chitin sens-
ing is thus broadly conserved across kingdoms in requiring oligo-
meric chitin chains of similar chain length for immune activation.

© 2018 The Authors
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Figure 1. Size-dependent recognition of defined chitin oligomers in humans, mice, and plants.

A Electron micrograph of a human MoMac engulfing a crude chitin particle (n = 2).

B-E (B) Size comparison (to scale) of typical TLR ectodomain and a chitin 7-mer (seven NAG subunits). Release of IL-6 and/or TNF release (ELISA) from (C) human

MoMacs (n = 6-8), (D) murine BMDMs (n = 6), or (E) THP-1 cells (n = 3).

F,G (F) GFP in vivo fluorescence post-intradermal injection of chitin oligomers into LysM=FP* C57BL/6 mice (n = 3/group). (G) Representative in vivo imaging results.
H, 1 Leukocyte infiltration in vivo after intratracheal administration assessed by (H) BALF flow cytometry (n = 3-4/group) and (1) histology analysis (n = 2), scale

bar = 200 pm, arrows show cellular infiltrate.

], K Arabidopsis thaliana seedling (J) target gene mRNA induction (n = 3) or leaf piece (K) ROS production (0-45 min, n = 6).

Data information: (C, D, F, H, and K) represent data (mean £ SEM) combined from “n” (given in brackets for each panel) technical or biological replicates (human donors,
mice, or plant leaves, respectively). In (A, E, G, |, and J), one representative of “n” (given in brackets for each panel) independent experiments is shown (mean =+ SD).
*P < 0.05 according to Wilcoxon signed rank sum (C, D), one-way ANOVA (H), or Student’s t-test (E, }).

Oligomeric chitin sensing depends on TLR2

Direct sensing by a typical cell-surface PRR would be expected to
lead to a rapid transcriptional response which we indeed observed
in THP-1 cells, BMDMs, and human MoMacs for IL6 and TNF tran-
scripts (Fig EV2A). Additionally, primary human neutrophils
(PMNSs) effectively shed CD62L (L-selectin) and released IL-8 upon
C10-15 exposure on a time frame typical for PRRs (Fig EV2B).
Excluding secondary effects resulting from the particle-like proper-
ties of crude chitin preparations, we used our defined chitin oligo-
mers to unequivocally identify the PRR responsible for the
immunostimulatory effects of chitin. BMDMs deficient for the TLR
adaptor MyD88 showed a significant reduction in the TNF response
to C10-15 but not the MyD88-independent TLR3 stimulus, poly(I:C),
compared to WT BMDMs (Fig 2A), indicating the involvement of a
MyD88-dependent TLR in chitin sensing. Additionally, TNF release
in response to C10-15 as well as the known mycobacterial TLR2
lipopeptide ligand, Pam3CSK, (Pam3), was partially reduced in Tir2
KO BMDMs (Fig 2B). This suggested that at least in mice TLR2
might be involved in molecular chitin sensing. To confirm the
involvement of TLR2 in the human system, MYD88 and TLR2 were
silenced using siRNA in human MoMacs, which led to a significant
reduction in relative IL-6 release for C10-15 similar to the reduction
observed for the TLR2 ligands Pam,CSK, (Pam2) and Pam3, but not
TLR8 agonist, R848 (Fig 2C, knock-down analysis in Fig EV2C).
Blocking of human PMN TLR2 responses, including C10-15, with a
well-characterized anti-TLR2 blocking Ab [20] but not with a control
IgG led to impaired CD62L shedding (Fig 2D). Furthermore, CRISPR
deletion of TLR2 in THP-1 cells (see [21] and verification of TLR
protein levels in Fig EV2D) resulted in complete abrogation of IL-6
production in response to C10-15, Pam2, and Pam3, compared to
LPS (Fig 2E). Conversely, genetic complementation of HEK293T
cells (which endogenously express TLR5 as well as the known TLR2
co-receptors, TLR1 and TLR6) with TLR2 was sufficient to establish
responsiveness to C10-15 in terms of NF-«xB activation (Fig 2F). Of
note, Dectin-1, NOD2, and TLR9 reconstitution in HEK293T did not
result in chitin responsiveness (Fig EV2E), and Clec7a KO (Dectin-1-
deficient) immortalized macrophages (iMacs) [22] responded as effi-
ciently to C10-15 as WT macrophages (Fig EV2F). In vitro, TLR2
thus was essential for full chitin-mediated cellular activation. To
corroborate this in an in vivo setting, C10-15 was also applied intra-
dermally or administered intratracheally in WT and T{r2 KO mice.
In the skin, WT mice showed significantly higher myeloperoxidase
(MPO) activity 12 h post-injection than Tlr2 KO mice upon treat-
ment with C10-15 but not with LPS, indicating lower PMN
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activation in Tlr2 KO mice (Fig 2G). Similarly, IL-6 and TNF levels
in the BALF of Tlr2 KO mice treated with C10-15 were significantly
lower than the cytokine levels in WT mice (Fig 2H), confirming a
dependence on TLR2 in vivo. To gain additional evidence for TLR2-
dependence of chitin recognition in humans, we analyzed whole
blood from healthy individuals without (WT p.753RR) and with
heterozygous carriage of a well-known TLR2 gene variant,
1s5743708 (p.753RQ); this variant is strongly associated with
pulmonary invasive fungal disease in acute myeloid leukemia
patients (OR 4.5, 95% CI 1.4-15.1, P = 0.014, see [23]) and with up
to 40-fold altered cytokine levels during Candida sepsis, respectively
[24]. Similarly to the mycobacterial TLR2 agonist Pam2, but not to
the TLR8 agonist R848, stimulation with C10-15 showed a 100%
higher induction of relative IL10 transcription between 753RR and
753QR allele groups, (Fig 2I). This was in line with the reported
effect of Candida albicans TLR2 signaling on IL-10 [25] and indi-
cates a shared response of both mycobacterial lipopeptides and
fungal chitin via TLR2. Collectively, these results show that TLR2 is
a critical mediator of immune activation in response to oligomeric
chitin in both humans and mice.

Oligomeric chitin engages TLR1 and acts as a unique fungal
TLR2 agonist

Several earlier in vitro and in vivo results had implicated TLR2 in
fungal infection (reviewed in [7]), but the precise molecular nature
of the fungal TLR2 agonist has so far remained unclear. This is epit-
omized by the finding that the complex Saccharomyces cerevisiae
cell wall preparation, zymosan, is well-known to possess TLR2-
stimulatory activity [26]. But despite > 1,200 published immunolog-
ical studies using zymosan, the molecular nature of this “TLR2
activity” is unknown. Interestingly, TLR2 (but not Dectin-1) activity
can be “depleted” by hot alkali treatment. Thus, among the known
components of fungal cells that are chemically sensitive to hot
sodium hydroxide treatment, we noted that chitin was previously
chemically de-acetylated by such treatment [27]. Interestingly, hot
alkali “depletion” of both zymosan and C10-15 led to reduced NF-
kB activation in TLR2-transfected HEK293T cells (Fig 3A).
“Depleted” zymosan also showed reduced TLR2-dependent IL-8
release from primary PMNs but rather increased ROS production
(Fig 3B). ROS production was not detectable by known TLR2
agonists like Pam2 or Pam3 and is thus TLR2-independent. Similar
results were obtained in immortalized macrophages (iMacs), and
treatment of zymosan with a recombinant chitinase resulted in
reduced NF-kB activation in TLR2-HEK293T cells (Fig EV3A).

© 2018 The Authors
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Figure 2. TLR2 is the mediator of chitin oligomer-mediated immune activation.

Chitin size-dependently activates TLR2  Katharina Fuchs et al

A, B TNF released from WT or Myd88 (A) or TIr2 (B) KO BMDM (total n = 6-9/group combined from three experiments).
C IL-6 released from primary MoMacs (n = 5) treated with non-targeting (NT), TLR2-, or MyD88-specific siRNA relative to NT condition.

— T o mmg

CD62L shedding from human PMNs (n = 4-8) with or without isotype control or anti-TLR2 blocking antibody.
IL-6 protein released from mock or TLR2 Cas9-CRISPR-edited THP-1 cells (n = 3).

NF-kB activity in empty vector (EV) or TLR2-transfected HEK293T cells (n = 3).

MPO release from intradermally injected WT or TIr2 KO mice (n = 5-15 biopsies each).

BALF IL-6 and TNF from intratracheally treated WT or TIr2 KO mice (n = 4-5 mice each).

Relative /L10 mRNA in whole blood of WT or heterozygous TLR2 R753Q carriers (n = 5 each).

Data information: (A-D and G-I) represent data (mean + SEM) combined from “n” technical or biological replicates (human donors, mice, or samples, respectively). In (E
and F), one representative of “n” independent experiments is shown (mean + SD). *P < 0.05 according to Mann-Whitney U-test (D, I), one-sample t-test (C), Student’s t-

test (A, B, E-G), or one-way ANOVA with Dunnett’s multiple comparison (H).

The partial reduction in IL-8 release was in line with the fact that
chitin accounts for only 1% of zymosan [28] and other MAMPs can
elicit a residual cytokine response in PMNs via their cognate PRRs
even in chitin-depleted zymosan. Furthermore, mass spectrometry
confirmed the de-acetylation of chitin upon “depletion” (see
Appendix) and that soluble material released by in vitro treatment
of insoluble zymosan with recombinant bacterial -chitinase
contained di-NAG (Fig EV3B). Our results thus point to chitin as a
relevant TLR2-stimulatory component of zymosan, identifying the
molecular moiety that links zymosan, fungal infection in general,
and the role of TLR2.

We next wondered whether chitin-elicited, i.e. fungal, TLR2
signaling further differed from mycobacterial lipopeptide TLR2
signaling at the levels of signal transduction and transcriptional pro-
files. Use of TLR1 or TLRG blocking antibodies in TLR2-expressing
HEK293-Dual cells (which express both co-receptors; Fig 3C) stimu-
lated with FSL-1 (an alternative di-acetylated TLR2 agonist
compared to Pam2), Pam3, and C10-15 pointed to a preference for
TLR1 as a co-receptor for chitin-TLR2 signaling. To gain an idea
about potential differences between chitin and lipopeptide TLR2
ligands, we also conducted more global analyses using equimolar
ligand concentrations: First, mapping of a dataset from a prelimi-
nary phospho-proteomics screen (dimethyl-labeling global phospho-
proteomics, see Materials and Methods) in THP-1 cells to KEGG
pathways indicated that within 30 min C10-15 activated signaling
pathways typically engaged by cell-surface TLR ligands in macro-
phages, e.g., MAPK, PI3K, and NF-xB ([29] and Dataset EV1). We
also compared specific phospho-peptides in Pam2- and C10-15-
stimulated (30 min at equimolar concentrations) samples. Although
many phosphorylation events were shared between Pam2 and
chitin, certain phospho-peptides mapping to MAPK pathway
members, e.g., MEK2, cPLA2, STMN1, MAPKAPK, and PAK1/2,
were more abundant upon C10-15 stimulation than after treatment
with Pam2 (Dataset EV2). Additionally, a novel phosphorylation site
at Ser 186 in the TLR2 pathway kinase IRAK4 was identified and
found in 16-fold greater abundance in C10-15-stimulated versus
twofold in Pam2-stimulated samples, compared to unstimulated
samples (Fig 3D). Thus, C10-15 downstream signaling may have
certain distinct features compared to other TLR2 ligands. To investi-
gate this more broadly, we used microarrays to study how chitin-
stimulation impacted the gene expression profiles in whole blood
from healthy donors, compared to Pam2 and Pam3 stimulation.
Principal component analysis (PCA, see Code EV1) showed that
while all treatments resulted in a clear separation from unstimulated
controls, samples treated with Pam2 and Pam3 were virtually
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indistinguishable (Fig 3E). In contrast, chitin-treated samples were
clearly different from other treatments, forming a group distinct
from LPS and Pam2/Pam3 (Figs 3E and EV3C showing genes
contributing to PC1 or PC2). Although there was also overlap, chitin
treatment showed many differentially expressed genes compared to
other treatments (1,748 genes versus LPS, 411 versus Pam2, 426
genes versus Pam3, Fig 3F and Dataset EV2)—either by inducing or
repressing genes significantly more than other treatments or by
regulating genes not significantly regulated by other treatments (see
Appendix). The most distinct signature genes unique for chitin
(Dataset EV2) included the secreted cytokine regulatory factor,
oncostatin-M, and the transcriptional regulators, early growth
response proteins 1, 2, and 3, and IkBys (NFKBID) (Fig 3F). A
number of typical TLR-induced cytokines and chemokines were also
differentially regulated (Dataset EV2 and Fig EV3C). Validation by
gPCR in additional donors (Fig 3G) confirmed that chitin induced
significantly higher levels of IFNBI (~6-fold mean transcript levels)
and CCL3 (4 or 6.1-fold), for example, whereas ILI0 was more
prominently induced by Pam2 or Pam3 (~5-fold, see Figs 3G and
EV3D). These results indicate that oligomeric chitin acts as a novel
TLR2 agonist with overlapping but also distinct (e.g., IFNB1 > IL10
induction) properties compared to known mycobacterial TLR2
agonists. Disparate signaling outcomes for different ligands acting
through the same receptor were previously reported for TLR7/8 [30]
or TLR4 [31]. Our data indicate TLR2 may operate similarly for
Pam2/3 versus chitin. Alternatively, differences may be attributable
to particular co-receptors that functions differently than TLR1 or
TLRG6 for mycobacterial ligands or an additional so-far-unidentified
receptor responsive to chitin.

The TLR2 ectodomain directly binds to chitin in solution and on
the fungal cell wall

Given that all other previously known TLR2 agonists are lipopep-
tides [32,33], the finding that TLR2 senses the oligosaccharide chitin
was initially surprising and warranted further confirmation by direct
binding assays which were never done for chitin before. In a flow
cytometric setup, Alexa647-labeled C10-15 interacted with recombi-
nant murine TLR2 ectodomain-human IgGl Fc fusion protein
(mTLR2-Fc) but not with a control IgG1-Fc (Fig 4A). Additionally,
microscale thermophoresis (MST, see [34]) demonstrated a dose-
dependent binding of Alexa647-C10-15 to murine (Fig 4B) and
human (Fig EV4A) TLR2 ectodomains with Ky values in the low
nanomolar range, namely 6.65 + 1.69 nM and 7.18 £ 0.3 nM,
respectively. This binding was dependent on correct folding of the
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Figure 3. Chitin is a unique fungal TLR2 ligand.

NF-kB activity in TLR2-transfected HEK293T cells (n = 3).
IL-8 release and ROS production from primary PMNs (n = 7).

Microarray intensities (excerpt) of chitin-specific signature genes (n = 5).
Relative cytokine mRNAs in whole-blood stimulation (n = 5-13).
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NF-xB activity in hTLR2 HEK-Dual cells pre-treated with TLR1, TLR2, or TLR6 blocking Abs (n = 2).
IRAK4 S186 and T345 phospho-site containing IRAK4 peptides quantified in proteome-wide phospho-screen in THP-1 cells (n = 1).
Principal component analysis of microarrays conducted on stimulated whole-blood samples from healthy donors (n = 3-5).

Data information: (B and E-G) represent data (mean & SEM) from “n” technical or biological replicates (donors). In (A, C, and D), one representative of “n” independent
experiments is shown (mean + SD). *P < 0.05 according to Wilcoxon signed rank sum (B, G), one-way ANOVA with Sidak correction (C), and Student’s t-test (A); for

details on data acquisition and analysis for panels (D—F) see Appendix.

TLR2 ectodomain since controlled heat denaturation of the TLR2
protein [35] abrogated C10-15 binding completely. Thus, isolated
chitin oligomers directly bound to the TLR2 ectodomain (ECD)
in vitro. In line with chitin constituting a small fraction (~3-4%, see
[36]) of the fungal cell wall, there was a moderately (~25% higher)
but consistently stronger staining of C albicans fungal cells by
mTLR2-Fc ECD than control IgG (Fig 4C), indicative of TLR2 bind-
ing. The control stain, calcofluor white (CFW), which broadly stains
chitin-rich cell wall areas, showed comparable staining across
samples. In confirmation of this result, fluorescence microscopy
showed few but distinct mTLR2-Fc-stained areas within the cell wall
of stained C. albicans (Fig 4D). These data suggest that the TLR2
ectodomain can bind directly to chitin in the fungal cell wall but
potentially with few accessible binding sites. Fungi dynamically
adapt the MAMP content of their cell walls in the host [37]. Recep-
tor dependence of a MAMP in the context of an entire microbe is
therefore difficult to assess in vivo, but our data are in good agree-
ment with the observed dependence of fungal infections on TLR2
[7].

Crystallographic evidence shows that mycobacterial TLR2
ligands are bound via a hydrophobic TLR2 pocket [32,33]. In silico
docking studies (see Materials and Methods) indicated that 5 NAG
subunits of chitin, a relatively apolar molecule [6,38], can be accom-
modated in the TLR2 hydrophobic pocket (Fig 4E and Movie EV1).
Mycobacterial lipopeptide binding and TLR2 activation can be
blocked by the S. aureus immune evasion protein staphylococcal
superantigen-like protein 3 (SSL3) [39]. Thus, if chitin is bound via
the same binding pocket as lipopeptides, SSL3 would be expected to
impair chitin TLR2 binding and consequent immune activation
(Fig 4F). Indeed, SSL3 decreased C10-15-TLR2 binding in a dose-
dependent manner (Fig 4G) and reduced NF-xB activation in TLR2
HEK293T cells and IL-8 release from primary neutrophils (Fig 4H
and I). Binding of chitin to the hydrophobic pocket was further
supported by the comparable effects of the known TLR2 blocking
antibody on both chitin and lipopeptides (cf. Figs 2D and 3C), the
effect of TLR2 point mutants narrowing the hydrophobic pocket
(Fig EV4B-D), and additional molecular modeling (Fig EV4E-H,
Movie EV2) in agreement with a computational study of a chitin
NAG trimer [40]. Thus, chitin-TLR2 binding appears to involve the
free ends of at least 5 NAG long oligomers, which explains why
fungal cells, where chitin is polymeric and cross-linked to other cell
wall components, only have limited numbers of accessible TLR2
epitopes (cf. Fig 4C and D). Since chains of only 5 NAGs were not
sufficient for signaling (cf. Fig 1C-E), we speculate that NAG
subunits protruding from the binding pocket (NAGg+,) are essential
for making additional contacts with another TLR2 ECD or TLR1 as
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co-receptor, which may lead to receptor dimerization events known
to establish TLR2 signaling for other ligands [32,33]. For fungal
infections, the effect of S. aureus SSL3 on fungal chitin sensing is
noteworthy since co-infections of S. aureus and pathogenic fungi
such as C. albicans frequently occur [41].

Interference with chitin-TLR2 binding suppresses chitin-
mediated inflammation

Since we identified TLR2 as the direct mediator of inflammatory
signaling in response to chitin, we wondered whether blocking
chitin-TLR2 binding might also reduce immune activation and
inflammation in the lung in vivo. Application of SSL3 together with
C10-15 indeed significantly reduced both TNF and IL-6 levels in the
BALF of intratracheally treated animals compared to C10-15 alone
(Figs 4] and EV5A). An alternative mode of blocking chitin binding
was gleaned from earlier studies in plants [13] and confirmed here,
namely that short (< 6) NAG chains reduce immune activation
elicited by longer NAG chains (Fig 4K). Based on these and our
modeling data (cf. Fig 4E), we speculated that inactive chitin frag-
ments such as C5 are probably too short to bridge receptors to initi-
ate signaling but may nevertheless compete with stimulatory C10-15
for the TLR2 binding pocket. Indeed, C5 dose-dependently inhibited
the binding of a constant amount of Alexa647-chitin to TLR2 in MST
measurements (Fig 4L), suggestive of a potential inhibitory effect of
chitin oligomers of <5 NAG chain length. In preliminary experi-
ments in THP-1 cells and primary MoMacs, an inhibitory effect on
IL-6 release was observed when the cells were treated with C5 before
the addition of stimulatory C10-15 (Fig EV5B and C). Collectively,
our data indicate that chitin binding to TLR2 is direct and, depending
on oligomer size, may promote or even restrict immune activation.
Apart from mechanistic insights, our study makes a firm mecha-
nistic connection between (i) a vast number of non-mechanistic
chitin studies, (ii) chitin-related pathologies, and (iii) TLR2 as key
responsible PRR. Although a lung chitin phenotype for Tir2 KO was
reported before [19], this non-mechanistic study used crudely puri-
fied chitin and left open whether the TLR2-dependent effects were
direct. Since other PRR (e.g., TLR9 or NOD2) were equally proposed
as chitin receptors (e.g., [42])—but not confirmed by molecular
studies or direct binding—our study now for the first time provides
conclusive experimental evidence for TLR2 as a primary chitin
immune receptor. TLR2 seems to cooperate with TLR1 in agreement
with [43], but possibly an additional receptor contributes to full acti-
vation. Our results provide a missing molecular link between fungal
infection and the previously observed dependence on TLR2 in
murine fungal infection models [7,44] and, importantly, in patients
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Figure 4.

with the functional rs5743708 (p.753RQ) TLR2 allele [23,24]. Of
note, the effect of SSL3 on chitin sensing warrants further analysis
in S. aureus/C. albicans co-infections [41]. Based on our in vitro
and in vivo results, the SSL3 counter-strategy, employed by

© 2018 The Authors

S. aureus to tune down the effect of its TLR2-activating lipoteichoic
acid MAMPs [39], may not only lead to a dampened host response
against S. aureus but concomitantly also impair the chitin-TLR2-
mediated anti-fungal response.
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Figure 4. Direct chitin TLR2 binding and immune activation can be blocked by SSL3 or short chitin oligomers.

A B Flow cytometric quantification (A) or microscale thermophoresis (MST) analysis (B) of Alexa647-labeled C10-15 interaction with mTLR2-Fc protein (n = 4 each).
C,D (C) Flow cytometry and (D) fluorescence microscopy of Candida albicans stained with control IgG or mTLR2-Fc anti-Fc-Alexa594, together with ConA-Alexa488 and

CFW (n = 4 each). Scale bar = 5 um.

E, F (E) Docking of chitin 10 (magenta) into the TLR2 (orange) Pam2 (green) lipopeptide binding pocket (close-up, pdb: 2z7x), (F) overlaid with SSL3 from a SSL3-

inhibited TLR2 complex (pdb: 5d3i).

G MST analysis of Alexa647-labeled C10-15 and mTLR2-Fc protein with SSL3 titration (n = 2).

H, | (H) NF-xB activation in TLR2-transfected HEK293T cells (n = 3) or (1) IL-8 release from primary PMNs (n = 2) without or with SSL3.
J BALF TNF in C57BL/6 mice (n = 5/group) upon C10-15 administration without or with SSL3.

K ROS production between 0 and 45 min post-chitin application in A thaliana leaf pieces (n = 6).

L MST analysis of Alexa647-labeled C10-15 and mTLR2-Fc Protein with C5 titration (n = 2).

Data information: Quantification sub-panels (A and C) and panels (K and J) represent data (mean + SEM in A, C, and J; mean & SD in K) combined from

@ on

n” biological

replicates (human donors, mice, or plant leaves, respectively). In A-D, G-I, and L, one representative of “n” independent experiments is shown (for H and | as
mean =+ SD). *P < 0.05 according to Mann-Whitney U-test (A), one-sample t-test (C), Student’s t-test (H, I), or one-way ANOVA with Dunnett’s multiple comparison (J).

We here found that TLR2 has a preference for free ends of > 6
NAG, both in the context of the fungal cell wall and for soluble
chitin oligomers. Previously proposed concepts, which focused
only on the macromolecular (insoluble) range [4,15], may there-
fore have to be extended to include oligomers (Fig EVSD). Due to
the technical challenge of detecting small fragments in complex
mixtures or in vivo, additional experimental evidence for the
generation and activity of specific small chitin oligomer will be
required to fully assess the physiological relevance of oligomeric
chitin. However, it appears highly plausible that human chitinases
(Ref. [5,45] and Fig EV1) would not only create additional free
chitin ends in particles or fungal cells required for TLR2 sensing
but also soluble, smaller oligomers that could be detected by
TLR2 on distal immune cells for anti-fungal innate and adaptive
immune responses. Further chitinase activity may eventually
generate antagonistic fragments with <5 NAGs that may compete
with stimulatory fragments as a negative feedback loop to restrict
excessive inflammation. MAMP degradation in Drosophila [46] or
humans [47] has been seen to only lead to the eventual loss of
agonistic ligands; our study points to the possibility that a down-
stream anti-inflammatory loop based on small antagonistic MAMP
fragments and known only in plants [13] also operates in humans
and mice.

From a translational perspective, our study raises the possibility
that chitin oligomers could serve as tools for developing therapies
in chitin-mediated inflammatory disease conditions, such as
fungal- or house-dust mite-related asthma and lung fibrosis [9].
Efforts in the latter area could now center on chitin-TLR2 binding
and activation as key patho-biological events, and on developing
biologicals (e.g., SSL3-derivatives or blocking antibodies), short
chitin oligomers, or other “chito-mimetic” TLR2 antagonists struc-
turally resembling short-chain NAGs to block these steps. Such
targeted approaches may bring therapeutic benefit to the vast and
growing number of patients suffering from allergic asthma [1] or
fungal infections [2].

Materials and Methods

Reagents and antibodies

All chemicals were from Sigma unless otherwise stated. Polymeric
crude chitin (“large chitin”) and C4, C5, C6, C7 chitin oligomers,
and C10-15 chitosan oligomers were from Isosep, Elicityl, and
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Carbosynth, respectively, and originally derived and purified from
crab shells. Chitin C10-15 was generated from chitosan oligomers
by acetylation [38] Purities of > 95%, acetylation of > 90% and
coupling to Alexa647 were achieved. Further details and all other
reagents are described in Appendix.

Plasmid constructs

Plasmids for Flag-tagged TLR2 and TLR9 were from I. Bekeredjian-
Ding and A. Dalpke (Medical Microbiology, Heidelberg University,
Germany). Plasmids expressing human NOD-2 were from T. Kufer
(Hohenheim University, Germany) or for human Dectin-1 from G.
Brown (Aberdeen University, UK). TLR2 hydrophobic pocket
mutants were generated using the QuikChange II XL site-directed
mutagenesis kit (Agilent) according to the manufacturer’s instruc-
tions using primers shown in Appendix Table S1 and verified by
automated DNA sequencing (GATC Biotech).

Chitinase assays

Chitinase activity in murine BALF or MoMac cell culture super-
natant was determined using colloid chitin azure [48] (Sigma
C3020) with Streptomyces griseus chitinase (Sigma C6137) as a
control, see Appendix.

Growth and fixation of Candida albicans

Candida albicans SC5314 was grown in synthetic complete media
(Formedium SC broth 2% glucose, additionally supplemented with
25 mg/1 adenine sulfate) by shaking at 150 rpm at 30°C overnight,
fixed by adding paraformaldehyde to 3.7% for 1 h and harvested by
centrifugation and washing in sterile Dulbecco’s phosphate-buffered
saline (DPBS).

Analysis of TLR2 binding to Candida albicans cells

1 x 10° fixed C. albicans cells were incubated with 1 pM recombi-
nant mouse TLR2 Fc chimera protein or corresponding control
human IgG1 Fc overnight. Next day, cells were stained with Alex-
a594-conjugated mouse anti-human IgG (Jackson ImmunoResearch
209-585-098), 25 uM calcofluor white, and 50 pg/ml Concanavalin
A CF488A (Biotum 20967 and 29016) at room temperature in DPBS.
For microscopy, cells were imaged on poly-L-lysine-coated cover-
slips on a Nikon Eclipse Ti2 system at 100x magnification. Flow
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cytometry was conducted with a BD LSRFortessa™ system. Further
details in Appendix.

Flow cytometric analysis of TLR2 chitin interaction

0.5 uM of Alexa647-labeled C10-15 was incubated with 70 nM of
recombinant mouse TLR2 Fc chimera protein (R&D 1530-TR-050)
or a corresponding control IgG1l-Fc in 200 ul DPBS overnight at
4°C, stained with 1:15 diluted human Fcy-specific PE-conjugated
F(ab’), fragments (Jackson ImmunoResearch 109-116-098), and
measured on a BD FACSCanto™ II system with 488- and 633-nm
laser excitation for the respective fluorophores. Further details see
Appendix.

Microscale thermophoresis analysis of TLR2 chitin interaction

Microscale thermophoresis [34] was conducted with fluorescence-
labeled chitin and recombinant TLR2. In brief, 1:1,000 diluted Alex-
a647-labeled C10-15 chitin (c =17.7 uM) was mixed 1:1 with
twofold serial dilutions of mTLR2-Fc or hTLR2 (R&D Systems,
c¢=1150 nM or 1,900 nM maximal concentrations in PBS, see
Appendix), incubated in the dark at RT overnight with gentle shak-
ing. Solutions were then transferred to Nanotemper capillaries and
measured on a Monolith NT.115 instrument and dataset with the
highest AF fitted using Nanotemper software.

Dual NF-kB luciferase assay and immunoblot in HEK293T cells

HEK293T were transfected with 25 ng TLR2 plasmid, 10 ng TLR9
plasmid, 0.25 ng NOD2 plasmid or 50 ng Dectin-1 plasmid or empty
vector (EV) backbone, firefly luciferase under the NF-kB promoter
(100 ng) and constitutive Renilla luciferase reporters (10 ng), stimu-
lated for 18 h with the respective PRR agonists (MDP 200 nM,
zymosan 100 pg/ml, CpG, Pam2 or 3, and C10-15 at 1 uM) and
DLA measured. For immunoblot equal protein, lysates in RIPA
buffer were run on 8% Tris-Glycine gels, separated, blotted on nitro-
cellulose membrane, and probed with anti-Flag (Sigma F7425) and
anti-rabbit IgG-HRP (Vector laboratories PI-1000) using a BlotCycler
(Biozym) and a Vilbert Lourmat CCD system for ECL detection.
Further details see Appendix.

HEK-Dual hTLR2 analysis with TLR1, TLR2, and TLR6
blocking antibodies

HEK-Dual hTLR2 cells (Invivogen) were seeded and incubated for
1 h with TLR1, TLR2, and TLR6 blocking antibodies (Invivogen) or
isotype control (4 pg/ml) and stimulated for 24 h with FSL-1 (1 ng/
ml), Pam3 (1 ng/ml), C10-15 (5 uM). Supernatants were collected
and SEAP levels (driven by an NF-kB promoter) determined using
QUANTI-Blue detection assay (Invivogen). Further details see
Appendix.

ELISA
Cytokines were determined in half-area plates (Greiner Bio-One)
using triplicate points on a standard plate reader. The assay was

performed according to the manufacturer’s suggestions (BioLegend),
using appropriate (1/3-1/20) dilutions of the supernatants.

© 2018 The Authors
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Respiratory burst (ROS) assay and cytokine analysis from
Dectin-1-deficient macrophages

Immortalized murine macrophages from CLEC7A KO (Dectin-1 defi-
cient) and the respective WT mice were originally described [22]
and were a kind gift of P. Taylor (Cardiff University, UK). ROS or
cytokine release upon PRR agonist addition (C10-15 and Pam2 at
5 uM and zymosan at 50 pg/ml) was measured as described in
Appendix.

THP-1 cell line analysis

The human monocytic THP-1 cell line (Invivogen) and two THP-1-
based TLR2 Cas9-CRISPR-edited clones or their parental cell lines (a
gift from V. Hornung, Gene Center, Munich, Germany) [21] dif-
ferentiated with 300 ng/ml PMA overnight were rested for 48 h
without PMA and stimulated with C7, C10-15, Pam2, Pam3 at
5 uM, LPS at 1 pg/ml, or zymosan at 25 pg/ml. For competition
experiments, C10-15 was used at 5 uM and CS5 at 0.2, 1, and 5 utM
and pre-incubated for 2 h. qPCR of mRNA induction relative to TBP
using gene-specific TagMan primers was performed as described in
Appendix (ThermoFisher, Appendix Table S2) or ELISAs as
described before. TLR2 expression was verified using flow cytome-
try and immunoblot as detailed in Appendix.

Dimethyl-labeling of THP-1 cells and global phosho-proteome
mass spectrometry analysis

THP-1 cells (Invivogen) were prepared and stimulated as before
with PBS, 5 uM C10-15 or 5 uM Pam2 for 30 min. Dimethyl-labeling
of equal amounts of lysate, sample workup, MS acquisition, peak
annotation, and database searches was done as described in
Appendix. Data were deposited in the PRIDE database (identifier
PXD007542).

Human study subjects and sample acquisition

All healthy blood donors included in the analyses of immune cells
for this study provided their written informed consent before study
inclusion. Approval for use of their biomaterials was obtained by
the local ethics committee at the University of Tiibingen, in accor-
dance with the principles laid down in the Declaration of Helsinki.
Whole blood samples from voluntary healthy donors were obtained
at the University of Tiibingen, Department of Immunology. Immune
cells were also acquired from leucocyte concentrates obtained from
blood donations processed at the Center for Clinical Transfusion
Medicine (ZKT) at the University Hospital Tiibingen.

Mice

Myd88 and TIr2 KO mice (both on a C57BL/6 background, origi-
nally a gift from H. Wagner, Ludwigs-Maximilian University,
Munich) and C3H/HEJ (Tr4“**P, Jackson) were used between 8
and 20 weeks of age in accordance with local institutional guideli-
nes on animal experiments and under specific locally approved
protocols for sacrificing and in vivo work. All mouse colonies were
maintained in line with local regulatory guidelines and hygiene
monitoring.
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Isolation and analysis of primary human monocyte-
derived macrophages

Primary monocytes were isolated from heparinized whole blood
(Department of Immunology) using standard Ficoll density gradient
purification and anti-CD14 magnetic bead positive selection (Miltenyi
Biotec, > 90% purity assessed by anti-CD14-PE flow cytometry). For
macrophage differentiation, cells were grown with GM-CSF (Prepro
Tech) for 6 days, re-seeded, and treated with LPS (100 ng/ml),
C10-15, Pam2, and Pam3 (all 5 uM), and R848 (5 pg/ml). For compe-
tition experiments, C10-15 was used at 5 pM and C5 at 0.2 uM pre-
incubated for 2 h. For electron microscopy (performed by J. Berger,
Max-Planck-Institute, Tiibingen, Germany), cells were seeded on
poly-L-lysine-treated coverslips in 24-well plates. Specimen prepara-
tion and EM analysis were done according to standard procedures.
For RNAI experiments, MoMacs were transfected with 35 nM of corre-
sponding siRNA (see Appendix Table S3, GE Dharmacon) using
Viromer Blue (Biozol) on day 5 of GM-CSF differentiation. On day 6,
cells were stimulated and supernatants harvested on day 7. Further
details see Appendix.

Isolation and analysis of primary human neutrophils

Primary neutrophils were isolated by Ficoll density gradient purifi-
cation using ammonium chloride erythrocyte lysis to > 97% purity
and no signs of pre-activation. Where appropriate, the cells were
pre-treated with a purified anti-mouse/human anti-CD282 (TLR2)
Ab (BioLegend 121802, [49]), a Sigma anti-HA (H9658) isotype
control or SSL3 for 30 min and subsequently stimulated with the
PRR agonists C10-15 (5 uM), PMA (500 ng/ml), LPS (200 ng/ml),
Pam2 and Pam3 (0.5 or 5 uM), zymosan and zymosan depleted
(both 25 pg/ml) for 1 h (CD62L shedding using anti-CD62L-BV421)
or 4 h (IL-8 ELISA). For ROS analysis, cells were incubated with
stimuli together with DCF at 10 pg/ml and fluorescence measured
continuously for 3 h. Further details see Appendix.

Human whole-blood microarray and qPCR analyses

For whole-blood assays, 1 ml freshly drawn heparinized blood was
aliquoted and stimulated for 3 h. Subsequently, plasma was
removed and erythrocyte lysis performed. The remaining cells were
frozen at —80°C in RLT buffer for RNA isolation (QIAamp RNA
Blood Mini Kit, Qiagen), genomic DNA digestion (Turbo DNA-free
Kit, ThermoFisher), reverse transcription to ¢cDNA (High Capacity
RNA-to-cDNA Kit; ThermoFisher), and analysis by qPCR using
gene-specific TagMan Primers (Thermo, see Appendix Table S2) or
microarray (Illumina HumanHT-12 v4.0 Expression BeadChip Kit on
an Illumina HiScan array scanner) as described in Appendix. Data
were deposited in the Gene Expression Omnibus (GEO) repository
(identifier GSE103094).

Isolation and analysis of mouse bone marrow-derived
macrophages (BMDM)

Mice were sacrificed, femurs and tibia were then opened, and bone
marrow (BM) cells were flushed out, passed through a 0.22-uM
strainer, and differentiated with GM-CSF for 6 days. The resulting
BMDMs were seeded in 96-well plates, and TNF and/or IL-6 levels
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were measured after 18-h incubation with the following stimuli: C5
(5 uM), C6 (5 uM), C7 (5 uM), C10-15 (5 uM), LPS (1 pg/ml), poly
(I:C) (20 pg/ml), Pam2 (5 pM), Pam3 (5 uM), zymosan and
zymosan “depleted” (both 10 pg/ml). For measuring ROS activity,
7.5 x 10* cells were seeded and assayed as described above for WT
and Clec7a-deficient immortalized macrophages.

In vivo dermal inflammation analysis

For female LysM-EGFP mice expressing EGFP in myeloid cells [50],
the dorsal backs were shaved under 2% isoflurane, injected intrader-
mally (i.d.) with chitin oligomers C10-15, C7, and C5 at 5 puM
concentration in PBS, 1 mg/kg LPS or PBS alone, and imaged in vivo
on a Lumina III IVIS (PerkinElmer) as described in Appendix. Ten-
millimeter-punch biopsies were also taken from the injection site at
3 days after treatment, weighed, and then homogenized in protein
lysis buffer for myeloperoxidase assays (MPO; R&D Systems).

In vivo lung inflammation analysis

WT and TIlr2 KO mice were anesthetized using ketamine-xylazine
solution, and a vertical cut was made on the neck to expose trachea
to instill 30 pl of 1 mM chitin oligomers using a Hamilton syringe.
For competition experiments with SSL3, 25 ul of an endotoxin-free
50 pg/ml (2.6 mM) of SSL3 solution was first instilled into the
trachea followed by instillation of 30 ul of a 1 mM C10-15 solution.
The wound was afterward sealed using Vetbond tissue adhesive.
Mice were euthanized 12 h post-instillation of chitin to harvest
BALF. Lung tissues were inflated at 1 atm pressure with 0.5% low
melting point agar and fixed using formalin. Lung sections were
embedded, and sections were stained with hematoxylin and eosin to
assess leukocyte infiltration. BALF was centrifuged, and cell-free
supernatant was stored at —80°C for cytokine analysis by triplicate
ELISA (R&D Systems). The cell pellet was resuspended in PBS, and
cells were counted using a Coulter counter or inspected by light
microscopy. BALFs for chitinase activity measurements were
prepared as described before [51] and in Appendix.

Arabidopsis thaliana analyses

Arabidopsis (Arabidopsis thaliana Col-0) plants or seedlings were
grown as described [52]. ROS measurements and qPCR were
performed as described [52,53] in 1 x 4 mm leaf pieces of 5-week-
old Arabidopsis plants floated overnight in water, placed in a 96-
well plate (two pieces/well) containing 90 pl of the reaction mix
(final concentration in 100 pl: 20 uM Luminol L-012, Wako Chemi-
cals, USA, 5 pg/ml horseradish peroxidase, AppliChem, Germany).
Before measurement, samples were stimulated with 10 pl of chitin
oligomers by adding them to the reaction mix. Further details are
described in Appendix.

In silico docking and molecular modeling of TLR2—chitin
interactions

The human TLR2 receptor PDB entry 2z7x [32] was used to gener-
ate input files for AutoDOCK 3.05 (126 x 64 x 64 grid points, reso-
lution = 0.375 A) and Autodock Vina (48 x 24 x 24 A) [54] using
AutoDockTools [55]. MD simulations were performed in explicit

© 2018 The Authors
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solvent for 50 ns at 310 K using YASARA [56]. The MD trajectories
were analyzed using Conformational Analysis Tools (www.md-
simulations.de/CAT/). The TLR2-SSL3-inhibited structure corre-
sponds to PDB entry 5d3i [39]. Structures were inspected and fig-
ures and movies generated using VMD and Pymol 1.4.1.
(Schrédinger). Further details are given in Appendix.

Statistical analysis

Experimental data were analyzed using Excel 2010 (Microsoft) and/
or GraphPad Prism 6 or 7 (GraphPad Software, Inc.), microscopy
data with ImageJ and Fiji, flow cytometry data using FlowJo soft-
ware version 10. P-values were determined (o = 0.05, B = 0.8) as
indicated. P < 0.05 were generally considered statistically significant
and are denoted by * throughout even if calculated P-values were
considerably lower than P = 0.05.

Expanded View for this article is available online.
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